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The cross section of the process e+e− → π+π−π0η has been measured using a data sample of 21.8 pb−1

collected with the CMD-3 detector at the VEPP-2000 e+e− collider. 2769 ± 95 signal events have been 
selected in the center-of-mass energy range 1394–2005 MeV. The production dynamics is dominated by 
the ω(782)η and φ(1020)η intermediate states in the lower energy range, and by the a0(980)ρ(770)

intermediate state at higher energies.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 

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

The production dynamics of the π+π−π0η final state in e+e−
annihilation has been never studied before. Only the e+e− →
ω(782)η cross section was measured by the BaBar Collabora-
tion [1] with a relatively low statistical accuracy using η →
π+π−π0 decay, and by the SND Collaboration [2] (with η → γ γ
decay). The e+e− → π+π−π0η cross section contributes a not 
negligible value (up to 15% of the total hadronic cross section in 
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some energy range) to the calculations of the hadronic contribu-
tion to the muon anomalous magnetic moment [3], and a detailed 
study of the production dynamics can further improve the ac-
curacy of these calculations as well as our understanding of the 
spectroscopy of light mesons.

In this paper we report the analysis of the data sample based 
on 21.8 pb−1 of the integrated luminosity collected at the CMD-3 
detector in the 1394–2005 MeV center-of-mass energy (Ec.m.) 
range. We identify the π+π−π0η candidate events using η → γ γ
decay, and observe no candidate events below Ec.m. = 1400 MeV. 
These data have been collected in three energy scans at 40 c.m. en-
ergy points, performed at the VEPP-2000 collider [4] in 2011 and 
2012.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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The general-purpose detector CMD-3 has been described in de-
tail elsewhere [5]. Its tracking system consists of a cylindrical 
drift chamber (DC) [6] and double-layer multiwire proportional 
Z-chamber, both also used for a trigger, and both inside a thin 
(0.2 X0) superconducting solenoid with a field of 1.3 T. The tracking 
system allows to detect charged tracks with a minimum polar an-
gle about 0.5 radians relative to the beam axis (about 90% of 4π ). 
The barrel liquid-xenon (LXe) calorimeter with a 5.4 X0 thickness 
has fine electrode structure, providing a 1–2 mm spatial resolu-
tion for photons [7], and shares the cryostat vacuum volume with 
the superconducting solenoid. The barrel CsI-crystal calorimeter is 
placed outside the LXe calorimeter, and increases the total thick-
ness to 13.5 X0. The endcap BGO calorimeter with a thickness of 
13.4 X0 is placed inside the solenoid [8]. Our combined calorime-
ter allows to detect photons with a minimum polar angle down 
to 0.25 radians relative to the beam axis (about 98% of 4π ). The 
luminosity is measured using events of Bhabha scattering at large 
angles with about 1% accuracy [9].

The beam energy has been monitored by measuring the current 
in the dipole magnets of the main ring, and at a few energy points 
by using the Back-Scattering-Laser-Light system [10]. Using mea-
sured average momentum of Bhabha events, and average momen-
tum of proton–antiproton pairs from the process e+e− → pp̄ [11], 
we determine Ec.m. at each energy point with about 1 MeV accu-
racy.

To understand the detector response to processes under study 
and to obtain a detection efficiency, we have developed Monte 
Carlo (MC) simulation of our detector based on the GEANT4 [12]
package, in which all simulated events pass the whole reconstruc-
tion and selection procedure. The MC simulation uses primary gen-
erators with matrix elements for the studied processes, including 
soft photon radiation by initial electron or positron, calculated ac-
cording to Ref. [13]. For the background study we have developed 
a special MC generator to simulate generically e+e− → hadrons, 
which includes the majority (>30) of exclusive channels weighted 
with their known cross sections, and perform analysis of events 
based on it.

2. Selection of e+e− → π+π−π0η events

Candidates for the process under study are required to have 
two good tracks of charged particles with opposite charges, and 
four or more clusters in the calorimeters, not related to the tracks, 
assumed to be photons. We require ionization losses of a track in 
the DC to be consistent with the pion hypothesis, a track momen-
tum larger than 40 MeV/c, a minimum distance from a track to the 
beam axis in the transverse plane less than 0.25 cm, and a mini-
mum distance from a track to the center of the interaction region 
along the beam axis Z less than 12 cm. The photon candidate is 
required to have energy deposition in the calorimeters exceeding 
25 MeV.

