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Abstract The process eTe™ — nny is studied in the
center-of-mass energy range 1.17-2.00 GeV using data with
an integrated luminosity of 201 pb~! collected by the SND
detector at the VEPP-2000 e e~ collider. The ee™ — nny
cross section is measured for the first time. It is shown that the
dominant mechanism of this reaction is the transition through
the ¢n intermediate state. Our result on the ete™ — nny
cross section is consistent with the eTe™ — ¢n measure-
ment in the ¢ — KK~ mode. The search for radiative
processes contributing to the ete™ — nny cross section is
performed, and no significant signal is observed.

1 Introduction

This work is devoted to study of the process

efe” — my (1)
in the center-of-mass (c.m.) energy range /s = 1.17-
2.00 GeV at the experiment with the SND detector at the
VEPP-2000 e e~ collider. Previously, this process was stud-
ied only near the J /¢ resonance by the Crystal Ball [1] and
BESIII [2] collaborations.

The dominant contribution to the eT™e™ — nny cross
section in the energy region under study comes from the pro-
cess eTe™ — ¢n with the decay ¢ — ny. This process was
well studied in the SND [3], CMD-3 [4], BABAR [5,6] and
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BESIII [7] experiments in the decay channel ¢ — KTK ™.
In this work, the main objective of the analysis is the search
of other intermediate states. In addition to the known pn
and wn mechanisms, the most probable are radiative decays
of excited vector mesons into fy(1500)y and f2/(1525)y.
Measuring the widths of these decays is important for under-
standing of the quark structure of excited light vector mesons.
In particular, there are indications that the excited states of
p and @ mesons can be a mixture of gg and vector hybrid
states [8]. The widths of radiative decays of excited vector
mesons are sensitive to the hybrid state admixture [9].

InRef. [9], the decay width of ¢ (1680) — f;(1525)y was
calculated within the framework of the quark model. For the
p(1700) — fo(1500)y channel the additional assumption
was used that the states f(1370), fo(1500), and fo(1710)
are a mixture of states from light quarks and a glueball. It
was shown that the width of this decay strongly depends on
the glueball mass. The total cross section for the production
of resonances ¢ (1680) and p(1700) in e*e™ collisions can
be estimated as 11 and 15 nb, respectively. Using results of
Ref. [9] and the branching ratios B( f2’ (1525) — nn) =
11.6 £2.2% and B(fo(1500) — nn) = 6.0+=0.9% [10] we
obtain the following estimates for the cross sections at the
maxima of the resonances p (1700) and ¢ (1680):

o(ete” — f3(1525)y — nny) ~ 1.7pb, )
o(ete” = fo(1500)y — nny) ~ 0.4—1.9 pb. 3)

These cross sections are small compared to the cross section
for the ¢n intermediate state, which is about 35 pb at /s =
1.68 GeV.
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2 Detector and experiment

SND is a general-purpose non-magnetic detector [11-14]
collecting data at the VEPP-2000 et e~ collider [15]. Its main
part is a three-layer spherical electromagnetic calorimeter
consisting of 1630 Nal(T1I) crystals. The calorimeter covers
a solid angle of 95% of 4x. The energy resolution of the
calorimeter for photons is oz /E = 4.2%//E(GeV). The
angular resolution is about 1.5°. Directions of charged parti-
cles are measured using a nine-layer drift chamber and one-
layer proportional chamber in a common gas volume. The
solid angle of the tracking system is 94% of 4m. A system
of threshold aerogel Cherenkov counters located between
the tracking system and the calorimeter is used for charged
kaon identification. Outside the calorimeter, a muon detector
consisting of proportional tubes and scintillation counters is
placed.

Monte-Carlo (MC) simulation of the signal and back-
ground processes takes into account radiative corrections
[16]. The angular distribution of hard photon emitted from the
initial state is generated according to Ref. [17]. Interactions of
the particles produced in e*e™ annihilation with the detector
materials are simulated using the GEANT4 software [18].
The simulation takes into account variation of experimen-
tal conditions during data taking, in particular dead detec-
tor channels and beam-induced background. To take into
account the effect of superimposing the beam background on
the eTe™ annihilation events, simulation uses special back-
ground events recorded during data taking with a random
trigger. These events are superimposed on simulated events,
leading to the appearance of additional tracks and photons.

