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The cross section of the process ete~ — 3(w 7 )7 has been measured for the first time using a
data sample of 56.7 pb~! collected with the CMD-3 detector at the VEPP-2000 e*e~ collider. 632432
signal events have been selected in the center-of-mass energy range 1.6-2.0 GeV. A study of dynamics of
seven-pion production allows one to extract contributions of the dominated 2(x ¥ ~)w and 2(x 7 7)n

© 2019 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

Production of seven pions in ete~ annihilation has not been
studied before. A partial estimate of the cross section is pos-
sible from the BaBar measurement of the cross section of the
ete™ — 2(r*tx7)n,n — yy [1] reaction, based on the Initial-
State Radiation (ISR) method. Using the well-known n — 7+ 7~ 7
decay rate, a contribution to the seven-pion cross section can be
calculated. As a part of the total hadronic cross section, the cross
section of ete™ — 3(wtmw )70 is interesting for the calculations

* Corresponding author at: Budker Institute of Nuclear Physics, SB RAS, Novosi-
birsk, 630090, Russia.
E-mail address: solodov@inp.nsk.su (E.P. Solodov).

https://doi.org/10.1016/j.physletb.2019.04.007

of the hadronic contribution to the muon anomalous magnetic mo-
ment [2-4]. The detailed study of the production dynamics can
further improve the accuracy of these calculations and can help
explain energy dependence of the cross section.

In this paper we report the analysis of the data sample based
on 56.7 pb~! of the integrated luminosity collected at the CMD-3
detector in the 1.6-2.0 GeV center-of-mass (c.m.) energy range.
These data were collected in four energy scans, about 50 c.m. en-
ergy points each, performed at the VEPP-2000 eTe~ collider [5-8]
in the 2011, 2012 and 2017 experimental runs. In the 2017 ex-
perimental run the beam energy has been monitored by the back-
scattering-laser-light system [9,10], providing an absolute energy
measurement with better than 0.1 MeV uncertainty in every single
measurement. In earlier runs beam energy has been determined
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Fig. 1. (a) Scatter plot of the difference between the energy of seven pions and c.m. energy (AE) vs total momentum. The line shows the boundary of the applied selection,
where data points are shown by increased circles, and seven-pion signal simulation is shown by red crosses; (b) Projection plot of (a). The solid histograms show the
normalized MC-simulated distribution for the expected seven-pion signal (left peak) and six-pion background (right peak).

using charge track momenta in detector magnetic field with about
1 MeV uncertainty. Since the cross section of the process is small,
we combine our scanned points into eight energy intervals as
shown in Table 1.

The general-purpose detector CMD-3 has been described in de-
tail elsewhere [11]. Its tracking system consists of a cylindrical
drift chamber (DC) [12] and double-layer multiwire proportional
Z-chamber, both also used for a trigger, and both inside a thin
(0.2 Xp) superconducting solenoid with a field of 1.3 T. The lig-
uid xenon (LXe) barrel calorimeter with a 5.4 Xg thickness has
fine electrode structure, providing 1-2 mm spatial resolution [13],
and shares the cryostat vacuum volume with the superconduct-
ing solenoid. The barrel Csl crystal calorimeter with a thickness
of 8.1 Xp is placed outside the LXe calorimeter, and the end-
cap BGO calorimeter with a thickness of 13.4 Xy is placed in-
side the solenoid [14]. The luminosity is measured using events
of Bhabha scattering at large angles with about 1% systematic un-
certainty [15].

2. Selection of ete~ — 3(x 7 ~)x? events

The analysis procedure is based on our study of the six-
charged-pion reaction described in Ref. [18]. Candidate events are
required to have six charged-particle tracks, each one having:

e more than five hits in the DC.

e a momentum is larger than 40 MeV/c.

e a minimum distance from a track to the beam axis in the
transverse plane is less than 0.5 cm.

e a minimum distance from a track to the center of the interac-
tion region along the beam axis Z is less than 10 cm.

e a polar angle large enough to cross half of the DC radius.

Reconstructed momenta and angles of the tracks for six-track
events were used for further selection.

The analysis strategy is based on the reconstruction of the six-
charged-pion system, assuming a missing 7° particle. The total
energy E¢ of the seven pion final state is calculated from the total
momentum Py of charged tracks:

6 6
Ptot=|Zl51|, Etot=z\/Pi2+m72,+\/Pfot+mjoo.
i=1 i=1

We do not use calorimeter response for the photons from the
70 decay due to large number of extra soft clusters from the
charge pion nuclear interactions. These clusters are not properly
reproduced in simulation.

