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Abstract—Results are presented from measuring the ete™ — nn cross section and effective neutron
timelike form factor. Data are collected in 2020—2021 at the VEPP-2000 eTe~ collider in the 1891 to
2007 MeV center-of-mass range of energies. The general purpose nonmagnetic SND detector is used to
detect neutron—antineutron events. The time-of-flight approach is used to select nn events. The measured
cross section is 0.4—0.6 nbn. The neutron form factor in the investigated range of energies varies from 0.3

t0 0.2.
DOI: 10.1134/51063778823060054

1. INTRODUCTION

The internal structure of nucleons is described by
electromagnetic form factors. In the timelike re-
gion, they are measured according to the process
of eTe™ annihilation to nucleon—antinucleon pairs.
The ete™ — nn cross section depends on two form
factors, electric Gg and magnetic Gas:

do a?B 9 9
00" s |:|GM(8)| (1 + cos”6) (1)
+ 712 |G (s)|? sin? 9],

where « is the fine-structure constant; s = E? and
E = 2F,, where Ej is the beam energy and F is
the center-of-mass (c.m.) energy; 8 = \/1 —4m2/s;
v = Ey/my; my is the neutron mass; and 6 is the
polar angle of antineutron production. The total cross
section has the form

2
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where we introduce an effective form factor F'(s):

_ 297G () + |G (s)

F 2
IF(s)] 2241

(3)
Ratio |Gg /G| can be obtained by analyzing mea-
sured distribution cosf in Eq. (1). At the threshold,
Gel = Guml.

The latest results on the neutron form factor near
the threshold were obtained in experiments On the
VEPP-2000 e*e™ collider with the SND detector
[1]. The same work provided a list of earlier mea-
surements. New data on energies above 2 GeV were
obtained in [2] by the BESIII detector. In this work,
we present recent SND results on the eTe™ — nn
cross section and neutron timelike form factor with
four times more integrated luminosity than the mea-
surements in[1].

2. COLLIDER, DETECTOR, EXPERIMENT

The VEPP-2000 is a ete™ collider [3] operating
in the range of energies from hadron threshold £ =
280 MeV to 2 GeV. The collider’s luminosity above
the nucleon threshold at 1.87 GeV is on the order of

5 x 103t em=2 s=1. There are two collider detectors
on the VEPP-2000: the SND and the CMD-3.
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The SND (Spherical Neutral Detector) [4] is a
non-magnetic detector consisting of a tracking sys-
tem, a spherical Nal(Tl) electromagnetic calorimeter
(EMC) and a muon detector (Fig. 1). The EMC is
the main part of the SND used in nn analysis. The
EMC is 34.7 cm thick (13.4 radiation lengths). The
length of antineutron annihilation in Nal(Tl) varies
with energies of several cm close to the nn threshold
to ~15 cm at the maximum available energy [5], so
nearly all of the produced antineutrons are absorbed
in the detector.

The EMC is used to measure the time of event
arrival. A system of ash ADC modules [6] that
measure the signal waveform has been installed on
each of the 1640 EMC counters since 2019. The
times and amplitudes of the signals in the counters
are calculated when fitting the ash ADC output wave-
form. The time of an event is calculated as the energy
weighted average time. The time resolution obtained
with ete™ — ~v events is around 0.8 ns.

This work presents an analysis of data with an
integrated luminosity of 80 pb~1, collected at eight
energy points in the 1.891-2.007 GeV range of en-
ergies.

3. SELECTING nn EVENTS

The antineutron from an nn pair usually annihi-
lates, producing pions, nucleons, photons, and other
particles that deposit up to 2 GeV in the EMC. The
neutron from an nn pair releases a small signal in the
EMC that is barely visible against the background
of the strong nn annihilation signal, so it is ignored.
nnevents are reconsructed as multiphoton events.

The main features of nn events are the absence
of charged tracks and photons from the region of
collision and a strong imbalance in event momentum.
To create the conditions for nn selection, we consider
the sources of the background. These include the
cosmic background, the background from processes
of ete™ annihilation, and the background from the
electron and positron beams in the collider.

Based on these features of the process ete™ —
nn, conditions for selection are divided into three
groups.

