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We report the measurement of the helicity asymmetry E for the pπ0 and nπþ final states using, for the
first time, an elliptically polarized photon beam in combination with a longitudinally polarized target at the
Crystal Ball experiment at MAMI. The results agree very well with data that were taken with a circularly
polarized photon beam, showing that it is possible to simultaneously measure polarization observables that
require linearly (e.g.,G) and circularly polarized photons (e.g., E) and a longitudinally polarized target. The

new data cover a photon energy range 270–1400 MeV for the pπ0 final state (230–842 MeV for the nπþ

final state) and the full range of pion polar angles, θ, providing the most precise measurement of the

observable E. A moment analysis gives a clear observation of the pη cusp in the pπ0 final state.

DOI: 10.1103/PhysRevLett.132.121902

The dynamics of quarks and gluons within nucleons can
be studied through the excitation spectrum they form as
composite systems. Studying the masses, widths, and
decays of the light baryon resonances provides important
information about the strong interaction in the nonpertur-
bative regime of quantum chromodynamics (QCD). Quark
model calculations based on three constituent quarks [1–3]
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predict a large number of states, which is qualitatively
confirmed by lattice QCD calculations albeit quark mass
parameters with a resulting pion mass of mπ ¼ 396 MeV
are used [4]. Additionally, hybrid baryons are predicted as
well, increasing the number of expected states [5].
However, the predicted dense light baryon spectrum is
not observed in experimental data. An overview of the
intensive experimental efforts in studying the properties of
light baryon resonances is given in [6]. At the Crystal Ball
experiment located at the Mainz Microtron (MAMI) the
nucleon excitation spectrum is probed with a real photon
beam, allowing several different photoproduction reactions
to be studied. In the case of single pseudoscalar meson
photoproduction (e.g., γp → pπ0 and γp → nπþ), the
magnitudes and phases of four complex amplitudes have
to be determined uniquely. In addition to measuring the
unpolarized cross section, several single- and double-
polarization observables must be measured for a “com-
plete” analysis [7,8], employing a polarized photon beam,
polarized target or recoil nucleon polarimetry [9]. The
resonance parameters are extracted from the data using
different partial wave analysis (PWA) approaches, e.g., the
Bonn-Gatchina (BnGa) [10] and Scattering Analysis
Interactive Dial-in (SAID) [11] groups use a K-matrix
approach, while the JüBo-model (JüBo) model [12] uses a
dynamically coupled-channel approach.
In the last decade, several single and double polarization

observables have been measured for the pπ0 final state and
their impact on the extracted partial waves were studied by
calculating the variances between partial waves from
different PWA approaches before and after including the
polarization observables in their respective PWAs (see
Fig. 9 in [13]). The measured polarization observables
significantly reduced the variances between the different
approaches. A large contribution to the previously existing
discrepancies were attributed to the pπ0 S wave. Despite
the new data and the overall reduced variances between the
PWAs, significant deviations remain at low energies
(Eγ < 800 MeV), in particular directly at the pη photo-
production threshold (see Fig. 9 in [13]), where a cusp
effect in the S wave is visible. So far, the pη cusp was
observed in the unpolarized cross section data of the pπ0

and nπþ final states [14,15] and helicity dependent
cross sections of the nπþ final state [16]. The correct

implementation of all singularities, e.g., resonance poles
and branch points, is crucial for the correct extraction of
partial waves and resonance parameters [17,18]. The
double polarization observable E, which requires a circu-
larly polarized photon beam and a longitudinally polarized
target, has a sensitivity to the S wave due to an interference
with, e.g.,D waves. However, previous measurements of E
from CBELSA/TAPS [19,20] and CLAS [21] lack full
angular coverage and high precision at low energies.
At low energies, the circular polarization degree pcirc

