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In the experiment to study the ete™ — nii process at the VEPP-2000 e ™ e~ collider, the ratio |G|/|G ]|
of the neutron timelike electric and magnetic form factors has been measured. The experiment was carried
out with the SND detector in the center-of-mass energy range 1890-2000 MeV in eight energy points with
an integrated luminosity of 83 pb~!. The |G|/|Gy,| ratio is determined by the analyzing the distribution of
the polar angle of the produced antineutron. The measured |Gg|/|Gy,| value in the energy range under
study is between 1.0 and 1.5 with an average value of 1.21 + 0.13.
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I. INTRODUCTION

The most important parameters of nucleons are their
electromagnetic form factors, determined by their inter-
action with photons. In e"e™ annihilation the process of
neutron-antineutron pair production,

ete” - nn, (1)

occurs through a virtual photon. Its cross section depends
on two form factors, electric (Gg) and magnetic (Gy,);
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where a is the fine structure constant, s = 4E2 = E?, where
E, is the beam energy and E = 2E,, is the center-of-mass

(c.m.) energy, f = /1 —4m2/s, y = E,/m,, m, is the
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neutron mass, and € is the antineutron production
polar angle.
The total cross section has the following form:

ofs) = 1P (1 n 21) (). @3

3s

where the effective form factor F(s) is introduced,

2 _2°Gu ()P +1Ge(s)]?

F

4)

The effective form factor |F(s)|> shows the difference
between the total cross section (3) and the cross section for
pointlike nucleons, for which |F(s)|> = 1. There is an
additional condition |G| = |Gy,| at the threshold.

The eTe™ — nin process was first observed in the
FENICE [1] experiment. Recent measurements of this
process were carried out at the VEPP-2000 collider with
the SND detector at c.m. energies from the very threshold
up to 2 GeV [2-5]. At energies above 2 GeV, cross section
data were obtained by the BESIII [6]. In this work we
present the SND results on the |Gg|/|Gy,| ratio measure-
ments in the energy range 1890-2000 MeV.

II. COLLIDER, DETECTOR EXPERIMENT

The VEPP-2000 e*e™ collider [7] has been operating
since year 2011. It covers the energy range from the hadron

Published by the American Physical Society
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FIG. 1. SND detector, section along the beams; (1) beam pipe, (2) tracking system, (3) aerogel Cherenkov counters, (4) Nal (TI)
crystals, (5) vacuum phototriodes, (6) iron absorber, (7) proportional tubes, (8) iron absorber, (9) scintillation counters, (10) VEPP-2000

focusing solenoids.

production threshold E = 280 MeV to 2 GeV. The collider
luminosity depends on energy and is about 5 X
103" cm™2s~! above the nucleon threshold. There are
two beam collision areas at VEPP-2000, one of which is
occupied by the SND detector.

The SND detector [8] (Fig. 1) and its operation in nn
experiments are described in previous publications [2—4].
Its main part is a well-segmented (A¢ = A = 9°) Nal(Tl)
calorimeter (EMC). The calorimeter thickness of 35 cm Nal
(T1) is sufficient to absorb neutrons and antineutrons from
the process (1). The calorimeter is equipped with the time
measurement system [9] to measure event time relative to
the beam collision time. The system time resolution
measured for the e™e™ — yy events is 0.8 ns. This system
plays an important role in identifying the time-delayed
ni events. The internal tracking system is used in

anticoincidence in this analysis to suppress the beam
background. The external system (proportional tubes and
scintillation counters), located outside the EMC and
the iron absorber, is used to suppress the cosmic-ray
background.

The data were collected at eight energy points in the
1890-2007 MeV range. They are listed in Table I. The total
integrated luminosity is 83 pb~!. The eTe™ — nii cross
section in this experiment was measured in Ref. [4]. In this
work, we measure the neutron |Gg|/|Gy,| ratio.

III. EVENT SELECTION

Antineutrons from the process (1) annihilate in EMC,
giving a large signal of up 2 GeV. The signal from the
accompanying neutron is comparatively weak and is not

TABLEI. The beam energy (E;), neutron momentum (p), integrated luminosity (L), number of selected nn events

(N ), and measured |Gg|/|Gy,| ratio. The quoted errors for |Gg|/|Gy| and N,; are statistical and systematic.