The first group contains conditions that suppress
the background from events of ete™ annihilation.
These include the condition of no charged tracks in
an event, the limit on the total event momentum
(p/2Ey > 0.4), and a limit on the transverse shower
profile in the EMC [7] that must be wider than the one
from the photons in the region of collision.

In the second group, the conditions of selection
must suppress the cosmic background. These in-
clude the muon system veto, special conditions for
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analyzing the shape of energy deposition in the EMC,
and removing cosmic events that pass through the

muon veto [1]. These are basically cosmic showers
in the EMC.

The third group of selection conditions contains a
resriction on the total energy deposited in the EMC,
Eqep > Ey. This restriction almost completely sup-
presses the beam background, although the efficiency
of detection is also reduced by around 20%.

The above selection conditions are similar to those
described in[1]. The only difference is that there is no
limit on the energy in the third layer of the EMC. This
improves the efficiency of detection slightly, but it also
increases the cosmic background. After imposing
the described selection conditions, there are around
400 events/pb left for further analysis.

4. OBTAINING THE NUMBER
OF nn EVENTS

The time spectra for selected data events are
shown in Fig. 2. Zero time corresponds to events
at the moment of beam collision. Three main com-
ponents can be distinguished in the time spectrum
shown in the figure: the beam background at ¢t = 0;
the cosmic background, uniform over time; and a
delayed signal from nn events that is wide in time.
The measured time spectra are fitted respectively
according to the sum of these three components in
the form

F (t) = NnnHnn (t) + NesmHesm (t) (4)
+ Nokg Hpig (1) ,

where Hpp, Hegm and Hyyg are the normalized his-
tograms describing the time spectra for the nn signal,
cosmic, and beam + physical backgrounds, respec-
tively. Nps, Nesm, and Ny are the corresponding
event numbers obtained from the fit. The shape of
beam + physical background time spectrum Hy,g is
measured at energies below the nn threshold. Cos-
mic time spectrum H. gy, is measured with the lower
EMUC threshold 0.9 E} in coincidence with the muon
system’s signal.

A comparison of the time spectra in the data and
MC gives a wider time distribution of the data for both
ete” — yyandete™ — nn events. ForeTe™ — vy
events, this is due to the finite time resolution of
our timing system [6], which is not adequately mod-
eled. We therefore convolve the MC time spectrum
using a Gaussian with o,, = 0.8 ns. Convolution
for ete™ — nn events is done with o, = 1.5—2 ns,
depending on the energy.

In addition to the above, we correct the MC nn
time spectrum, since the shape of MC time spectrum
H,7 does not describe data well. This discrepancy
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Fig. 1. SND detector, section along the beams: (/) beam pipe; (2) tracking system; (3) aerogel Cherenkov counters; (4) Nal
(T1) crystals; (5) vacuum phototriodes; (6) iron absorber; (7) proportional tubes; (&) iron absorber; (9) scintillation counters;

(10) VEPP-2000 focusing solenoids.
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Fig. 2. Time distribution of selected data events (points with error bars) at E, = 945 MeV (a) and at E, = 980 MeV (b).
Position ¢t = 0 corresponds to the moment of beam collision. The wide peak to the right is the contribution from nn events.
The shaded histogram shows the cosmic background (uniform over time) and beam background (peak at ¢ = 0). The solid line

is the result from fitting.

is explained by the incorrect relationship between the
processes of antineutron annihilation and scattering
in the MC, and by the incorrect description of anni-
hilation products. To modify the MC time spectrum,
separate MC time spectra are plotted for the first n
interaction of annihilation and scattering. Annihila-
tion yields time spectrum (H22) close to exponential,
while scattering has delayed and wider time spectrum
(H:%) with a non-exponential shape. The share of
annihilation events in the MC was 33%. When fit-
ting, the MC time spectrum was considered a lin-
ear sum of the two spectra described above: H,z =

PHYSICS OF ATOMIC NUCLEI Vol.86 No.6 2023

aH 4+ (1 — a)H;S5,. Value a (the share of annihi-
lation events) was the fit parameter. This turned out
to be greater than in the MC: ~60%, and the degree
of scattering fell to ~40%. The modified MC time
spectrum describes the data well, as can be seen in
Fig. 2.