Reconstructed momenta and angles of the detected charged 
tracks as well as energy and angles of four photons are subject 
to the kinematic fit for the e+e− → π+π−π0γ γ hypothesis, as-
suming that the total energy is equal to Ec.m. and total momentum 
is equal to zero. First, we look for one photon pair with the invari-
ant mass closest to the π0 mass inside the ±55 MeV/c2 (about 
±3.5 standard deviations) window, and we use the π0 mass as an 
additional fifth constraint in the fit (5C fit) for this photon pair. 
No additional constraints are applied to the second photon pair. 
The covariance matrices for charged tracks and photons are used 
in the fit and provide a χ2 value for each event. A large fraction 
of the event candidates has more than four photons: we test all 
possible combinations, and two photon pairs with the smallest χ2

value are retained for further analysis. As a result of the fit, we ob-
tain improved values of the momenta, energies and angles for all 
particles.

Fig. 1(a) shows the obtained χ2 distributions for the exper-
imental (dots) and simulated e+e− → π+π−π0η (histogram) 
events, when the invariant mass of the second photon pair is in 
the ±50 MeV/c2 window around the η mass. A vertical line shows 
the applied selection.

Each event is also subject to the 4C fit under a e+e− →
π+π−γ γ hypothesis: all photon pairs are tested to get the 
best χ2 value, and a requirement χ2

π+π−γ γ
> 40 suppresses the 

background from the processes e+e− → π+π−π0 and e+e− →
π+π−η by a factor of 10–20 to a negligible level with a 1.5% loss 
of the signal events. To study the remaining background we ana-
lyze events from the generic e+e− → hadrons MC generator with 
the excluded signal process.

Fig. 1(b) presents the invariant mass distributions for the 
second photon pair before (dashed histogram) and after (solid
histogram) the 5C kinematic fit for events in the Ec.m. =
1600–1800 MeV energy range and applied χ2 selection. A signal 
Fig. 1. (a) The 5C-fit χ2 distribution for events with two tracks, π0, and two photons for the e+e− → π+π−π0γ γ hypothesis for data (dots) and corresponding simulation 
(histograms). (b) The experimental two-photon invariant mass distributions before (dashed histogram) and after (solid histogram) a kinematic fit. A shaded histogram is for 
the generic e+e− → hadrons MC simulation with excluded signal process.
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Fig. 2. Two-photon invariant mass distributions and fit functions to determine the number of π+π−π0η events at Ec.m. = 1680 MeV (a) and Ec.m. = 1600 MeV (b). Dashed 
curves show the background contribution. Histograms are for the expected signal events from simulation.

Fig. 3. The background-subtracted π+π−π0 invariant mass distribution for events in the Ec.m. = 1400–1550 MeV (a), 1600–1800 MeV (b), 1800–2000 MeV (c) energy ranges. 
The lines show results of the fits with the ω(782) and φ(1020) signals (solid), and the background contribution (dashed). Histograms show expected MC-simulated signals 
from the ω(782)η and φ(1020)η intermediate states.
from the η → γ γ decay is clearly seen, and an improvement in the 
resolution is obtained. The shaded histogram shows a background 
from other processes, dominated by the e+e− → π+π−π0π0 re-
action with wrong-assigned photons. No peaking background is 
observed.

The η peak in the invariant mass distribution of the sec-
ond photon pair is used to obtain the inclusive number of the 
π+π−π0η events. We fit the distributions of Fig. 1(b) at each en-
ergy with a sum of functions to separate signal and background. 
The shape of the η signal is taken from the MC simulation (shown 
by shaded histograms), while a second-order polynomial function 
is used for the background. Two examples of the fit are shown in 
Fig. 2 at Ec.m. = 1680 MeV (a) and Ec.m. = 1600 MeV (b). The to-
tal number of events evaluated by this procedure is 2769 ± 95. We 
do not observe any signal events for Ec.m. below 1400 MeV, and 
present our data starting from Ec.m. = 1394 MeV.

The observed π+π−π0η events contain several intermediate 
states. Our data sample is too small for standard amplitude analy-
sis. Instead, we first extract a contribution of the narrow interme-
diate resonances, ω(782) and φ(1020), and then investigate other 
contributions, assuming low interference with the narrow states 
above.