The analysis presented in this work is based on data with
an integrated luminosity of 201 pb~! recorded in 2010-2020.
These data were collected at 138 energy points in the energy
region /s = 1.17-2.00 GeV. Since the cross section of the
process under study is small, for the convenience of analysis,
the data are combined into 6 energy intervals listed in Table 1.

The process ete™ — nny is studied in the five-photon
final state. Since there are no charged particles in the final
state of the process under study, it is viable to use the process
ete™ — yy for normalization. As a result of the normal-
ization a part of systematic uncertainties associated with the
hardware event selection and beam-induced background is
canceled out. Accuracy of the luminosity measurement using
the process eTe™ — yy is estimated to be 2% [19].

3 Event selection
Selection of ete™ — nny — 5y events is performed in
two stages. At the first stage, we select events with exactly 5

photons with energies above 20 MeV and no charged tracks.
The latter condition is ensured by requiring that the number of
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hits in the drift chamber is less than four. The transverse pro-
file of energy deposition in the calorimeter for reconstructed
photons must be consistent with the expected distribution for
electromagnetic shower [20]. To suppress cosmic-ray back-
ground, absence of a signal in the muon system is required.
The following conditions provides an approximate balance
of energy and momentum in an event:

Egmc/+/s > 0.6, Pemc/+/s < 0.3, 4

where Egmc is the total energy deposition in the calorime-
ter, and Pgpc is the total event momentum calculated using
energy depositions in calorimeter crystals.

The main background processes are

ete™ — wn® - 7%70%, (5)
and
ete” — wn — nnoy. (6)

We also study background from the following reactions with
multiphoton final states:

ete™ — a)rrono — nononoy,

ete” — a)nno — nnonoy, @)

and from the QED processes

ete™ > 4y, 5y. (®)

Additional photons in the process e e~ — 4y arise from the

splitting of electromagnetic showers, and the beam-induced
background.

To suppress background from the processes listed above, a
kinematic fits are performed to the hypotheses ete™ — 5y,
ete™ = 71970, ete™ — nnly, and ete™ — nyy with
the requirements of energy and momentum balance in an
event. For the hypotheses with final states 7°7%y, 7%y, and
nny, the additional constraints are imposed that the invariant
masses of photon pairs are equal to the masses of the 7% and
n mesons. As a result of the kinematic fit, the energies and
angles of photons are refined, and the x2 of the proposed
kinematic hypothesis is calculated. In the kinematic fits, all
possible combinations of photons are tested, and the combi-
nation with the smallest x> value is retained. The following
conditions are applied to the obtained x> values

Xoyy — X3, < 60, x3, <30, xﬁoﬂoy — x5, > 100. (9)

To suppress the e e~ — 1%y background, the condition
Kooy = X3, > 30 (10)
is imposed. This background source is important only above
the wn production threshold [19]. Therefore, the condi-
tion (10) is not applied for events from the first energy interval
(see Table 1), at \/s <1.32 GeV. Using the criteria described
above, 183 data events are selected for further analysis.
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Fig. 1 Left panel: The Xr?ny - X52y distribution for selected data events

with /s = 1.57-2.00 GeV (points with error bars). The solid histogram
is the result of the fit with the sum of the signal and background dis-
tributions described in the text. The shaded histogram represents the
background distribution. Right panel: The distribution of M,;, closest

4 Fitting the Xr%'n' - sty distribution

The Xgm/ - X52y distribution for selected data events from the

energy range /s = 1.57-2.00 GeV is shown in Fig. 1 (left).
To determine the number of 17y events, this distribution is
fitted with the sum of signal and background distributions.

The signal distribution is obtained using MC simulation
as a sum of the distributions for the processes

+

ete™ — ¢n, et

e — pn, et

e — wn an
with the subsequent decays of the vector mesons to ny. The
interference between these processes is neglected in the sum.
The total number of signal events is a free fit parameter. The
fractions of the processes (11) in the sum are calculated using
their measured cross sections [4,21,22] and the branching
fractions of the decays ¢, p, @ — ny [10]. The energy
dependences of the cross sections for the processes (11) are
shown in Fig. 2.