γ is
low because it increases with the photon energy Eγ

according to Olsen [22]:

pcirc
γ ¼ peð4x − x2Þ=ð4 − 4xþ 3x2Þ; ð1Þ

which was derived for an amorphous radiator with
x ¼ Eγ=Ee− , pe being the electron polarization degree
and Ee− being the incident electron beam energy. To obtain
high-precision data with a larger photon flux at low
energies, the Crystal Ball experiment at MAMI employed
for the first time elliptically polarized photons. This is
achieved by combining longitudinally polarized electrons
with a crystal radiator that leads to elliptically polarized
photons for the coherent bremsstrahlung part, which has
both a linear and a circular polarization component, and to
circularly polarized photons for the incoherent bremsstrah-
lung part according to Eq. (1). For the coherent brems-
strahlung part, sharp peaks (known as coherent peaks) arise
in the intensity spectrum for certain crystal orientations
caused by the periodical structure of the crystal lattice. First
theoretical calculations of the circular polarization degree
[23] predict a small dependence on the crystal lattice which
appears as small dips in the curve of the circular polari-
zation degree at the coherent edge positions, slightly
reducing the circular polarization degree. However, no
theoretical calculations are reported for x < 0.5 and no
experimental data are available presently to verify these
calculations. We report here the first data that were taken
with elliptically polarized photons together with a longi-
tudinally polarized target at the Crystal Ball experiment at
MAMI, allowing the double-polarization observables E
(circ. pol.) and G (lin. pol.) to be measured simultaneously
as the polarized cross section for this configuration
reads [9]

dσ

dΩpol
ðEγ; cos θ;φÞ ¼

dσ

dΩ0

ðEγ; cos θÞ
�

1 − plin
γ Σ cosð2φÞ þ pTp

lin
γ G sinð2φÞ − pTp

circ
γ E

�

: ð2Þ

ðdσ=dΩÞ
0
ðEγ; cos θÞ is the unpolarized cross section, the

angle φ is the angle between the linear polarization vector
and the reaction plane, plin

γ and pcirc
γ are the degrees of

linear and circular polarization, respectively, and pT is the
degree of target polarization. The results for the double

polarization observable G are shown in the Supplemental
Material [24]. In this Letter, we focus on the results of the
double-polarization observable E for the pπ0 and the nπþ

final states and demonstrate the main advantage of meas-
uring E with elliptically polarized photons: the availability
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of a higher photon flux, as well as the obvious efficiency of
simultaneously measuring more than one observable. In
particular, the higher photon flux due to the coherent
bremsstrahlung leads to high-precision data that has al-
lowed effects such as the pη cusp to be observed in a
double-polarization observable.
The data were collected in four separate beamtimes at the

Crystal Ball experiment located at the MAMI accelerator in
Mainz, Germany, from November 2013 until September
2015. A longitudinally polarized electron beam with an
energy of Ee− ¼ 1557 MeV was provided by MAMI [34],
whereby the helicity of the electrons was switched with a
frequency of 1 Hz. The polarization degree of the electrons
pe was measured daily using a Mott polarimeter [35]. The
electron beam was incident on a thin diamond crystal
radiator, providing elliptically polarized photons via brems-
strahlung. Different coherent edge positions were chosen
from 350–850 MeV in 100 MeV steps during the meas-
urement with the diamond radiator, giving a maximum
photon linear polarization of between 75% and 45% near
the various coherent edge positions. See [36] for a detailed
explanation of this process. In addition, measurements were
performed in regular time intervals using an amorphous foil
radiator of 10 μm thickness [37], which produced only a
circularly polarized photon beam. This allowed the electron
polarization degree to be cross-checked, using a Møller
polarimeter [37], against the results from the Mott polar-
imeter. Both measurements were in good agreement with
an average of pe ≈ 80%. The degree of circular polarization
pcirc
γ was determined according to Eq. (1) (see Fig. 1). A

first calculation of the circular polarization degree includ-
ing the coherent photons and using the diamond orientation
of the 450 MeV setting is also shown as comparison.
Similar to the calculations from Bosted [23], we observe

dips in the circular polarization degree at the positions of
the main coherent edge position of 450 MeV (x ≈ 0.3),
corresponding to the reciprocal lattice vector [022], as well
as at the position of other higher order reciprocal lattice
vectors which contribute at higher photon energies (see
enhancement spectrum in Fig. 1 in the Supplemental
Material [24]). The differences in the circular polarization
degree between the incoherent and (incoherentþ coherent)
bremsstrahlung photons are very small (< 4%). The code
used for the calculation is based on [38] and further details
about the calculation are discussed in the Supplemental
Material [24] and elsewhere [39].
The Glasgow-Mainz tagging system [40] was used to

