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We report on the search for the rare decay η → π0e+e− which is of interest to study C violation in 
the electromagnetic interaction which would indicate contributions from physics beyond the Standard 
Model, since the allowed decay via a two-photon intermediate state is strongly suppressed. The ex-
periment has been performed using the WASA-at-COSY installation, located at the COSY accelerator of 
the Forschungszentrum Jülich, Germany. In total 3 × 107 events of the reaction pd → 3Heη have been 
recorded at an excess energy of Q = 59.8 MeV. Based on this data set the C parity violating decay 
η → π0γ ∗ → π0e+e− via a single-photon intermediate state has been searched for, resulting in new 
upper limits of � 

(
η → π0e+e−)

/� 
(
η → π+π−π0

)
< 3.28 × 10−5 and � 

(
η → π0e+e−)

/� (η → all) <

7.5 × 10−6 (CL = 90%), respectively.
© 2018 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

According to the standard model, strong and electromagnetic 
interactions have to conserve C parity. This concept particularly 
restricts the decay modes of mesons and, as an instance, highly 
suppresses η → π0e+e− . However, corresponding measurements 
of the relative branching ratio date back to the seventies of the 
last century and their sensitivity is limited to many orders of 
magnitudes above the standard model predictions. The process 
η → π0e+e− via the single-photon intermediate state η → π0γ ∗
would violate C parity conservation whereas a two-photon pro-
cess as a physical background has an expected branching ratio not 
larger than 10−8 according to theoretical calculations [1–3].

A modern model for this process includes the coupling of 
a hypothetical massive dark U boson [4–6] to the virtual pho-
ton where the corresponding interaction strength scales with 
∼ ε2q2/ 

(
q2 − m2

U + imU�U
)

rather than with ∼ q2/(q2 + iε) ∼ 1
as in case of a photon propagator. Here, q2 denotes the momen-
tum transfer square of the photon, mU and �U are the U boson 
mass and total width, respectively, and ε is the coupling constant 
of the γ –U interaction. A search for a resonance peak structure 
resulting from the considered η decay is limited to a U boson 
mass mU ≤ mη − mπ0 = 413 MeV/c2. However, in this letter re-
sults based on a vector meson dominance model (VMD) for a 
decay via a virtual photon will be presented. In case of the de-
cay η → π0γ ∗ → π0e+e− the VMD model is dominated by the ρ
meson with a mass of mρ = 775.26(25) MeV/c2 [7]. Further de-
tails about the used VMD model are given in Refs. [8,9].

Apparently, the η meson is well suited for the study of rare 
processes and the search for C , P and C P breaking decays, since 
it is not only a C and P eigenstate of strong and electromagnetic 
interaction but all strong and electromagnetic decays of the η me-
son are either suppressed or forbidden to first order. Nevertheless, 
the present experimental upper limit for the branching ratio of the 
decay η → π0e+e− was obtained in 1975 with an optical spark 
chamber experiment and amounts only to 4.5 × 10−5 (CL = 90%) 
[10]. To determine a more stringent upper limit for the decay 
channel η → π0e+e− , data collected with the WASA-at-COSY facil-
ity have been analyzed which also constituted the basis for studies 
of other η meson decay channels already published in Ref. [11].

2. Experiment

The WASA-at-COSY experiment was an internal experiment op-
erated at the accelerator COSY of the Forschungszentrum Jülich, 
Germany from 2006 to 2014 [12]. For the measurements discussed 
here, a proton beam was accelerated to a kinetic beam energy of 
Tp = 1 GeV and collided with deuterium pellets provided by the 
internal pellet target. The η mesons were produced in the reaction 
pd → 3Heη.

The WASA detector setup is divided into two main parts. The 
central detector, which was used for the reconstruction of the pro-
duced mesons and their decay particles, consists of a drift chamber 
in a solenoid field surrounded by an electromagnetic calorimeter. 
This setup provided an energy resolution of 3% for charged and 
8% for neutral particles as well as a geometrical acceptance of 
96%. The forward detector used for the measurement of the four-
momenta of the forward scattered 3He nuclei comprised several 
layers of thin and thick plastic scintillators enabling particle iden-
tification and energy reconstruction with a 3% accuracy as well 
as a proportional chamber giving precise angular information with 
0.2% accuracy. A more detailed description of the WASA-at-COSY 
experimental setup can be found in Refs. [11–13].