Fig. 1(a) shows a scatter plot of the difference between the
total energy and c.m. energy, AE =Ei — Ecm., vs the total mo-
mentum Py for the six-track candidates. A clear signal of the
ete™ — 3(w 7 ™) reaction is seen in data as a cluster of dots at
AE =135 MeV and the total momentum near zero. The expected
seven-pion signal has the AE value near zero, and the Py value is
distributed up to 400 MeV/c, as shown by the (red) crosses from
the Monte Carlo (MC) signal simulation. The enlarged (blue) cir-
cles show data in the region where we search for signal events.
Fig. 1(b) shows the projection plot of (a): circles are for the data
and the histograms show the normalized to data MC-simulated
distributions for the seven-pion signal and six-pion background.

To reduce a contribution from six-pion events, we select events
below the line shown in Fig. 1(a). The AE distribution of the event
candidates after selection is shown in Fig. 2(a) by circles, while the
histogram shows the remaining contribution of the six-pion events.
The observed signal of six-pion events at each energy interval is
used to normalize the MC simulation. We subtract this contribu-
tion from the experimental distribution of Fig. 2(a), and show the
result in Fig. 2(b) together with the fit functions used to determine
the number of seven-pion events and remaining background. The
signal line shape is taken from the MC simulation of the seven-
pion process, shown by the histogram, and is well described by
the double-Gaussian function. All parameters of the signal func-
tion are fixed according to MC simulation at each energy interval
except for the number of events and the main Gaussian resolution.
A third-order polynomial is used to describe the remaining back-
ground distribution shown by the dashed line in Fig. 2(b).

A variation of the polynomial parameters for the experimental
and MC-simulated signal distributions as well as variation of ap-
plied selections lead to an about 10% uncertainty on the number of
signal events, which is taken as an estimate of the systematic un-
certainty. The background contribution increases with energy, and
for the highest energy interval we estimate this uncertainty as 15%.

We apply this procedure to the event sample in each energy
interval, and in total find 632432 signal events, corresponding to
the process ete~ — 3(w 7 ~)7? in the studied energy range. The
numbers of selected events determined in each energy interval are
listed in Table 1.
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Fig. 2. (a) The difference between the energy of seven pions and c.m. energy (AE) after selection by the line in Fig. 1(a). All energy intervals are summed. The histogram
shows the normalized to the data of Fig. 1(b) MC-simulated distribution for the remaining six-pion background. (b) Example of the fit to the seven-pion signal (solid line)
and remaining background (dashed line) after the six-pion background subtraction. The histogram shows the expected signal from the MC simulation.
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Fig. 3. (a) Experimental 7 ¥ ~7¥ invariant mass distribution (nine entries per event) for the events from the signal peak of Fig. 2(b). The solid line shows the fit functions
describing the signals from 7, @, and the combinatorial background (dashed curve). The histogram represents MC simulation in the phase-space model. (b) Detection
efficiency obtained from the MC simulation for the 2(x "7 ~)w model (squares), and for the 2(x 7 ~)n one (circles) in case of extracting events from the AE peak of
Fig. 2(b), or from the n and the w signals in the three-pion mass distribution (triangles and up-down triangles, respectively).

3. First study of the production dynamics

The dynamics of the process eTe~ — 3(;r 7 ~)7? has not been
studied previously. The BaBar Collaboration [1] reported the obser-
vation of the ete™ — 2(x T ~)n, n — yy process, which con-
tributes to seven final-state pions if the 1 decays to 7w+~ 70,
We investigate the production mechanisms using the events in the
signal region of Fig. 2(b) using the requirement |AE| < 60 MeV.
Fig. 3(a) shows an invariant mass distribution for all 7+~ 7°
combinations (nine entries per event) for selected events. The sig-
nal from the 1 meson is clearly seen, as well as presence of
the w(782) resonance in the intermediate state with the w —
7T7~ 7% decay. To obtain the number of events with n and w
in the intermediate states, we fit this distribution with the sum
of functions describing combinatorial background and the peaks
from the n and the w signals as shown by the solid curve in
Fig. 3(a). Our resolution is significantly larger than the resonance
widths (about 20 MeV), and we use the Gaussian function for the
peaks, while the polynomial function is used for the combinatorial
background (the dashed line in Fig. 3(a)). The combinatorial back-
ground is well described by the MC-simulated distribution in the

phase-space model without any intermediate resonances, shown
by the histogram in Fig. 3(a). In total, we obtain 280 + 36 events
for the ete™ — 2(w T "), n— wtm~m° process and 204 + 37
events for eTe™ — 2(mtn " )w, w — 7w~ 70 Note that the to-
tal number of the 3(wt7 )70 events (632 + 32) exceeds the sum
of the events from the n and w peaks (484 + 52) by about 32%:
this is discussed below.

We apply this fit to every energy interval and list the obtained
number of events in Table 1.