N Ep(MeV) p(MeV/c) L(1/pb) N IGEl/IGu|

1 945.5 51 9.38 882 +41 1.321 £ 0.401 £ 0.099
2 950.3 67 9.44 978 + 40 1.473 £ 0.388 £0.184
3 960.3 86 9.17 962 + 38 1.371 £0.332 £ 0.225
4 968.8 101 8.78 909 + 38 1.122 +0.293 £ 0.139
5 970.8 122 5.99 625 + 37 0.523 £0.440 £ 0.203
6 980.3 133 8.17 764 £+ 37 1.064 £0.337 £0.151
7 990.4 140 9.40 811 +39 1.352 £0.398 £ 0.306
8 1003.5 147 22.5 1562 £ 61 1.530 £ 0.340 £ 0.115
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FIG. 2. The time distribution for selected data events at £, =
950 MeV (points with error bars). The wide peak to the right is
formed by delayed n events. The vertical line at # = 0 shows the
time of beam collision. The red curve is the fit of the time
spectrum described in the text.

used. The antineutron polar angle @, used in our analysis, is
defined by the direction of the total event momentum
Peyvic = ZE;n;, where the summation is carried out over
the triggered EMC crystals, E; is the crystal energy
deposition, n; is its position unit vector. Projections of
the vector Pgyc onto the direction along and across the
beams define the polar and azimuthal antineutron angles.

The selection criteria for nii events were developed in
our previous works [2-5]. The main conditions are the
following:

(1) No charged tracks in the tracking system;

(2) Veto signal from the external system;

(3) No cosmic track or shower in EMC;

(4) Large event momentum imbalance in

P EMC =~ 04E b
(5) Large transverse EMC energy profile [10];
(6) High total energy deposition in EMC Egyc > E,,.
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FIG. 3. The MC detection efficiency & for ete™ — nii process

versus the beam energy.
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FIG.4. The MC detection efficiency € versus cos 6. The vertical
lines at cos @ = +0.8 show the area used in analysis.

After applying the selection criteria, approximately
400 events/pb~! remain for further analysis. The remain-
ing events are divided into three types, depending on their
time distribution relative to the moment of the beam
collision (¢ = 0); the cosmic-ray events, uniformly distrib-
uted in time; the beam-induced and physical background
events concentrated around zero time, and n# events shifted
relative to zero time by ~10 ns. An example of the time
spectrum for selected events is shown in Fig. 2, where these
three types of events are visible. It is seen that the measured
spectrum for ni events is quite wide in time due to the
spread of the antineutron annihilation point inside the
calorimeter. To obtain the number of n# and background
events, the measured time spectra at each energy point are
fitted by the sum of three mentioned above contributions in
the following form:

F([) = Nnthh(t) + Ncoschosm(t) + kagkug(t)7 (5)

where H o and Hy,, are the cosmic-ray and beam
background time spectra, measured at energy below the
nii threshold, H,; is the Monte Carlo (MC) simulated n#n
time spectrum [11], Nz, Neggms and Ny, are the event
numbers for the three contributions. The fitted numbers of
nii events and other data on the experiment are listed in
Table I.

The MC detection efficiency, obtained using the selec-
tion criteria described above, is about 20%. It is shown in
Fig. 3 as a function of the beam energy and in Fig. 4 as a
function of the cosine of the antineutron polar angle (cos 0)
at the beam energy 980 MeV.

IV. DISTRIBUTION OF cos 6

To obtain experimental cos@ distribution, we
divide the —0.9 < cosf < 0.9 range into 18 intervals.
In each cos@ interval the fit to the time spectrum is
performed as is described in Sec. III and the number of
nin events is determined. The obtained cos @ distribution
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FIG. 5. The cos @ distribution of selected n# events at the beam
energy 990 MeV (points with error bars). The solid (red) curve is
the result of the fit described in the text. The histograms labeled
G and G, show the contributions of the electric and magnetic
form factors, respectively. The vertical lines at cosd = £0.8
delimit the area for analysis.

at E, =990 MeV is shown in Fig. 5. The bins with
|cos@| =0.8-0.9 correspond to the edge of the
sensitive area of the calorimeter. Thus, the main
cos@ interval, used in the subsequent analysis, lies
within —0.8-0.8.

When studying the data cos @ distributions, a right/left
asymmetry was unexpectedly revealed in these spectra. It is
most clearly seen in the distribution at E, = 990 MeV
shown in Fig. 5. Since the measured angle 8 corresponds to
the antineutron angle, the right/left asymmetry is also a
charge asymmetry. The asymmetry «,, is defined as the
ratio N,;(0 < cos@ < 0.8)/N,;(—0.8 < cos@ < 0). The
asymmetry «, is shown in Fig. 6 as a function of
the beam energy E,. Its average value is
a,s = 1.11 £0.04. It is unlikely that this is an asym-
metry of the detector itself, since there are no any
angular distortions in other precisely measured proc-
esses such as ete™ — yy,ete”, 7 n~. But on the other
hand, we do not completely rule out the detector
asymmetry for the process eTe™ — nii. The thing is,
that for nii events there is a significant asymmetry in
the energy release in the calorimeter; large energy up to
2 GeV from antineutron annihilation and small
~10 MeV in opposite direction from neutron. This
momentum imbalance strongly distinguishes the process
ete™ — nn from other studied processes with angularly
symmetrical energy deposition. Perhaps the detector
asymmetry occurs only for the nii type of events. In
the following, this asymmetry is taken into account as
an additional source of systematic error in the value
of |Gg|/|Gul.