The data for the studies presented here were obtained in two 
measurement periods, one of four weeks in 2008 and one of eight 
weeks in 2009. A large energy loss in subsequent scintillator el-
ements of the forward detector was required to trigger the data 
acquisition. Since the 3He nucleus stemming from the reaction 
pd → 3Heη is stopped in the first layer of the WASA forward range 
hodoscope, a veto on the signals from the second layer was used 
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in addition. Due to the trigger relying on information from the for-
ward detector only, the utilized trigger was unbiased with respect 
to a decay mode of the η meson. In total about 3 × 107 events 
containing an η meson were recorded with 1 × 107 events orig-
inating from the 2008 period and 2 × 107 events from the 2009 
period [11].

3. Data analysis

The analysis of the decay η → π0e+e− was based on a com-
mon analysis chain for η decay studies described in Ref. [11].

Preselection. Before the selection conditions for the decay η →
π0e+e− were determined, the data collected in 2008 and 2009 
were preselected with conditions common to all recorded reac-
tions. For instance, conditions on time correlations were used, re-
quiring charged and neutral particles to be detected within a time 
window of less than 40 ns and 15 ns, respectively, compared to 
the 3He nucleus measured in the forward detector. Furthermore, 
hits that were wrongly identified as additional particles (so-called 
split-offs) are rejected. Electron–positron pairs from photon con-
version at the COSY beam pipe can be identified by a reconstructed 
vertex more than 28 mm off the COSY beam axis and by a recon-
structed invariant mass below 8 to 15 MeV/c2, depending on the 
reconstructed radial vertex position and assuming a vertex at the 
COSY beam pipe. Those pairs are rejected, as well. More details of 
these conditions were published in Ref. [11].

Besides these general preselection conditions, a cut on the sig-
nature of the decay η → π0e+e− was applied requesting at least 
one positively and one negatively charged particle detected in the 
central detector, as well as at least two neutral particles originating 
from the π0 meson decay π0 → γ γ . The last condition applied for 
data preselection requires the maximum considered momenta of 
the charged decay particles to be below p = 250 MeV/c, since the 
momenta of the leptons of the decay η → π0e+e− are expected to 
be below this value.

Monte Carlo simulations. In order to determine optimal selection 
conditions for the search for the decay channel η → π0e+e− , 
1.8 × 108 Monte Carlo events of all non-signal η decays observed 
yet were created with respect to their relative branching ratio [7], 
as well as two million events for the signal decay. These simu-
lations were generated with the pluto++ software package [14]
considering the angular distribution of pd → 3Heη at Tp = 1 GeV
according to Ref. [15]. For the various η decay channels physics 
models as included in pluto++ were used. The reader is referred
to Ref. [11] for further details.

In addition to the simulations of η decays, about 4.3 × 109

events for the direct pion production were created, with most 
events for the production reactions pd → 3Heπ0π0 and pd →
3Heπ+π− , as these contribute most to the non-η background at 
the given kinetic beam energy. For these two-pion productions the 
ABC effect was incorporated into the simulations according to the 
model discussed in Ref. [16].

The simulations for the signal decay η → π0e+e− were gen-
erated with two different model assumptions. The first one is a 
decay according to pure three-particle phase space. The second 
is based on the VMD model for the intermediate virtual photon. 
The direct decay η → π0γ to an on-shell photon violates both C
parity and angular momentum conservation plus global gauge in-
variance. The violation of the angular momentum originates from 
the general rule that a radiative 0 → 0 transition via the emis-
sion or absorption of a real photon is strictly forbidden, as can be 
read in more detail in Ref. [17]. The global gauge invariance is the 
reason that the divergence of the electromagnetic ηπ0 transition 
Fig. 1. Invariant mass of e+e− pairs for the simulated decay η → π0e+e− . Black 
lined: decay via η → π0γ ∗ considering VMD. Shadowed in orange: decay according 
to three-particle phase space. (For interpretation of the colors in the figure(s), the 
reader is referred to the web version of this article.)