We calculate the invariant masses for the combinations of the
two (total charge +1 or zero), the four (total charge zero), and the
five (total charge zero) pions from the selected events, and find no
signal from the p(770) resonance or from any other resonances in
our range of the c.m. energies. In general, all these distributions
are well described by the phase-space model.

4. Detection efficiency

In our experiment, the acceptance of the DC for charged tracks
is not 100%, and the detection efficiency depends on the produc-
tion dynamics of seven pions. We have developed the primary
generators for the seven-pion final-state production in the ete™
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Fig. 4. (a) The ete™ — 2(w 7 ~)n cross section measured with the CMD-3 detector at VEPP-2000 (circles). The results of the BaBar measurement [1] are shown by open
circles. (b) The ete™ — 2(w 7 ~)w cross section measured with the CMD-3 detector at VEPP-2000.

collision for the phase-space model, and for the models with the
intermediate 2(x 7 7)n and 2(7 "7 7)w states. In our model the
2(wrtm~)n intermediate state is described as the p(1450)n pro-
duction with the p(1450) decay either to four pions in the P-wave
or to the aj(1260)7 state. The 2(7w 7 ~)w state is modeled as pro-
duction of the fp(1370)w state, followed by four pions from the
fo(1370) decay in the S-wave.

To obtain the detection efficiency, we simulate seven-pion pro-
duction in the primary generators, pass simulated events through
the CMD-3 detector using the GEANT4 [16] package, and recon-
struct them with the same reconstruction software as experi-
mental data. We calculate the detection efficiency from the MC-
simulated events as a ratio of events after the selections described
in Secs. 2, 3 to the total number of generated events.

Fig. 4(b) shows the detection efficiency obtained for the
2(r T~ )w (squares) and for the 2( 7 ~)n (circles) intermedi-
ate states when the number of signal events is obtained from
the fit of the AE peak of Fig. 2(b). Due to the difference in the
angular and momentum distributions of the pions, the efficiency
for the 2(w*7~)n intermediate state is lower compared to the
2(r 7~ )w model: about 10% and 13%, respectively. Variations of
the dynamics or resonance parameters inside the initial “vector-
pseudo-scalar” state for the 2(;r 777 ~)n production, and inside the
“scalar-vector” state for the 2(w+ 7 ~)w production do not change
the obtained detection efficiency by more than 3-5%.

If we determine the number of the MC-simulated events using
the 1 and w peaks from the histogram similarly to that in Fig. 3(a),
the detection efficiency decreases additionally by 20-40% due to
the |AE| < 60 MeV requirement. These efficiencies are shown in
Fig. 3(b) by triangles and up-down triangles for the 2(w "7 ~)n
and 2(7 T 7)w states, respectively.

5. Cross section calculation

In each energy interval the cross section is calculated as

N
o=——+,
L-e-(149)

where N is the number of signal events, L is the integrated lu-
minosity for this energy interval, € is the detection efficiency, and
(14 §) is the radiative correction calculated according to Ref. [19,
20]. To calculate the radiative correction, we use BaBar data for
the eTe™ — 2(7 7w 7)n reaction [1] as a first approximation, and
obtain (1 + 8) =0.92 with very weak energy dependence.
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Fig. 5. The ete~ — 3(wtmw~)7° cross section measured with the CMD-3 detector
at VEPP-2000 (dots). The contribution from the ete™ — 2(w*7~)n and ete™ —
2(w T 7 7)w reactions are shown by triangles and open circles, respectively.

We calculate the cross sections for the eTe™ — 2(zx 77 )n and
ete™ — 2(w 7~ )w reactions using the efficiencies shown by tri-
angles and up-down triangles in Fig. 3(b), respectively. These cross
sections are shown in Fig. 4(a,b): the branching fractions of the
n—ntr 7% and @ - 7 t7 7% decays are taken into account
using values from Ref. [21]. We observe relatively good agreement
with the BaBar measurement of the e*e~ — 2(7 7 ~)n reaction,
while no other measurements exist for the ete™ — 2(zt7n )w
cross section.

As mentioned in Secs. 2, 3, the total number of 3(w T~ )7°
events is about 32% larger than the sum of the individual chan-
nels with the n and w intermediate states. This difference is al-
most eliminated after taking into account the difference in the
efficiency obtained by the fit of AE or by the fit of the n and
w signals where cut |AE < 60| MeV is applied: the average ra-
tios are about 1.35-1.37 for both channels. The obtained num-
ber Neff = ((280 & 36) + (204 £ 37)) - 1.36 = 658 + 70 is consistent
with the total number of the 3(w 7 )7 ¥ events (632 +32) within
the statistical uncertainty. We come to the conclusion that the
inclusive ete~ — 3wt ~)7® cross section is completely domi-
nated by the sum of the two intermediate states within the mea-
sured accuracy.