3. The e+e− → ω(782)η, e+e− → φ(1020)η intermediate states

To study intermediate states we select signal candidates by 
requiring |mγ γ − mη| < 65 MeV/c2, see Fig. 1(b), and subtract 
the sideband background using events with 65 < |mγ γ − mη| <
130 MeV/c2 for any experimental distribution. Fig. 3 shows the 
background-subtracted π+π−π0 invariant mass distributions for 
the selected π+π−π0η candidates combined in three energy 
ranges: Ec.m. = 1400–1550 MeV (a), Ec.m. = 1600–1800 MeV (b), 
and Ec.m. = 1800–2000 MeV (c). A signal from the ω(782) dom-
inates at low energies, signals from the ω(782) and φ(1020) are 
well seen in the second range, and they are relatively small at 
higher energies, where other intermediate states dominate. To de-
termine the number of ω and φ events, we fit distributions at 
each energy with a sum of the signal and combinatorial back-
ground functions. For the signal peaks we use double-Gaussian 
functions with all parameters, except the number of events, fixed 
from the MC-simulation. A smooth function is used to describe the 
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Fig. 4. The background-subtracted π+η, π−η, π0η invariant mass distributions for events in the 1800–2000 MeV (a) and 1600–1800 MeV (b) Ec.m. range from the η
peak of Fig. 1(b). Histograms cumulatively show the MC-simulated contributions from the ρ(1450, 1700)π (shaded), ω(782)η (cross hatched), φ(1020)η (hatched), and 
a0(980)ρ(770) (open) intermediate states. Lines show a fit with the a0(980) signal and background contribution (dashed).

Fig. 5. The background-subtracted π+π0, π−π0, π+π− invariant mass distributions for events in the 1800–2000 MeV (a) and 1600–1800 MeV (b) Ec.m. ranges from the 
η peak of Fig. 1(b). Histograms cumulatively show the MC-simulated contributions from the ρ(1450, 1700)π (shaded), ω(782)η (cross hatched), φ(1020)η (hatched), and 
a0(980)ρ(770) (open) final states. The dashed histogram in (b) corresponds to the case when the phase space 3πη simulation is used instead of the ρ(1450, 1700)π final 
state.
combinatorial background from other final states (see Sec. 4). His-
tograms in Fig. 3 show the expected MC-simulated signals from 
the ω(782)η and φ(1020)η intermediate states. In total, for all 
energy points we obtain 824 ± 41 and 214 ± 46 events for the 
ω(782)η and φ(1020)η intermediate states, respectively. By vari-
ation of the polynomial order of the background function or re-
moving sideband background subtraction, we estimate a systematic 
uncertainty on the number of signal events at about 5%.

4. The e+e− → a0(980)ρ(770) intermediate state

The combinatorial background for the ω(782)η and φ(1020)η
final states is relatively large and other intermediate resonances 
are thus expected: most probable are a0(980)ρ(770) and ρ(1450,

1700)π which have π+π−π0η at the end of the decay chains. 
The a0(980) is relatively narrow and should be seen in the ηπ
invariant mass. Fig. 4 shows the background-subtracted π+η, 
π−η, π0η invariant mass distribution (three entries per event) 
for the events in the Ec.m. = 1800–2000 MeV (a) and Ec.m. =
1600–1800 MeV (b) ranges. A clear signal associated with a0(980)
is seen in both energy ranges: while events in Fig. 4(b) are 
below the nominal a0(980)ρ(770) threshold, a0(980) is still 
visible due to the large width of the ρ(770). Histograms cu-
mulatively show MC-simulated contributions from the expected 
ρ(1450, 1700)π (shaded, see discussion in Sec. 5), ω(782)η (cross 
hatched), φ(1020)η (hatched), and a0(980)ρ(770) (open) inter-
mediate states. Lines show a fit with the a0(980) signal and 
the contribution of the combinatorial background (dashed). We 
tune background-description function with the simulation, and the
“Fermi” step for the threshold behavior convolved with the third-
order polynomial function gives the best result.