current has to vanish. This in turn implies that the on-shell limit 
of the ηπ0 coupling to a photon has to vanish as well, since the 
only term that is not directly proportional to q2 corresponds to a 
longitudinally polarized photon, which therefore cannot contribute 
to an on-shell-photon amplitude, see e.g. [18] for more details. In 
summary, there is no η → π0γ on-shell contribution for the decay 
η → π0e+e− and the transition form factor for the off-shell con-
tribution vanishes at zero virtuality, such that the single-photon 
pole is completely removed [19–21]. In Fig. 1 the invariant mass 
of the e+e− pair produced in the decay is plotted according to 
three-particle phase space (shadowed in orange) and the decay via 
η → π0γ ∗ according to the discussed model. A more detailed cal-
culation of the model can be found in Ref. [9].

To simulate the WASA detector responses, the WASA Monte 
Carlo package wmc was used, which is based on geant3 [22]. The 
settings for the spatial, timing and energy resolution in wmc were 
set to agree with the resolution observed in data.

Due to the high luminosities of the WASA-at-COSY experiment, 
it is possible that detector responses from one event can over-
lap with another event. In Ref. [11] the event selection was done 
without taking this effect into account. Any remaining effect on 
the relative branching ratios reported was checked by studying the 
luminosity dependence of the result. However, for the analysis pre-
sented in this paper event overlap could not be ignored, because it 
influences all differential distributions which were used for event 
selection and cut optimization. Therefore, the effect was consid-
ered in the simulations and the amount of event overlap was left 
as a free parameter for the fit of the simulations to data (see next 
paragraph).

All Monte Carlo simulations were preselected with conditions 
identical to those for data preselection.

Data description. The choice of the selection conditions with re-
gard to the decay channel η → π0e+e− is based on Monte Carlo 
simulations. It is necessary to know the contributions of the vari-
ous reactions to the collected data for an optimal choice. Therefore, 
the 2008 and 2009 data sets were fitted separately in distributions 
of selected quantities by template distributions of the aforemen-
tioned Monte Carlo simulations to determine the contributions of 
the individual reactions to the data. In detail, these distributions 
are:

• the missing mass mX, corresponding to the invariant mass of 
the proton beam and the deuteron target remaining after the 
3He four momentum has been subtracted and peaks at the η
mass for the reaction pd → 3Heη,
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• the invariant mass meeγ γ of an electron–positron pair can-
didate and two photons, which peaks at the η mass for the 
decay η → π0e+e− with π0 → γ γ ,

• the invariant mass mγ γ of two photons, which peaks at the 
π0 mass for reactions with π0 mesons produced,

• the invariant mass mee of an electron–positron pair candidate,
• the smallest invariant mass meγ of all four possible combina-

tions of an electron or positron candidate and a photon and
• the missing mass squared m2

Xee, which is the invariant mass 
squared of the proton beam and the deuteron target remaining 
after the 3He four momentum and the electron–positron pair 
candidate momentum have been subtracted and peaks at the 
π0 mass squared for the reaction of interest.

Under the assumption of a branching ratio of the decay below 
the current upper limit of 4.5 × 10−5 (CL = 90%) [10], there are 
less than 150 events expected from the decay η → π0e+e− in 
the combined data sets after preselection, considering the prese-
lection efficiency for the signal decay. A fit by Monte Carlo sim-
ulations including the simulated decay η → π0e+e− is consistent 
with zero events from this signal decay channel. Therefore, the de-
cay η → π0e+e− was excluded from the fit. While the differential 
distribution for the reaction pd → 3Heη is well known [15], the 
differential distributions are known only with high uncertainties or 
not at all for direct multi-pion productions. Hence, the data were 
divided into ten bins in angular ranges of cos ϑcms

3He
.5 Monte Carlo 

simulations were fitted to data in the eight angular bins ranging 
from −1 to 0.6. The angular range 0.6 < cosϑcms

3He
≤ 1 was excluded 

because of the lower energy resolution of the forward detector for 
these forward scattered 3He nuclei. Moreover, the relative amount 
of background from the direct pion production is larger in this an-
gular range, whereas less than 3% of all pd → 3Heη events have a 
cosϑcms

3He
> 0.6.