energy tag the photons that were incident on a longitudi-
nally polarized frozen-spin butanol Mainz-Dubna target
[41] of 2 cm length. A maximum target polarization degree
of pT ¼ 89% was achieved with relaxation times of more
than 1000 h.
The final state particles were detected mainly by two

calorimeters: the Crystal Ball (CB) [42] and the TAPS [43]
detectors. Together, both calorimeters covered the polar
angle θ range from 5° to 160° and the entire azimuthal angle
ϕ range (2π radians). In addition, charged particles were
identified by the PID-II detector, the Multi-Wire
Proportional Chambers and plastic scintillators that were
placed in front of the TAPS crystals. More details regarding
the experimental setup are given in [15,44,45].
For the pπ0 → pγγ final state, two- or three-cluster events

in both calorimeters togetherwere retained for the analysis. In
case of a three-cluster event, all possible combinations were
used to calculate the two photon invariant mass and a 2σ cut
was utilized to select the π0 meson. Events with exactly two
clusters in the calorimeters were used by assigning the two
clusters to the twodecayphotons of theπ0. In contrast, exactly
one charged and one uncharged cluster were demanded for
thenπþ final state. If the neutronwas lost, events with exactly
one charged cluster were analyzed as well. To reject back-
ground events, cuts on several standard kinematic parameters
were applied for both final states, i.e., the missing mass, the
coplanarity and the pulse-shape analysis, which are described
for a similar analysis in [44,45]. Further details of the analysis
can be found in [46,47].
To determine the amount of unpolarized background

contributions from carbon and helium nuclei present in
the frozen spin butanol target, data were also taken with a
carbon foam target that was cooled down with the same
mixture of 3He=4He as for the butanol target. The carbonþ
helium data were scaled with a factor s to the butanol data
using, e.g., the coplanarity spectra in a range where the free
nucleons do not contribute. The proportion of free protons in
the selected data is then described by the dilution factor d:

d ¼
Nfree

Nfree þ Nbound ¼ 1 − s
Nbound

Nfree þ Nbound ; ð3Þ

FIG. 1. The degree of circular polarization of the bremsstrah-
lung photons are calculated for only the incoherent part (black)
according to Eq. (1) with pe ¼ 80% and also when including the
coherent part (green) for a 450 MeV coherent edge setting for the
diamond as used for the data shown in Fig. 2. The ratio between
(incoherentþ coherent) and incoherent (red) shows a deviation
smaller than 4% (dashed lines) at all photon energies.
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where Nfree and Nbound are the event yields for the free and
bound nuclei.
The double-polarization observable E was determined

separately from Σ andG. Integrating over the full azimuthal
angular range and noting that the sign of the linear
polarization does not change when the electron helicity
is flipped, the contributions from Σ and G cancel and the
double-polarization observable E can be determined in the
same way as for the pure circularly polarized photon beam
[see Eq. (4)]. Azimuthal asymmetries caused by detection
inefficiencies in ϕ were found to be small enough to not
cause any significant false helicity asymmetries (≪1%)
due to the linear polarization component. According to [9],
E is defined as

E ¼
dσ
dΩ

1=2 −
dσ
dΩ

3=2

dσ
dΩ

1=2 þ dσ
dΩ

3=2
¼

N1=2 − N3=2

N1=2 þ N3=2
×
1

d
×

1

pcirc
γ pT

; ð4Þ

where the helicity-dependent differential cross sections
ðdσ=dΩÞ1=2ð3=2Þ can be replaced by the event yields N1=2

and N3=2 for antiparallel or parallel combined spin con-
figuration of the photon and proton in the initial state,
respectively. The dilution factor d accounts for the back-
ground from bound nuclei in the butanol data. The total
systematic uncertainty comprises several aspects: the
degree of circular polarization (2.7%) that was determined
through comparison of results obtained with a Mott and a
Møller polarimeter, the degree of target polarization (2.8%)
based on the NMR measurements (for details see [46]), the
uncertainty of the scaling factor s (3.4%–9%), and remain-
ing background contributions after the event selection
(mostly below 2% for the pπ0 final state and 3%–5%
for the nπþ final state). Furthermore, the deviations for the
circular polarization degree were calculated for each
coherent edge setting and an event based average deviation
was calculated for the complete dataset and used to correct
the data. An additional 1% systematic error was estimated
for the calculation of the circular polarization degree based
on comparisons between measured and calculated enhance-
ment spectra for the coherent bremsstrahlung (see Fig. 1 in
the Supplemental Material [24]).
Figure 2 shows a comparison for the double-polarization