We also observe a clear signal from the ρ(770) in the π+π− , 
π−π0, π+π0 corresponding mass combinations, shown in Fig. 5(a) 
for the Ec.m. = 1800–2000 MeV range, where the a0(980)ρ(770)

final state dominates. We fit the distributions of Fig. 4 at each 
energy with a sum of functions describing signal, combinato-
rial and other backgrounds, shown by the lines in Fig. 4. The 
a0(980) signal is fitted with a Breit-Wigner function using 55 MeV 
width [16] convolved with the detector resolution (≈ 50 MeV). We 
obtain 1072 ± 116 events corresponding to the process e+e− →
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Fig. 6. (a) The number of e+e− → π+π−π0η events with an excluded contribution from the ω(782)η, φ(1020)η, and a0(980)ρ(770) intermediate states. Black and blue 
colors are for the 2011 and 2012 data, respectively. (b) The background-subtracted π+−0η (three entries per event) invariant mass distribution with excluded ω(782)η
and φ(1020)η intermediate states. Short-dashed, solid, and long-dashed histograms shows a simulated signal from a sum of the a0(980)ρ(770) and ρ(1450, 1700)π inter-
mediate states in case of constructive, no-interference, and destructive interference of their amplitudes, respectively. The shaded histogram shows the contribution of the 
ρ(1450, 1700)π intermediate state only. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
a0(980)ρ(770). We vary the shape of the function used for the 
combinatorial background subtraction and estimate a systematic 
uncertainty on the number of signal events as about 15%.

5. The e+e− → π+π−π0η(no ω, φ, a0) intermediate state

In the Ec.m. = 1900–2000 MeV energy range the number of the 
π+π−π0η events determined from the η peak in Sec. 2 is almost 
completely dominated by the a0(980)ρ(770) channel. The obtained 
number of π+π−π0η events in the Ec.m. = 1600–1800 MeV en-
ergy range exceeded that expected from the sum of the e+e− →
ω(782)η (33%), φ(1020)η (7%), and a0(980)ρ(770) (29%) reac-
tions.

At each Ec.m. energy we subtract events obtained for the 
ω, φ, a0 signals from the total number of events obtained from the 
η signal of Fig. 1(b), and show the difference vs Ec.m. in Fig. 6(a). 
A resonant structure is observed around Ec.m. = 1700 MeV. The dif-
ference (about 31%) can be, for example, explained by the presence 
of the e+e− → ω(1650) → ρ(1450, 1700)π → ρ(770)ηπ reaction. 
In this case an additional signal from the ρ(770) should be seen 
in two-pion masses. For the Ec.m. = 1600–1800 MeV energy range 
we show the background-subtracted π+π0, π−π0, π+π− invari-
ant mass distribution (three entries per event) in Fig. 5(b). His-
tograms cumulatively show the MC-simulated contributions from 
the ρ(1450, 1700)π (shaded), ω(782)η (cross hatched), φ(1020)η
(hatched), and a0(980)ρ(770) (open) final states. The dashed his-
togram in Fig. 5(b) presents simulation when the phase-space 
model is used instead of ρ(1450, 1700)π , indicating some data ex-
cess around the ρ(770) mass. Our data do not contradict to the 
presence of the e+e− → ω(1650) → ρ(1450, 1700)π → ρ(770)ηπ
reaction, but an additional ρ(770) contribution cannot be quan-
titatively extracted from the mass distributions with reasonable 
accuracy. Note that the ρ(770) signal from the a0(980)ρ(770) in-
termediate state is also diluted below 1750 GeV due to limited 
phase space.

Moreover, the expected ρ(1450, 1700)π → ρ(770)ηπ decay 
chain and a0(980)ρ(770) both contain a relatively broad ρ(770)

resonance, and can interfere at the amplitude level. To exam-
ine an interference effect we sum two equal amplitudes of the 
above intermediate states at the primary generator level, and per-
form simulation with positive and negative relative signs. Fig. 6(b) 
shows the background-subtracted experimental π+−0η (three en-
tries per event) invariant mass distribution (points) with the ex-
cluded contribution from the ω(782)η and φ(1020)η intermedi-
ate states (using MC-simulation). Short-dashed, solid, and long-
dashed histograms show a simulated signal from the sum of the 
a0(980)ρ(770) and ρ(1450, 1700)π intermediate states in case of 
constructive, no-interference, and destructive interference of the 
amplitudes, respectively. The shaded histogram shows a contri-
bution of the ρ(1450, 1700)π intermediate state only. When we 
fit the a0(980) signal peak as described above, the number of 
events changes by ±50% from the value with no interference. Be-
cause of that, we should add at least a 50% model-dependent 
systematic error to the number of a0(980)ρ(770) (and hence to 
ρ(1450, 1700)π ) events in the Ec.m. = 1650–1750 MeV energy 
range, where overlap is the largest.