Visible cross section 44 of the beam + physical
background, obtained during fitting, is about 7 pb
and does not depend appreciably on the beam’s en-
ergy. The main contribution to o4, comes from pro-
cesses with neutral kaons in the final state: ete™ —
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Fig. 3. Antineutron cos 6, distribution for data (points with error bars) and MC (horizontal line) at E, = 970 MeV (a) and
Ey, = 1000 MeV (b). Dotted vertical lines correspond to the polar angle cutoff.

KgKin% KgKrn and others that are similar. The
measured rate of the residual cosmic background
has intensity ~0.01 Hz, which corresponds to the
suppression of the number of cosmic events passing
through the hardware selection in the detector elec-
tronics by approximately 2 x 10% times.
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Fig. 4. Corrected efficiency of detection versus energy.
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Fig. 5. MC efficiency of detection as a function of an-
tineutron cos @ at E, = 960 MeV. Dotted vertical lines
correspond to the polar angle cutoff.

Numbers of observed nn events are listed in Ta-
ble 1. The total number is close to 6000. Table 1
shows only statistical errors of fitting. Sources of
systemic error in the number of nn events include
uncertainties in the magnitide and shape of the time
spectrum of the beam and cosmic backgrounds. The
error introduced by these sources is fifteen events at
E, = 1000 MeV and less than eight events at lower
energies. These values are much lower than statisti-
cal errors in Table 1 and are ignored below.

5. ANGULAR DISTRIBUTION
OF ANTINEUTRONS

Angle 6,, of antineutron production is determined
by the direction of event momentum with an accuracy
of around 5 degrees. The distribution over cos @, for
data and MC events is shown in Fig. 3. MC modeling
was done using Eq. (1) under the assumption Gg =
G The efficiency of detection in selection interval
36° < 6, < 144° is 80%. We can see from Fig. 3 that
the data and MC distributions agree with each other,
confirming the MC angular model. It is also worth
noting that earlier measurements of value |Gg/G |
[1] do not contradict hypothesis Gg = Gy either.

6. EFFICIENCY OF DETECTION

Efficiency of detection e versus energy under
accepted selection conditions (Section 3) is shown
in Fig. 4. In calculating ¢, we used the MC model
of process ete™ — nn with the GEANT4 toolkit [8],
version 10.5. The model also included beam energy
spread ~1 MeV and the emission of photons by the
initial electrons and positrons. The model also con-
sidered non-operating detector channels and over-
lapping of the beam background and recorded events.
Special superpositioning events were recorded and
subsequently superimposed on MC events during
the experiment using a pulse generator synchronized

PHYSICS OF ATOMIC NUCLEI Vol.86 No.6 2023
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Fig. 6. Event time spectra with inverted selection conditions. (a) inverted 2-nd group cut at E = 970 MeV; (b) inverted 3-d
group cut with 0.7Ep < Eca < Ey at E, = 960 MeV. The lightly shaded histogram shows the background distribution. The

darkly shaded histogram in the right plot is the n7 contribution.

Table 1. Beam energy ( Ep); integrated luminosity (L ); number of selected nn events (N5 ); factor allowing for radiative
corrections and energy spread (1 + §); corrected efficiency of detection (g); measured eTe™ — nn cross section o, and
neutron effective form factor (F,); quoted errors for N o are statistical and systemic; the systemic uncertainty is quoted
for the efficiency of detection; the combined statistical and systemic uncertainty are listed for F,,

Ey,,MeV  L,pb! Npn 1+
1 945.5 8.54 676 + 37 0.746
2 950.3 8.86 834 + 37 0.787
3 960.3 8.33 767 £ 35 0.840
4 970.8 8.07 718 +£ 34 0.870
5 968.8 5.51 524 + 34 0.870
6 980.3 7.70 654 + 37 0.900
7 990.4 8.77 624 + 38 0.920
8 1003.5 20.06 1075 4+ 50 0.947

with the moment of beam collision. Efficiency of
detection ¢ in Fig. 4 is corrected for the difference
between the data and the MC. This correction is
discussed below. Numerical values of efficiency are

given in Table 1. The drop in ¢ along with energy
can be explained by the energy dependence of the
selection parameters, and by an increase in energy
beyond the calorimeter. Figure 5 shows the efficiency
of angular detection at beam energy Ej, = 960 MeV.