The fit of the Monte Carlo simulations to the data was per-
formed simultaneously for all angular ranges and distributions 
with identical scaling parameters for the simulations for all distri-
butions within one angular range. Furthermore, the ratios for the 
various η decays were constrained to the branching ratios accord-
ing to Ref. [7] within the given uncertainties. These were set to 
be identical for all angular ranges. Similarly, the amount of event 
overlap was included as one global fit parameter. In Fig. 2, Fig. 3, 
Fig. 4 and Fig. 5 the resulting Monte Carlo fits to the 2008 data 
are plotted for mX, meeγ γ , mγ γ and mee for the angular range 
0.2 < cosϑcms

3He
≤ 0.4. According to this fit most events remaining 

after preselection originate from the η decay η → π+π−π0, the 
direct pd → 3Heπ+π−π0 production and the direct two-pion pro-
duction reactions. Note that MC simulations with event overlap are 
required for a proper description of the shoulders of the invariant 
mass distributions. A collection of all fits is available in Ref. [9].

Selection conditions. The selection conditions for the search for the 
decay η → π0e+e− were based on the following quantities:

• the missing mass mX,
• the invariant masses meeγ γ , mγ γ and mee,
• the χ2 probability of a kinematic fit with the hypothesis pd →

3Heγ γ e+e− and
• the energy loss ESEC

dep of the charged particles in the central de-
tector scintillator electromagnetic calorimeter (SEC) and their 
momentum p to discriminate e± and π± (particle identifica-
tion, PID).

5 ϑcms
3He

is the polar scattering angle of the 3He nucleus relative to the beam axis 
in the center of mass system.
Fig. 2. Missing mass mX = ∣∣Pp + Pd − P3He

∣∣ after preselection for a data sample of 
the 2008 period fitted by Monte Carlo simulations. Only the most common contri-
butions of the various reactions to the fit are plotted separately.

Fig. 3. Invariant mass of e+e−γ γ after preselection for a data sample of the 2008 
period fitted by Monte Carlo simulations. For the legend see Fig. 2.

Fig. 4. Invariant mass of γ γ after preselection for a data sample of the 2008 period 
fitted by Monte Carlo simulations. For the legend see Fig. 2.

Since only very few events were expected to remain in the 
analysis after the event selection, an optimal choice of the selec-
tion conditions is important for the best possible result. The choice 
of the cut conditions was performed with 40% of the generated 
Monte Carlo simulations, whereas the remaining Monte Carlo data 
sample was used later for the selection efficiency determination. 
Note that the relative amounts of the different reaction channels 
are the same for both MC samples, scaled according to the fit ex-
plained in the previous paragraph. The graphical cut for the parti-
cle identification (see Fig. 6) was chosen by optimizing the product 
of the number of selected e+e− pairs (Ne+e− ) and the ratio of 
Ne+e− to the number of charged pion pairs (Nπ+π− ). While this 
cut was chosen beforehand, as it is a common cut utilized for PID 
independent from the analyzed reaction, the selection conditions 
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Fig. 5. Invariant mass of e+e− after preselection for a data sample of the 2008 
period fitted by Monte Carlo simulations. For the legend see Fig. 2.

Fig. 6. Energy loss of charged particles in the SEC plotted against their momentum 
times charge for the preselected data sets of the 2008 and 2009 periods. A graphical 
cut around the electron and positron band is indicated by black lines.

for the other five quantities were determined by an optimization 
algorithm. This algorithm is based on the relative amount of simu-
lated signal events SR = Ncut

S /Npres
S remaining after all cuts (Ncut

S ) 
compared to the number after preselection (Npres

S ) and the rela-
tive amount of all simulated background events BR = Ncut

B /Npres
B

remaining after all cuts (Ncut
B ) in relation to the number after pre-

selection (Npres
B ). In case of the background reactions the contribu-

tions as obtained in the data description were used to downscale 
the Monte Carlo simulations and to extract the numbers.

The cut optimization algorithm maximizes the evaluation func-
tion

G = SR · SR

BR
(1)

by varying the selection conditions for all chosen quantities. This 
way an optimal signal to background ratio is achieved while at the 
same time an optimal number of remaining signal events can be 
obtained.