6. Detection efficiency

As demonstrated above, the π+π−π0η final state is produced 
via several intermediate resonant states: we observe the ω(782)η, 
φ(1020)η, a0(980)ρ(770), and, possibly, ρ(1450, 1700)π →
ρ(770)ηπ intermediate states. Our detector does not have 100% 
acceptance, and due to different angular distributions of final 
particles, we observe variations in the detection efficiency for 
different intermediate states. Fig. 7(a) shows the MC-simulated 
e+e− → π+π−π0η detection efficiency (ε) for different produc-
tion modes determined as a ratio of events that passed recon-
struction and selection criteria to the total number of simulated 
events.

As shown in Sec. 3, the π+π−π0η final state below Ec.m. =
1600 MeV is dominated by the process e+e− → ω(782)η, an ad-
mixture of the φ(1020)η, a0(980)ρ(770), and ρ(1450, 1700)π →
ρ(770)ηπ intermediate states arises in the Ec.m. = 1600–1800 MeV
range, and the a0(980)ρ(770) state dominates above Ec.m. =
1800 MeV.

To estimate the detection efficiency for charged and neutral par-
ticles, we use a procedure with selecting a clean sample of events 
with one missing particle, predict momentum and angles of this 
particle using kinematics, and check how often this particle is de-
tected with our detector. By applying this procedure to data and 
MC simulation we can obtain a correction for the calculated effi-
ciency. For this purpose we use the e+e− → π+π−π0π0 process 
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Fig. 7. (a) MC-calculated efficiency for different intermediate states: ω(782)η (circles), φ(1020)η (squares), a0(980)ρ(770) (triangles up), ρ(1450, 1700)π (open circles), phase 
space (triangles down); the shaded area shows an average efficiency with estimated systematic errors. (b) Radiative corrections (1 + δR ) for the e+e− → π+π−π0η cross 
section.

Fig. 8. The e+e− → π+π−π0η cross section obtained with the CMD-3 detector. Black and blue colors are for the 2011 and 2012 data, respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
which has a much higher cross section in the studied energy range 
and low background.

The correction to the MC-calculated efficiency of −1.5 ± 1.0%
for a charged and −1 ± 1% for a neutral pion has been obtained. 
Assuming similar efficiency for η → γ γ decay, we estimate the 
data-MC difference in the detection efficiency as a sum of cor-
rections for two charged pions and two π0’s: εcorr = 0.95. The 
uncertainty of this number, 3%, obtained as a quadratic sum of 2% 
from charged and 2% from neutral pions, is taken as a systematic 
uncertainty.

Our detection efficiency is obtained from MC simulation which 
includes a radiative photon from initial particles according to 
Ref. [13], taking into account the energy dependence of each chan-
nel.

7. The cross section calculation

Using events of the process e+e− → π+π−π0η or events of 
the intermediate states discussed above, we calculate the cross sec-
tions at each energy as

σ(π+π−π0η) = N

L · ε · (1 + δR) · εcorr
, (1)
where N is the number of selected events, L is the integrated lu-
minosity, ε is the detection efficiency shown in Fig. 7(a) for all 
studied channels, and (1 + δR) is a radiative correction. Since MC 
simulation does not perfectly describe the experimental resolu-
tions, we apply a small correction, εcorr, determined from the data 
as discussed in the Sec. 6.

To calculate the inclusive cross section for the process e+e− →
π+π−π0η, we use events obtained from the η peak of Fig. 1(b), 
and weight efficiencies calculated for different modes, taking into 
account the relative contribution of each channel. For this com-
bined efficiency we introduce a systematic uncertainty of about 
10%, shown as a shaded area in Fig. 7(a). The energy dependence of 
the (1 +δR) values is shown for this process in Fig. 7(b): the values 
are obtained according to Ref. [13], taking into account the energy 
dependence of the observed cross section (by iteration), presented 
in Fig. 8 and listed in Table 2. It is the first measurement of this 
cross section.