There are also physical reasons for charge asymmetry. It
is known that charge asymmetry in the production of
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FIG. 6. The right/left asymmetry in the cos @ distribution for
data events as a function of the beam energy. The horizontal line
corresponds to the case of no asymmetry.

fermion pairs (e.g., muons [12]) can reach more than a
few percent when taking into account higher order QED
corrections. In our case of ni pairs this could be, for
example, a process eTe” — y*y* > ni. In PDG
Tables [13] there is a tensor state f,(1950), decaying into
a nucleon-antinucleon pair, which can contribute to the
asymmetry due to interference of one-photon and two-
photon intermediate channels. But there are no calculations
of charge asymmetry for nucleon pairs in the threshold
region. We will facilitate the calculations of asymmetry in
this region.

V. MEASUREMENT OF THE NEUTRON
(Gel/|Gy| RATIO

To obtain the |G|/|Gy,| value, the data cos € distribution
shown in Fig. 5 is fitted with the following function:

1| G

F(cos®) = N(HM(cos 0) +—
71 Gu

2HE(cos 9)) , (6)

where H,, and Hy are the cos @ distributions for selected
simulated nn events generated with the angular distribu-
tions 1 + cos” @ and sin® @ [see Eq. (2)], respectively. The
shape H,; and H distributions differ from the generated
initial distributions due to nonuniform detection efficiency
(see Fig. 4), the finite O resolution (6y~ 8°), and the
radiative corrections. The number of events N and
|GEg|/|Gy| are free fit parameters in Eq. (6). The result
of the fit is shown in Fig. 5. The fitting procedure is
performed in each of eight experimental energy points in
Table I.

To estimate systematic uncertainties, we vary parameters
that can influence the shape of the cos@ distribution.
Removing the condition of no charged tracks in an event
results in a shift in |Gg|/|Gy| by an average of 0.05.
Relaxing the condition on the transverse EMC energy
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FIG.7. The dependence of the measured |Gg|/|G )| ratio (solid
circles) on the beam energy. Data of earlier measurements SND
[2] (empty triangle) and BESIII [6] (solid stars) are shown as
well. The horizontal line corresponds to the threshold value
|Gel/|Gy| = 1. Solid curve is the prediction from Ref. [14].

profile changes |Gg|/|Gy| by approximately 0.1.
Variations of the time position of the beam background
peak within 0.5 ns lead to a significant effect at
E, > 700 MeV. The change in |Gg|/|Gy| is about 0.08.
To check the influence of the asymmetry in the cosé®
distribution, we fit the |cos 6| distribution. The obtained
shift in |Gg|/|Gy| is about 0.06 at E, < 700 MeV and
about 0.11 at £, > 700 MeV. The systematic uncertainties
from all sources are combined quadratically. The obtained
|GEg|/|G | values with statistical and systematic uncertain-
ties are listed in Table I.

The measured values of the |Gg|/|Gy,| ratio versus the
beam energy are shown in Fig. 7. The |Gg|/|G,,| depend-
ence on the antineutron momentum is presented in Fig. 8.
Existing data of experiments [2,6] are also shown in both
plots for comparison. We conclude that the measured
|Gg|/|Gy| values lie mainly within the range 1.0-1.5.
The obtained results are in moderate agreement with the
calculations of Ref. [14].

VI. SUMMARY

In the experiment to study the eTe™ — ni process, the
ratio |Gg|/|G,| of the neutron electric and magnetic form
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FIG. 8. The dependence of the measured |G|/ |G| ratio (solid

circles) on the antineutron momentum. Solid curve is the
prediction from Ref. [14].

factors in timelike region has been measured. The experi-
ment was carried out at the VEPP-2000 e*e™ collider with
the SND detector at eight energy points in the beam energy
range from 945 to 1000 MeV. The measured value of
|GE|/|Gy| lies within 1.0-1.5. The statistical accuracy of
measurements is about 0.30, while the systematic uncer-
tainties are in the range 0.1-0.3. The obtained data do not
contradict earlier measurements of SND [2] and BESIII [6],
as well as the theoretical calculation [14].
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