Imperfect simulation of the detector response may lead to
difference between data and simulation in the Xgm/ — sty
distribution. To study this effect, we use events of the pro-
cess ete™ — 7970y from the energy region /s = 1.05—
1.7 GeV, where they are selected practically without back-
ground. For these events, the distribution of the parameter
Xﬁonoy — X52y is studied. The parameters Xr%m/ and Xiorroy are
calculated using the kinematic fits with the same number of
constraints, differing only in the masses of intermediate par-
ticles. Although the photon spectra in 7y and 77y events

are different, we expect that the correction to the Xi%oy — X52y
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to the ¢» meson mass for data events with /s = 1.57-2.00 GeV selected
with the tighter condition X%ny - X52y < 10 (points with error bars).
The solid histogram is the simulated signal plus background distribu-
tion calculated with the fitted numbers of signal and background events.
The shaded histogram is the simulated background distribution

distribution is close to the correction to the Xgrn/ — sty dis-
tribution. It turned out that the difference between data and
simulation can be described by stretching the simulated dis-
tribution. To find the stretching parameter o, the data distri-
bution is fitted by the simulated distribution of the parameter
ab(xioﬂoy — sty). The resulting value o, = 1.05 &£ 0.01
allows to match well the distributions for data and simula-
tion. In particular, x> /ndf changes from 49/29 at a, = 1 to
34/28 at ap = 1.05, where ndf is the number of degrees of
freedom. This correction is applied to the X%ny - sty distri-
bution obtained from simulation. To estimate the associated
systematic uncertainty, o, is treated in the fit as a nuisance
parameter with a Gaussian distribution, the standard devia-
tion of which is conservatively estimated to be 0.05.

For description of the background distribution, the pro-
cesses (5)—(8) are taken into account. Other multiphoton pro-
cesses make a negligible contribution. The total number of
background events is a free fit parameter, while the relative
contributions (B;) of the different processes are calculated
using their measured cross sections. Since the Xr?m/ — sty
distributions for different background processes (Pokg,i) are
slightly different, the uncertainties in §; lead to an uncer-
tainty in background subtraction. To estimate this uncer-
tainty, the background distribution used in the fit is presented
as a sum Zi Bi Poxg,i- The parameters B; are treated as nui-
sance parameters with Gaussian constraints.

The result of the fit to the Xr%m/ — sty distribution for
data events from the energy range /s = 1.57-2.00 GeV is
shown in Fig. 1 (left). The following values are obtained for
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the numbers of the signal and background events
Nypy = 69.7+£12.0, Npgg =91.3£12.9. (12)

The quoted errors are statistical. The systematic uncertainty
in the number of signal events due to the uncertainty in ¢} is
3%. The uncertainty due to the variation of the §; coefficients
is 1%. The total contribution from background processes (5)—
(7) calculated using their measured cross sections and the
detection efficiencies obtained from simulation is Ngf((gp =
81.4 £ 4.3. The same number for the signal processes (11)
is Ny = 73.5 & 3.5. Both numbers are in good agreement
with the results of the fit.

Figure 1 shows the distribution of the ny invariant mass
(My,) closest to the ¢ meson mass for data events from
the energy range /s = 1.57-2.00 GeV selected with the
tighter condition Xr%m/ - X52 < 10. The solid histogram rep-
resents the expected My, distribution for the fitted numbers
of the nny and background events . It is seen that our model
describes the data distribution well. The clear peak at the ¢
meson mass corresponds to the dominant ¢7 intermediate
mechanism.

The fit described above is performed in 6 energy inter-
vals. The results are listed in Table 1. For the second energy
interval, the fitted number of signal events is negative. nega-
tive number of events is allowed in the fit to obtain a correct
estimate of the statistical uncertainty. Using the profile likeli-
hood method [23] with a prior function that is uniform in the
physical region o > 0 the upper limits on the cross section
are calculated for the first two energy intervals.

5 Detection efficiency and radiative corrections

The Born cross section averaged over the energy interval is
calculated as follows

N’/’/V

= (40’ (1)

where L = ), L; is the total integrated luminosity for the
interval, L; is the integrated luminosity at the ith energy point
within the interval, ¢ and § are the detection efficiency and
radiative correction averaged over the interval. To calculate
¢ and 4§, it is necessary to know relations between different
intermediate mechanisms of the process ete™ — nny and
the energy dependence of the cross section for each of the
mechanisms. We assume that the intermediate mechanisms
¢n, wn and pn make the dominant contribution to the cross
section of the process under study. The Born cross section
calculated as the sum of the contributions of these mecha-
nisms is shown in Fig. 2. The calculation is based on the
approximation of the experimental data [4,21,22].