Using Eq. (1) we calculate the cross sections for the processes 
e+e− → ω(782)η and e+e− → φ(1020)η. Radiative corrections for 
the ω(782)η and φ(1020)η final states are calculated according to 
Ref. [13]. Efficiencies for these two processes are determined from 
the simulation (see discussion in Sec. 6) and shown in Fig. 7(a). 
Fig. 9 shows the obtained cross sections for the processes e+e− →
ω(782)η (a) and e+e− → φ(1020)η (b) in comparison with pre-
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Fig. 9. The e+e− → ω(782)η (a) and e+e− → φ(1020)η (b) cross sections obtained at the CMD-3 detector in the π+π−π0η mode (circles). Black and blue colors are for 
the 2011 and 2012 data, respectively. Also shown are corresponding measurements by BaBar (open circles), SND (open squares), and CMD-3 in the K + K −η mode (open 
triangles). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. (a) The e+e− → a0(980)ρ(770) cross sections obtained at the CMD-3 detector in the π+π−π0η mode. (b) The cross section for the process e+e− →
π+π−π0η(no ω, φ, a0), obtained at the CMD-3 detector.
vious measurements by BaBar [1], SND [2], and CMD-3 [14] for 
the φ(1020)η in the K +K −η mode. The branching fractions of 
the ω(782) → π+π−π0 and φ(1020) → π+π−π0 decays [16]
are taken into account. Our data for the e+e− → ω(782)η cross 
section, listed in Table 2, are in good agreement with the SND 
experiment, and confirm a discrepancy with the BaBar data. The 
number of the ω(782)η events in the energy range below Ec.m. =
1600 MeV is equivalent to the number of π+π−π0η events dis-
cussed in Sec. 2. The cross section for the φ(1020)η mode is 
compatible with the previous measurements, but has much lower 
statistical precision because of a small φ → π+π−π0 branching 
fraction.

Fig. 10(a) shows the e+e− → a0(980)ρ(770) cross section cal-
culated according to Eq. (1) with efficiencies from Fig. 7(b) (trian-
gles up). It is the first measurement of this cross section, listed in 
Table 2.

Using the efficiency shown in Fig. 7(a) (open circles) and the ra-
diative correction similar to those shown in Fig. 7(b), we calculate 
a cross section for the process e+e− → π+π−π0η(no ω, φ, a0), 
presented in Fig. 10(b) and listed in Table 2. The cross section has 
resonant behavior with a mass around Ec.m. = 1700 MeV, but is 
consistent with zero below 1600 MeV and above 1800 MeV. The 
e+e− → ω(1650) → ρ(1450, 1700)π → ρ(770)ηπ → π+π−π0η
reaction chain can be responsible for this cross section.

8. Systematic errors and corrections

All cross sections above have a 1% systematic uncertainty from 
the luminosity measurement [9], 3% from inefficiency for charged 
and neutral pions (see Sec. 6), and 1% from uncertainty on the 
radiative correction. Using two independent triggers based on DC 
or calorimeter information, the trigger efficiency is estimated to be 
close to unity with a 1% systematic uncertainty.

The uncertainties above should be combined with a 5% (15%) 
uncertainty from variation of the signal and background shapes
in the fitting procedure to extract ω(782)η (φ(1020)η,
a0(980)ρ(770)) signals. We sum these errors in quadrature, and 
the 6.5% (16%) value is an overall systematic error for the mea-
sured exclusive cross sections.

For the inclusive process e+e− → π+π−π0η we add a 10% 
(11% total) systematic uncertainty due to variation of efficiencies 
of contributing channels.
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Fig. 11. The e+e− → ω(782)η cross sections obtained with the CMD-3 detector in the π+π−π0η mode. Lines show Fit 1 (dashed line) and Fit 2 (solid line) described in the 
text.

Table 1
Summary of parameters obtained from the fits described in the text. The values without errors were 
fixed in that fit.

Fit 1 2 ωη [2] ωπ+π− [15] PDG [16]

BeeBω′ f · 107 0.32 ± 0.06 0.50 ± 0.26 0.16+0.09
−0.07 1.3 ± 0.4 –

�eeBω′ f (eV) 7.1 ± 1.2 5.3 ± 1.6 – 17.5 ± 5.4 –
mw ′ (MeV/c2) 1420 1418 ± 30 1420 1382 ± 23 1400–1450
�ω′ (MeV) 220 104 ± 35 220 133 ± 48 180–250
φω′ (rad.) π π π π –
BeeBω′′ f · 107 4.7 ± 0.3 4.5 ± 0.3 4.4 ± 0.5 4.7 ± 0.4 –
�eeBω′′ f (eV) 59 ± 3 51 ± 3 – 103.5 ± 8.3 –
mω′′ (MeV/c2) 1679 ± 5 1671 ± 6 1660 ± 10 1667 ± 13 1670 ± 30
�ω′′ (MeV) 121 ± 9 113 ± 9 110 ± 20 222 ± 25 315 ± 35
χ2/n.d.f. 23/35 18/33 14.5/9 34.9/48 –
And finally, for the process e+e− → π+π−π0η(no ω, φ, a0), 
assuming e+e− → ρ(1450, 1700)π reaction, we estimate the
uncertainty on the cross section as about 50% due to possi-
ble interference with the process e+e− → a0(980)ρ(770) in the 
Ec.m. = 1650–1750 MeV energy range, where the latter is also de-
termined with the same uncertainty.