With the aid of the cut optimization algorithm the following 
selection conditions were determined:

0.5414 GeV/c2 ≤ mX ≤ 0.5561 GeV/c2 , (2)

0.507 GeV/c2 ≤ meeγ γ ≤ 0.646 GeV/c2 , (3)

0.0923 GeV/c2 ≤ mγ γ ≤ 0.1574 GeV/c2 , (4)

mee ≥ 0.096 GeV/c2 and (5)

χ2 prob. ≥ 0.05 . (6)
Fig. 7. Invariant mass of e+e−γ γ after all cuts for the 2008 and 2009 data sets 
(black) and for the simulations scaled to data according to the fit to data after pre-
selection (red). The blue dashed lines indicate the chosen selection conditions.

4. Results

After applying the selection conditions to the data, three events 
were left, whereas two events were expected to remain from the 
direct two-pion production pd → 3Heπ0π0 according to Monte 
Carlo simulations. All other background reaction channels were 
found to give no sizeable contribution after applying the cuts. The 
invariant mass, meeγ γ , for these events are plotted in Fig. 7 to-
gether with simulated data. Note that the generated Monte Carlo 
events were scaled according to the fit to data after preselection 
and that the sum of all Monte Carlo events remaining after all cuts 
is equal to two events.

The overall reconstruction efficiency for the signal decay η →
π0e+e− was determined to be

εvirtual
S = 0.02331(7) (7)

for a decay via η → π0γ ∗ assuming VMD, whereas the assumption 
of a decay according to pure three-particle phase space results in

ε
phase
S = 0.01844(7). (8)

The given uncertainties are purely statistical ones.
In order to calculate the upper limit for the branching ratio 

�(η → π0e+e−)/�(η → all), the decay channel η → π+π−π0

with π0 → γ γ was utilized for normalization. This is a reason-
able choice as this decay channel has the same signature as the 
signal decay and, thus, possible systematic effects introduced by 
differences of the signature are avoided. According to the data de-
scription by Monte Carlo simulations and considering the efficiency 
correction factors for the preselection of

ε
pres.
η→π+π−π0

γ γ ,2008
= 0.03587(26) (9)

determined by Monte Carlo studies for the data set collected in 
2008 and

ε
pres.
η→π+π−π0

γ γ ,2009
= 0.03305(18) (10)

for the data set collected in 2009 there were

Nproduced
η→π+π−π0

γ γ
= (6.509 ± 0.018) × 106 (11)

events in data. In order to determine a final upper limit for the 
branching ratio of η → π0e+e− , all uncertainties have to be con-
sidered and incorporated into the calculations.

Systematics. The systematic and statistical uncertainties, which 
need to be considered for the upper limit determination, can be 
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Fig. 8. Nuisance parameters λ2008 (red) and λ2009 (blue) for the systematic uncer-
tainty of the number of background events remaining after all cuts in the 2008 and 
2009 data sets.

separated into uncertainties by multiplicative effects and uncer-
tainties by offset effects. The former include an uncertainty of the 
reconstruction efficiency of the decay η → π0e+e− and an uncer-
tainty in the number of η → π+π− (

π0 → γ γ
)

events in data. 
The latter ones are uncertainties of the number of background 
events remaining after all cuts.

To determine the systematic uncertainty for the signal recon-
struction efficiency, the resolution settings for the Monte Carlo 
simulations were varied within the uncertainties of the individual 
detector resolutions observed in data. The extracted square root of 
the relative variance of the reconstruction efficiency was found to 
be√

Varvirtual
rel = 0.059 (12)

for a decay via η → π0γ ∗ assuming VMD whereas for a decay 
according to pure three-particle phase space one finds
√

Varphase
rel = 0.057. (13)

In the following analysis the square root of the variance was con-
sidered as the systematic uncertainty.

The uncertainty for the efficiency corrected number of η →
π+π− (

π0 → γ γ
)

events in data was obtained by a compari-
son to the efficiency corrected number determined utilizing less 
strict preselection conditions, namely no cuts to reject conversion 
or split-off events, no cut on the momentum of charged decay 
particles and less strict cuts on the particles’ energies. Hereby a 
systematic uncertainty of 2.3% was determined.