Above 1.6 GeV, the main contribution to the cross section
arises from the ¢n mechanism, while below 1.6 GeV, the
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Fig. 2 The the ete™ — nny Born cross section measured in this
work (circles) compared with the eTe™ — ¢n cross section measured
by CMD-3 in the decay mode ¢ — K™K~ [4] multiplied by the
branching fraction of the decay ¢ — ny (triangles). The solid curve
is the eTe™ — pn cross section, the dotted curve is the sum of the
ete™ — pn and wn cross sections, while the dashed line is the sum of
the eTe~™ — ¢, pn and wn cross sections

dominant mechanism is p7. In the sum, we neglect the inter-
ference between the amplitudes of the intermediate states.
The highest interference is expected between amplitudes pn
and wn. Its value depends on the relative phase between the
amplitudes. We estimate that at 1.5 GeV the maximum value
of the interference contribution to the cross section can reach
30%. At 1.65 GeV, the interference contribution does not
exceed 1%.

For each energy point i and each reaction mechanism j
we calculate the visible cross section

/ F(x,s:)oj(si(1 —x))dx, (14)
0

Ovis, j (8i) =

where F(x, s;) isaso-called radiator function [16] describing
the distribution of the energy fraction x = E,/2./s carried
away by photons emitted from the initial state, and o (s) is
the Born cross section for jth mechanism.

The detection efficiency and radiative correction averaged
over the energy interval are calculated as

&= Zgi,jLiavis,j(Si)/ZLiavis,j(si)a (15)
i,j i,j

14+6= ZLiUvis,j(si)/ZLin(si)’ (16)
i,j i,j

where ¢; ; is the detection efficiency calculated using simu-
lation for the jth intermediate mechanism at the ith energy
point. The obtained values of ¢ and (1 + §) are listed in
Table 1.

To estimate the model dependence of the measured cross
section, the ¢, wn and pn contributions in Egs. (15) and (16)
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Table 1 The energy range (4/s), integrated luminosity (L), detection
efficiency (¢), number of signal (N, ) and background (Npkg) events
obtained from the fit, number of expected background events (ng),
radiative correction (1 4 §) and Born cross section (o) for the process

ete™ — nny. The quoted errors are statistical. For the first two energy
ranges, the 90% confidence level upper limits on the cross section are
given in parentheses. The systematic uncertainty in the cross section is
21% for /s < 1.32 GeV, 23% for 1.32 < /s < 1.57 GeV, and 12%
for /s > 1.57 GeV

Vs, GeV L,pb~! &, % Ny Nokg Noee 1+ o,pb

1.17-1.32 26.0 4.81 1.4+34 17.6 £5.2 16.9£0.9 0.754 1.4£3.6(<6.8)
1.32-1.57 274 3.10 -14£16 3.9+ 1.8 9.6+£0.4 0.881 —1.9+2.1(<2.5)
1.57-1.70 19.3 4.06 18.8£5.3 132£47 120 £0.7 0.857 28.0£79
1.70-1.80 15.8 4.18 14845 6.2+34 8.6 +0.7 0.972 23.0£7.0
1.80-1.90 65.6 3.84 14.6 £6.2 39.4+79 359 +4.7 1.062 54+£23
1.90-2.00 46.8 3.83 209 +£74 33.1+82 250 £4.5 1.095 10.6 £3.8

are varied within their experimental errors. To determine the
uncertainty associated with the interference between the wn
and pn mechanisms, we increased/decreased the wn con-
tribution by the value of the interference term between the
on and pn amplitudes. The efficiency is weakly dependent
on the intermediate mechanism. Therefore, when calculating
the efficiency, we assume that the efficiency for events cor-
responding to the interference term is close to the efficiency
for wn events. We also added to the sums (15) and (16) terms
corresponding to the mechanisms fo(1500)y or f;(1525)y
with cross sections equal to the upper limits setin Sect. 6. The
model uncertainty in the ete™ — nny cross section deter-
mined in this way does not exceed 2% for /s > 1.57 GeV
and 20% for /s < 1.57 GeV.