observable E between data obtained with a diamond
radiator (elliptically polarized photons, blue filled points)
and data obtained with an amorphous radiator (circularly
polarized photons, red open points). For the data taken with
the diamond radiator, the coherent edge position was
chosen to be at approximately 450 MeV (x ≈ 0.3). At this
position, the maximum degree of linear polarization is
relatively high, at around 70%. Here, both datasets were
taken during one beam time directly one after another in
time, leaving all experimental conditions, and hence
all systematic effects, exactly the same. Any remaining
systematic deviation should therefore be related to whether
or not elliptically polarized photons can be used to

determine E. Within the statistical precision, we observe
a very good agreement between both datasets for both the
pπ0 and for the nπþ final states. This is the first exper-
imental evidence that elliptically polarized photons can be
used to measure the double-polarization observable E and
that Eq. (1) can be approximately used to determine the
circular polarization degree of bremsstrahlung photons
from longitudinally polarized electrons in crystals even
if the coherent edge position is as low as x ≈ 0.3. Selected
energy bins for the double-polarization observable E are
depicted in Fig. 3 using the full dataset (all beam times with
all diamond settings) and adding all datasets taken with an
amorphous radiator. The new data for the pπ0 final state
exceed the existing data in statistical precision by more than
a factor of 4. In addition, the new data cover the full polar
angular range that the other previous data [19,20,48] and
very recent CLAS data [21] did not achieve. In particular,
new data are available for the forward angles for the pπ0

final state and backward angles for the nπþ final state.
Furthermore, it should be noted that all previous data were
taken with only a circularly polarized photon beam.
Thus, we emphasize that using elliptically polarized pho-
tons gives the same results for the double-polarization
observable E.
The comparisons to the latest PWA from SAID [11],

BnGa [10], and JüBo [12] are displayed as well. In the
energy range of the Δð1232Þ3

2

þðP33Þ resonance
(270 MeV ≤ Eγ ≤ 420 MeV), all PWA of the pπ0 final
state agree very well with each other as expected since this
resonance is very well known. Here, the data show an
excellent agreement to the PWA within the uncertainties.
Also, for the higher energies the PWA show a similar angular

FIG. 2. Comparison of the results for the helicity asymmetry E
between measurements performed using a diamond radiator (blue
solid points) and an amorphous (red open points) radiator. The
upper row shows the results for the pπ0 final state and the lower
row for the nπþ final state. The shown energy bins of the
diamond runs were taken with the coherent edge position at
approximately 450 MeV.
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dependence due to the already fitted data and the new
data are consistent with them. To show the importance of
measuring E for the entire polar angular range and assess the
quality of the new data, a moment analysis was per-
formed [49]. The profile function Ě, which is the product
of the double-polarization observable E and the differential
cross section, can be expressed by a finite series of partial
waves [see Eq. (5)], using an expansion of the photo-
production amplitude into electric and magnetic multipoles
El�;Ml� and truncating it at a maximal orbital angular

momentum lmax. The angular dependence is described using
associated Legendre functions Pm

l
ðcos θÞ, while the energy

dependence is given by a sum of bilinear products of the
photoproduction multipoles, which are described by the

Legendre coefficients ðalmax
ÞĚ
j
,

Ě ¼ E ·
dσ

dΩ0

¼
q

k

X

2lmax

j¼0

ðalmaxÞ
Ě
j
ðWÞP0

jðcos θÞ: ð5Þ

The BnGa PWA was utilized for the differential cross
section. This choice does not lead to a bias of the extracted
fit coefficients since all recent PWA (e.g., BnGa, SAID-
MA19) have included all available datasets for the differ-
ential cross section and describe them similarly well.
Exchanging the BnGa PWA by the SAID PWA gave the
same results for the fit coefficients within their statistical
uncertainties. Equation (6) shows as an example the
Legendre coefficient ða3Þ

Ě
2
in short notation, which indi-

cates the interference terms between different partial waves
of specific orbital angular momentum l (e.g., S; P;D; F,
etc., correspond to l ¼ 0, 1, 2, 3 and so on).