The uncertainties for the number of background events remain-
ing after all cuts can be separated into a statistical uncertainty 
due to the finite number of Monte Carlo simulations and system-
atic uncertainties introduced by uncertainties of the fit of Monte 
Carlo simulations to data. The latter are dominated by differences 
between the Monte Carlo fit parameters for the 2008 and 2009 
data sets, leading to asymmetric uncertainties. Such different fit 
parameters for both data sets originated mainly from different ex-
perimental settings, which affected, e.g., the event overlap due to 
different luminosities. To determine the overall systematic uncer-
tainty for the number of remaining background events, the prob-
ability density functions (pdf) of the individual uncertainties were 
folded. The resulting pdf for the nuisance parameters λ2008 and 
λ2009 corresponds to the overall relative systematic uncertainty for 
the 2008 and 2009 data sets and was incorporated into the upper 
limit calculations. In Fig. 8 the distribution of the nuisance param-
eters are illustrated for both data sets.

In order to investigate further possible systematic effects, the 
selection conditions used for the analysis were varied and the 
expectations according to simulations were compared to the num-
ber of events seen in data. Since the expected number of events 
agreed with the number of events seen in data within the sta-
tistical uncertainties, no additional systematic effect needs to be 
considered.

A detailed description of the uncertainty investigations is avail-
able in Ref. [9].

Upper limit. The upper limit for the relative branching ratio of the 
decay η → π0e+e− was calculated with the formula:

�
(
η → π0e+e−)

�
(
η → π+π−π0

) <
NS,up

Nproduced
η→π+π−π0 · εS

(14)

with the upper limit NS,up for the number of signal events, which 
depends on the number of observed events and the number of 
expected background events. For the calculation of NS,up a Bayesian 
approach was chosen as given in Ref. [23] with a flat prior pdf and 
incorporating the determined uncertainties and the pdfs for the 
nuisance parameters, resulting in

NS,up = 4.97 (CL = 90%). (15)

As a result the relative branching ratio of the decay η →
π0e+e− via η → π0γ ∗ and assuming VMD was found to be

�
(
η → π0e+e−)

virtual

�
(
η → π+π−π0

) < 3.28 × 10−5 (CL = 90%) (16)

whereas the assumption of a pure three-particle phase space dis-
tribution of the ejectiles results in

�
(
η → π0e+e−)

phase

�
(
η → π+π−π0

) < 4.14 × 10−5 (CL = 90%). (17)

Considering the branching ratio of the decay η → π+π−π0 of 
� 

(
η → π+π−π0

)
/� (η → all) = 0.2292(28) [7], the new upper 

limit for the branching ratio of the decay η → π0e+e− via η →
π0γ ∗ results in

�
(
η → π0e+e−)

virtual

�(η → all)
< 7.5 × 10−6 (CL = 90%). (18)

For comparison the assumption of a pure three-particle phase 
space distribution of the ejectiles would lead to

�
(
η → π0e+e−)

phase

�(η → all)
< 9.5 × 10−6 (CL = 90%). (19)

These values are smaller than the previous upper limit of 
4.5 × 10−5 (CL = 90%) [10] by a factor of six and five, respectively.

5. Summary

We have presented new studies with the WASA-at-COSY ex-
periment on the C parity violating η meson decay η → π0e+e− . 
The obtained upper limit for the branching ratio of the decay 
η → π0e+e− is smaller than the previously available upper limit 
by a factor of five to six [10]. The results of the analysis are con-
sistent with no events seen in data, and thus give no hint on a 
C violation in an electromagnetic process. Similarly, no processes 
from physics beyond the Standard Model are required to explain 
the results.

In order to further decrease this value and to continue the 
search for a C parity violation in an electromagnetic process, ad-
ditional data were collected with WASA-at-COSY utilizing the pro-
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duction reaction pp → ppη. Over three periods in 2008, 2010 and 
2012 in total about 5 × 108 such events were recorded and are 
currently being analyzed with regard to the decay η → π0e+e− .

Besides a decay via one virtual photon according to a VMD 
model, the decay η → π0e+e− could possibly occur via a hypo-
thetical C violating dark boson U where the pertinent form factor 
is even further suppressed by ε2q2/ 

(
q2 − m2

U + imU�U
)

compared 
to the single-photon mechanism without a U [24]. Investigations 
with regard to this decay process are currently ongoing for the pre-
sented pd → 3Heη data sets and the pp → ppη data sets recorded 
with WASA-at-COSY providing an order of magnitude higher statis-
tics.
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