Imperfect simulation of the detector response leads to a
systematic uncertainty in the detection efficiency obtained
using the simulation. The difference between data and sim-
ulation in the distributions of x2 of kinematic fits for the
process ete™ — wn® — 7970y were studied using large
statistics in Refs. [24,25]. Based on this study, we conclude
that the systematic uncertainty due to the conditions (9) does
not exceed 5%. The condition X,?ﬂy — X52y > 30, specific
for this analysis, reduces the detection efficiency by approx-
imately 2 times. To determine the efficiency correction asso-
ciated with this condition, its boundary is varied from 30
to 10. The observed variation of the measured cross section
is 1.01 £ 0.10. Thus, no additional efficiency correction is
introduced, and the error of the obtained correction 10% is
taken as an estimate of the systematic uncertainty due to
condition (10). The total systematic uncertainty of the detec-
tion efficiency due to the selection conditions is 11% for
/s > 1.32 GeV and 5% for /s < 1.32 GeV.

In SND, photons converting into a e*e™ pair in the mate-
rial before the drift chamber, produce a charged track. Such
events do not pass the selection criteria. Since the process
under study and the process used for normalization con-
tain different numbers of photons in the final state, improper
simulation of the photon conversion lead to a shift in the

Table2 The main sources of the systematic uncertainty in the measured

ete™ — nny cross section

Source

Luminosity 2%
Selection conditions 5-11%
Background subtraction 1%
Xr?m/ — sty distribution shape 3%
Model dependence 2-20%
Total 12-23%

measured cross section. The photon conversion probability
is measured using events of the process eTe™ — yy. The
corresponding efficiency correction is found to be (—0.79
0.02)%.

The values of the e™e™ — nny Born cross section for six
energy intervals obtained using Eq. (13) are listed in Table 1.
In Fig. 2, the measured cross section is compared with the
calculation for the mechanisms ¢n, wn and pn based on the
approximation of the experimental data [4,21,22]. Figure 2
also shows the measurement of the cross section for the domi-
nant mechanism ete™ — ¢n performed by CMD-3 in decay
mode ¢ — KT K~ [4]. It is seen that our results agree with
both the calculation and the CMD-3 measurement.

Only statistical errors are quoted in Table 1 and Fig. 2. The
systematic uncertainty is 21% for /s < 1.32 GeV, 23% for
1.32 < /s < 1.57 GeV, and 12% for /s > 1.57 GeV. The
sources of the systematic uncertainty are listed in Table 2.

6 Search for radiative processes

It is interesting to search for intermediate mechanisms of the
ete™ — nny reaction other than ¢n, wn, and pn. The most
likely additional mechanisms are f;(1500)y and f;(1525)y.
To increase the sensitivity to them, it is required to suppress
the contribution of the dominant mechanism ¢n. For this,

@ Springer
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Fig. 3 The scatter plot of the two 1y invariant mass squared combina-
tions for data events with /s = 1.57-2.00 GeV selected with the condi-
tion x%,]y — x52 < 10. Events that satisfy the condition Xd%n - > 20
are marked by blue triangles

2
Ky

an additional kinematic fit is performed to the hypothesis
ete™ — ¢n — nny, in which the constraint is added that
one of the two invariant masses of the 1y system is equal to
the ¢ meson mass. The following condition is imposed on
the x2 of the kinematic fit:
Xon = Xiny > 20 (17)
Figure 3 shows the scatter plot of the two ny invari-
ant mass combinations for data events with /s = 1.57-

Events

Fig. 4 The x,,
events from the energy region /s = 1.57-2.00 GeV selected with
the additional condition Xén = Xony > 20 (points with error bars).
For the M, distribution, events are selected with the tighter condition