ða3Þ
Ě
2
¼ hP;Pi þ hS;Di þ hD;Di þ hP;Fi þ hF;Fi: ð6Þ

Figure 4 shows the energy dependence of the coefficient

ða3Þ
Ě
2
for the pπ0 final state. It was obtained by fitting all

energy bins using Eq. (5) and truncating at lmax ¼ 3, which
is sufficient to get a good χ2=ndf value for the fit.
Truncating at lmax ¼ 4 does not change the fit results
and the last two fit coefficients are consistent with zero. The
data exhibit a sudden change in the slope at precisely the pη
photoproduction threshold (atW ¼ 1487 MeV). The open-
ing of the pη final state shows up as a cusp in the Swave of

the pπ0 final state and is visible in the coefficient ða3Þ
Ě
2
due

to the hS;Di interference term [see Eq. (6)]. This claim is
further confirmed by comparing the data to the different
PWA curves, which were extracted using the PWA
multipoles and truncating the expansion at different lmax.

FIG. 3. The double-polarization observable E is shown as a
function of cos θ (blue points) for three selected energy bins and
for the pπ0 (left column) and the nπþ (right column) final states.
The data are compared to previous data from the CBELSA/TAPS
Collaboration (green, open triangles in the left column) [19,20]
and from the CLAS Collaboration (green, open triangles in the
right column) [48]. In addition, the latest PWA are plotted as well
[SAID-MA19 (blue, solid line) [11], BnGa (red, dash-dotted line)
[10], and JüBo-2017 (green, dashed line) [12] ].

FIG. 4. The Legendre coefficient ða3Þ
Ě
2
is shown as a function of the center of mass energy W (blue points) for the pπ0 final state. It

was extracted through fits to Ě [see Eq. (5)], truncating at lmax ¼ 3. The results are compared in (a) to the existing CBELSA/TAPS data
(green, open triangles) [49]. The continuous curves are extracted from the SAID-MA19 multipoles [11] (b), the BnGa multipoles [10]
(c), and the JüBo-2017 multipoles [12] (d), respectively, and truncating the expansion at lmax ¼ 1 (green, dotted line), at lmax ¼ 2 (blue,
solid line) and at lmax ¼ 3 (red, dashed line). A clear pη cusp is visible in the new data and the PWA curves for lmax ≥ 2 due to the
hS;Di interference term.
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The blue solid curves in Fig. 4 contain the hS;Di
interference term and clearly show the pη cusp for all
three PWAs. In contrast to the new data, the previous
CBELSA/TAPS data [19,20] lack the precision required to
observe the pη cusp. This is not just a result of lower
statistical precision, but also a consequence of not having
measured the double-polarization observable E for the
entire polar angular range (see Fig. 3). The comparison
between the different PWA solutions reveals existing
discrepancies in the description of the pη cusp in their
approaches, which was also noted by Anisovich et al. [13].
The new data will help to improve the description of the
pπ0 S-wave energy dependence, which is relevant for
the S-wave resonances (JP ¼ 1

2

−) Nð1535Þ;Δð1620Þ;
Nð1650Þ; Nð1895Þ, and Δð1900Þ, and through interference
with other waves can also affect all other partial waves and
resonances.
In summary, the double-polarization observable E was

measured for the first time using elliptically polarized
photons and a longitudinally polarized butanol target for
both thepπ0 and the nπþ final states. The results show a very
good agreement between data that were taken with only a
circularly polarized photon beam, providing the possibility
of measuring polarization observables that require either
linearly or circularly polarized photons at the same time and
thus enabling a more time and cost efficient, as well as self-
consistent measurement (see Table 1 in the Supplemental
Material [24]). In addition, we provide a first calculation for
the circular polarization degree when using a diamond
radiator and show that only small deviations occur for the
circular polarization degree. The new data have a high
precision and a large angular coverage, which leads to a
precise observation of the pη cusp in the pπ0 final state for
the first time in a double-polarization observable. The correct
implementation of pronounced cusp effects is important for
the correct extraction of the amplitudes and resonance
parameters in a PWA. Here, the new data will help to resolve
the observed discrepancies between the different PWA
solutions at and above the pη threshold energy. The new
measurement method presented may prove valuable in other
fields besides light baryon spectroscopy, e.g., for the meas-
urement of the nucleon polarizabilities in real Compton
scattering [50,51].
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