9. Fit to the e+e− → ω(782)η reaction

Using the procedure suggested in Ref. [2,15], we fit the e+e− →
ω(782)η cross section with the sum of two ω-like interfering res-
onances. The parameters of the ω(1420) (denoted below as ω′) are 
not well determined [16], and in our first fit we fix them at aver-
age values, similarly to Ref. [2]. A relative phase is fixed at π to 
describe the asymmetry of the peak in the measured cross section. 
Our results shown in Fig. 11 by a dashed line and listed in Table 1
(Fit 1), are consistent with that in Ref. [2] (also shown in Table 1). 
The obtained width of the ω(1650) (denoted as ω′′) is significantly 
different from the values in PDG [16], but close to that in Ref. [15]
for the process e+e− → ω(782)π+π− (also shown in Table 1), and 
agrees with �ω′′ = 114 ± 14 MeV, obtained in Ref. [1]. Our data al-
low us to perform a fit with floating ω(1420) parameters, and the 
fit (Fit 2 in Table 1 and the solid line in Fig. 11) yield the width 
smaller than estimated in PDG, but consistent with the result of 
Ref. [15].

In addition to the products of the ω′, ω′′ branching fractions 
to e+e− and the studied final state, BeeBω′ f , BeeBω′′ f in Table 1, 
we also calculate the products of electron width and branching 
fraction to final state, �eeBω′ f , �eeBω′′ f , which less depend on the 
uncertainty on the resonance widths.

10. Conclusion

We report the first measurement of the e+e− → π+π−π0η
(η → γ γ ) cross section with the CMD-3 detector at the VEPP-2000 
collider. We also present the cross sections for the intermediate 
states ω(782)η, φ(1020)η, and a0(980)ρ(770).

The process e+e− → ω(782)η is well described by the sum of 
the ω(1420) resonance and the resonance with m = 1671 ± 4 ±
10 MeV/c2, � = 113 ± 9 ± 10 MeV, which could be associated with 
the ω(1650), but has a width smaller than suggested by PDG [16].

We observe a contribution to the process e+e− → π+π−π0η
from the process not associated with the ω(782), φ(1020), or 
a0(980) intermediate states, which can be explained by the reac-
tion e+e− → ω(1650) → ρ(1450, 1700)π → ρ(770)ηπ .

Acknowledgements

We thank the VEPP-2000 personnel for excellent machine op-
eration. Part of this work related to the photon reconstruction 
algorithm in the electromagnetic calorimeter is supported by the 
Russian Science Foundation (project #14-50-00080). The work 
is partially supported by the Russian Foundation for Basic Re-
search (grants RFBR 14-02-00580-a, RFBR 15-02-05674-a, RFBR 
16-02-00160-a).



158 R.R. Akhmetshin et al. / Physics Letters B 773 (2017) 150–158
Table 2
Number of signal events and the e+e− → π+π−π0η, ω(782)η, a0(980)ρ(770), and π+π−π0η(no ω, φ, a0) cross sections 
vs Ec.m. , measured with the CMD-3 detector. Only statistical errors are shown.