- sty (left panel) and M,,, distributions for data
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2.00 GeV. Events of the ete™ — ¢n process form bands
around m%y ~ 1 GeV?. Events that satisfy the condition (17)
are marked by blue triangles. It is seen that several events
with quﬁn - X’%’]V < 20 have the ny masses that are vary dif-
ferent from the ¢ mass. In these events X%m/ for the wrong
combination of photons has a smaller value than for the cor-
rect one. For this reason, the condition (17) suppresses ¢n
events more effectively than cuts on my,,’s. It rejects about
90% of eTe~™ — ¢n events. At the same time, the detec-
tion efficiency for the processes eTe™ — fo(1500)y and
f5(1525)y decreases only by a factor of about 2. The num-
ber of selected events in the entire energy range decreases to
86 after applying the condition (17). The Xv%ny — X52y distri-
bution for data events from the energy region /s = 1.57 -
2.00 GeV is shown in Fig. 4 (left). The distribution of the nn
invariant mass for data events with X%n)/ — X52y < 10is shown
in Fig. 4 (right). It is seen that the data distributions is well
described by the expected distribution for the background
processes (5)—(8) and the processes (11).

Since no significant signal from radiative processes is
observed, we set upper limits on their cross sections. To do
this, we compare the data Xgm/ — X52y distribution with the
same distributions for signal and background, using the C L
technique [26,27].

As input, the procedure [27] requires the measured dis-
tribution, the distributions for signal and background, the
expected number of background events, and the systematic
uncertainties for the signal and background. The systematic
uncertainties due to the luminosity measurement, selection

2 E
g £
4.5
w £
ar-
3.50
3 ; -4
2,50
2t ﬂ *
1.5 L I
1 ._:IE
0.5
0 |
1200 1400 1600 1800 2000
M, MeV
in - )(s < 10. The shaded histogram is the expected distribution

for the background processes (5)—(8) and the processes (11). The solid
histogram is the sum of the shaded distribution and the distribution for
events of the process eTe™ — fy(1500)y — nny with a cross section
of 5 pb
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Table 3 The energy range (4/s), integrated luminosity (L), detection
efficiency ( €), 90% CL upper limit on number of events of radiative
processes (Nyq4q), number of expected background events (Ngﬁg), radia-

tive correction (1 + &), 90% CL upper limit on the Born cross section
for the radiative processes (o)

Js, GeV L,pb~! &, % Nyad Ng;‘g 1434 o, pb
1.17-1.32 26.0 4.28 7.0 16.9 £ 0.9 0.915 6.8
1.32-1.57 27.4 2.60 25 103 £0.4 0.964 3.7
1.57-1.80 35.1 2.03 75 17.8 £0.7 0.982 10.7
1.80-2.00 112.4 2.04 7.7 374435 0.989 3.4

criteria, and imperfect simulation of the Xr%m/ — X52y dis-
tribution are similar to those listed in Table 2. To estimate
the expected number of background events, we use the mea-
sured cross sections for the background processes and the
detection efficiencies obtained using simulation. In this case,
background processes are not only the processes (5)—(8), but
also (11).

The estimation of the systematic uncertainty in the
expected number of background events is performed under
assumption that it is completely determined by the exper-
imental accuracy of the measured cross sections for the
background processes. The detection efficiency for signal
events is calculated as a half sum of the efficiencies for
ete™ — fp(1500)y and f2’(1525)y events. Their half dif-
ference is used as an estimate of the model dependence of
the detection efficiency. It does not exceed 6%.

To average the efficiency and radiative correction in
Egs. (15) and (16), we use the assumption that the Born cross
section for the radiative process does not depend on energy.

The last 4 energy intervals listed in Table 1 are merged
into 2 to increase statistics. The obtained values of 90% con-
fidence level (CL) upper limits for 4 energy intervals are
listed in Table 3.

7 Conclusion

In the experiment with the SND detector at the VEPP-2000
collider the cross section of the ete™ — nny process
has been measured in the c.m. energy range from 1.17 to
2.00 GeV. The main intermediate mechanism in this energy
range is ¢n. The measured ete™ — nny cross section is
in good agreement with the CMD-3 measurement of the
+ — ¢n process made in the ¢ — KTK~ decay
channel. A search for contributions to the cross section from
radiative processes has been carried out. No significant sig-
nal has been found. In the energy region corresponding to
the resonances ¢(1680) and p(1700), the upper limit is
10.6 pb and significantly exceeds the estimates of the cross
sections based on the predictions of Ref. [9] (see Sect. 1),

ee

o(ete” — ¢(1680) — f5(1525)y — nny) = 1.7 pb and
o(ete™ — p(1700) — f5(1500)y — nny) = 0.4-1.9 pb.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All data are
presented in the tables of the paper.]
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