To calculate the inclusive cross section for the ete™ —
3(wt )70 reaction, we average the efficiencies in Fig. 3(b) for
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Table 1

Energy interval, integrated luminosity, number of signal seven-pion events and obtained cross sections for the ete™ — 3(m 7 ~)m?,
ete™ — 2(rT77)n, and ete” — 2(w+ 7~ )w reactions. Only statistical uncertainties are shown.

Ecm., MeV L, nb~! Nz 70 Nazy Nz Ogrn0» ND Oy, b 0470 b
2007.0£0.5 4259 95412 36+17 45+16 0.2340.03 0.57+0.27 0.20+0.07
1980+1 2368 53+10 3649 17+10 0.24+0.04 0.87+0.21 0.114+0.06
1940-1962 4631 84+11 55+11 15+14 0.18+0.02 0.71£0.15 0.0534-0.046
1890-1925 5497 105+14 30+14 20+15 0.194+0.02 0.32+0.15 0.05440.040
1870-1884 16803 171£15 67+19 49+16 0.10540.009 0.22+0.06 0.01940.016
1800-1860 8287 83+13 27+£12 35+16 0.102+0.016 0.17+0.07 0.04340.019
1700-1775 7589 39+9 1448 23+10 0.054+0.012 0.11£0.13 0.038+0.018
1600-1680 7299 1246 1547 1+3 0.01740.008 0.10+0.05 0.0024-0.006

the n and w intermediate states with the weight corresponding to
the ratio of the corrected number of the events: the 2(x 7 7)n
efficiency is taken with the 1.18 weight value. The resulting cross
section is shown in Fig. 5 by circles. We assign an additional 15%
uncertainty due to statistical fluctuations of the ratio.

For comparison, we show in Fig. 5 the contribution from the
ete” — 2(wtm7)n and ete” — 2(w+ 7w )w reactions by trian-
gles and open circles, respectively: only decays of n and w to three
pions are taken. The ete™ — 7 +7 ~7n/(958) reaction, reported in
Ref. [1], contributes about 0.1 nb to the total cross section at
Ecm. = 2.0 GeV, but the decay rate of 1'(958) — 2(xTm~)n —
3(rtx )70 to the studied final state reduces the visible cross
section to 0.01 nb, what is less than a sensitivity of our experi-
ment.

The integrated luminosity, the number of the seven-pion
events, the number of events for the 2(x 7 ") and 2(x "7 )w
intermediate states, and obtained cross sections for each energy
interval are listed in Table 1.

6. Systematic uncertainties

The following sources of systematic uncertainties are consid-
ered.

e The tracking efficiency was studied in detail in our previous
papers [17,18], and the correction for the track reconstruction
efficiency compared to the MC simulation is about 1.5+1.0%
per track: the MC-simulated detection efficiency is corrected
by -6% while 3% is taken as the corresponding systematic un-
certainty.

e The model dependence of the acceptance is determined us-
ing the comparison of efficiencies calculated for the different
production dynamics for ete™ — 2(7x T 7)n and the eTe™ —
2(;w T~ )w reactions. It is estimated as 3-5%.

e Since only one charged track is sufficient for a trigger (98-99%
efficiency), we assume that for the multitrack events consid-
ered in this analysis the trigger inefficiency gives a negligible
contribution to the systematic uncertainty.

e A systematic uncertainty due to the selection criteria is stud-
ied by varying the requirements described above and doesn’t
exceed 5%.

e The uncertainty on the determination of the integrated lu-
minosity comes from the selection criteria of Bhabha events,
radiative corrections and calibrations of DC and CsI and does
not exceed 1% [15].

e The uncertainty in the background subtraction is studied by
the variation of the functions used for the background descrip-
tion in the fit, shown in Fig. 2(b) and is estimated as 10% (15%
for Ecm. = 2.0 GeV).

e The radiative correction uncertainty is estimated as about 2%,
mainly due to the uncertainty on the maximum allowed en-

ergy of the emitted photon, as well as from the uncertainty on
the cross section.

e For the inclusive ete™ — 3(w T )m® cross section we in-
troduce an additional 15% systematic uncertainty due to the
difference in the efficiency for the 2(w*77)n and 2(m T ")w
intermediate states.

The above systematic uncertainties summed in quadrature give
an overall systematic error of about 13%, increasing to 20% for the
inclusive cross section.

7. Conclusion

The total cross section of the process ete™ — 3(w 7w ~)7? has
been measured for the first time using 56.7 pb~! of integrated lu-
minosity collected by the CMD-3 detector at the VEPP-2000 ete~
collider in the 1.6-2.0 GeV c.m. energy range. From our study we
can conclude that the observed cross section can be described by
the ete™ — 2(xT77)n and the ete™ — 2(w 7~ )w reactions.
The measured cross section for the ete™ — 2(x+7~)n reaction
is in good agreement with the only available measurement by
BaBar [1].
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