Ec.m. , MeV N(π+π−π0η) σ (π+π−π0η), nb σ(ωη), nb σ(a0ρ), nb σ(no ω,φ,a0), nb

2005 10 ± 7 0.27 ± 0.25 0.09 ± 0.10 0.10 ± 0.41 0.13 ± 0.39
1989 41 ± 12 0.81 ± 0.30 0.00 ± 0.16 0.70 ± 0.37 0.45 ± 0.53
1978 25 ± 8 0.68 ± 0.28 0.12 ± 0.13 0.55 ± 0.38 0.00 ± 0.39
1967 44 ± 11 0.76 ± 0.23 0.13 ± 0.08 0.30 ± 0.29 0.67 ± 0.47
1953 22 ± 9 0.68 ± 0.33 0.08 ± 0.12 0.40 ± 0.83 0.61 ± 0.79
1945 63 ± 12 1.00 ± 0.24 0.07 ± 0.07 0.82 ± 0.37 0.56 ± 0.72
1927 42 ± 10 1.06 ± 0.30 0.00 ± 0.09 1.73 ± 0.60 −0.35 ± 0.54
1926 44 ± 10 0.80 ± 0.22 0.00 ± 0.07 1.01 ± 0.36 0.07 ± 0.46
1903 79 ± 13 1.44 ± 0.28 0.06 ± 0.05 0.75 ± 0.39 0.93 ± 0.72
1901 40 ± 10 1.19 ± 0.34 0.10 ± 0.09 0.72 ± 0.46 0.25 ± 0.52
1893 45 ± 11 1.26 ± 0.34 0.12 ± 0.11 1.77 ± 0.59 −0.36 ± 0.61
1874 108 ± 14 1.77 ± 0.26 0.00 ± 0.07 2.17 ± 0.46 −0.01 ± 0.73
1871 60 ± 12 1.31 ± 0.28 0.00 ± 0.09 1.28 ± 0.53 0.17 ± 0.48
1849 39 ± 9 1.29 ± 0.32 0.05 ± 0.09 1.51 ± 0.55 −0.05 ± 0.53
1840 102 ± 15 1.85 ± 0.30 0.09 ± 0.07 2.04 ± 0.55 −0.05 ± 0.64
1826 39 ± 12 1.15 ± 0.37 0.24 ± 0.12 1.08 ± 0.57 −0.28 ± 0.6
1798 103 ± 15 1.67 ± 0.25 0.38 ± 0.10 1.61 ± 0.44 −0.19 ± 0.99
1793 60 ± 12 2.13 ± 0.43 0.45 ± 0.15 1.16 ± 0.68 0.33 ± 0.69
1774 74 ± 13 2.08 ± 0.36 0.50 ± 0.15 1.60 ± 0.68 −0.05 ± 0.62
1758 139 ± 17 2.28 ± 0.27 0.48 ± 0.11 2.15 ± 0.52 −0.07 ± 0.94
1742 96 ± 14 2.82 ± 0.39 0.87 ± 0.16 0.57 ± 0.80 1.43 ± 0.71
1723 152 ± 16 4.61 ± 0.45 1.02 ± 0.22 1.93 ± 0.92 1.73 ± 0.74
1716 203 ± 20 3.40 ± 0.30 1.09 ± 0.16 1.02 ± 0.58 2.81 ± 1.18
1693 204 ± 17 6.24 ± 0.47 2.10 ± 0.33 1.08 ± 0.90 2.84 ± 0.83
1674 273 ± 21 5.05 ± 0.34 2.18 ± 0.25 2.38 ± 0.96 1.91 ± 1.12
1669 189 ± 17 5.27 ± 0.41 2.22 ± 0.27 0.55 ± 1.08 2.42 ± 0.73
1643 156 ± 16 5.30 ± 0.47 2.05 ± 0.30 1.00 ± 1.19 2.66 ± 0.82
1623 82 ± 13 2.62 ± 0.33 1.82 ± 0.26 1.19 ± 1.16 0.11 ± 0.73
1595 75 ± 14 1.34 ± 0.20 1.07 ± 0.16 0.54 ± 0.55 −0.01 ± 0.70
1594 52 ± 10 1.84 ± 0.29 0.83 ± 0.24 1.41 ± 1.09 −0.12 ± 0.66
1572 30 ± 10 0.87 ± 0.24 0.95 ± 0.18 – 0.00 ± 0.24
1543 22 ± 8 0.63 ± 0.19 0.69 ± 0.16 – 0.02 ± 0.21
1522 10 ± 7 0.29 ± 0.17 0.44 ± 0.15 – −0.28 ± 0.20
1515 15 ± 9 0.45 ± 0.22 0.56 ± 0.18 – −0.05 ± 0.25
1494 19 ± 9 0.54 ± 0.21 0.59 ± 0.17 – 0.02 ± 0.22
1471 21 ± 9 0.63 ± 0.24 0.54 ± 0.19 – 0.18 ± 0.25
1443 10 ± 6 0.36 ± 0.18 0.71 ± 0.21 – −0.23 ± 0.28
1435 12 ± 8 0.18 ± 0.11 0.46 ± 0.12 – −0.38 ± 0.31
1423 21 ± 7 0.61 ± 0.17 0.28 ± 0.15 – 0.37 ± 0.19
1394 0 ± 9 0.00 ± 0.23 0.27 ± 0.16 – −0.23 ± 0.21
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