Our measurement of the efficiency of detection is
on the order of 20%. It is important to determine how
correctly the proportion of events outside the selection
condition was modeled. Corrections were calculated
for the three groups of selection conditions described
in Section 3. We inverted the selection conditions
for each group and then calculated corresponding
corrections ¢ for the efficiency of detection in each of

PHYSICS OF ATOMIC NUCLEI Vol.86 No.6 2023

€ o, nbn F,
0.253 £0.021 0.420 £ 0.023 £ 0.036 0.322 +£0.016
0.246 £ 0.015 0.485 £ 0.022 £ 0.031 0.301 £0.012
0.217+£0.013 0.506 £+ 0.023 £ 0.032 0.266 + 0.010
0.229 +0.017 0.447 £0.021 £ 0.034 0.230 £0.011
0.186 + 0.020 0.589 £+ 0.039 £ 0.065 0.267 £ 0.017
0.216 £ 0.018 0.436 £ 0.025 £ 0.038 0.216 £0.011
0.183 +£0.019 0.422 4+ 0.026 4 0.045 0.204 +0.013
0.151£0.014 0.374 £0.018 £ 0.035 0.186 = 0.010

eight energy points:
5= g mo—i-ml’ (5)
no + nq myg

where ng (n1) is the number of nn events determined
with standard (inverted) selections. These numbers
were calculated while fitting the time spectra with
Eq. (4), as was described in Section 4. Values my
and my refer respectively to the numbers of MC mod-
eling events. Examples of time spectra obtained with
inverted selections are shown in Fig. 6.

The first group of selection conditions includes
the requirement of no charged tracks in an event.
When studying inverse selections, we assume there
are central charged tracks with D, > 0.5 cm, where
D,, is the distance between the track and the axis
of the beam. A possible background from related
process ete™ — pp should be noted here. Protons
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Table 2. Beam energy (Ey); correction to efficiency of detection §; from SND internal system; correction o from the
SND external system; correction d3 from the EMC thresholds; correction g from the lost EMC energy. Correction ¢, is

the total correction

Ey,, MeV 01 92
| 945.5 0.991 £ 0.022 1.292 4+ 0.092
2 950.3 0.977 £ 0.018 1.214 + 0.062
3 960.3 9.966 £ 0.019 1.077 + 0.050
4 970.8 0.949 + 0.021 1.198 + 0.061
5 968.8 0.958 £ 0.027 1.031 £ 0.080
6 980.3 0.997 £ 0.031 1.102 + 0.073
7 990.4 0.925+0.033 1.131 £ 0.080
8 1003.5 0.915£0.024 1.065 £ 0.056

53 1y ¢
0.971 £0.038 1.005 + 0.005 1.249 £ 0.102
0.985 £ 0.030 1.009 £+ 0.009 1.179 4+ 0.072
0.992 £ 0.028 1.012 4+ 0.012 1.044 + 0.062
0.980 £ 0.050 1.018 £ 0.018 1.134 + 0.084
0.896 £+ 0.044 1.018 £ 0.018 0.901 £ 0.097
0.986 £ 0.043 1.021 + 0.021 1.106 4+ 0.093
0.889 £0.041 1.024 + 0.024 0.952 £ 0.099
0.796 = 0.028 1.028 + 0.028 0.797£0.073

and antiproptons in energy region Ej > 960 MeV
yield central collinear tracks and are rejected by the
requirement D, > 0.5 cm, along with events from
other processes of ete™ annihilation with charged
tracks. At E, <960 MeV, however, the protons
and antiproptons are slow and stop at the collider’s
vacuum pipe. The antiproton annihilates with the
production of charged tracks, which can have D, >
0.5 cm. But here too, background ete™ — pp is
suppressed by fitting the time spectrum, since the
delay in annihilation is no more than 1 ns. Inverted
selection conditions were used without changes for
the second group. Partial inversion (i.e., condition
0.7Ey < E.a < Ep) was used for the third group of
selection conditions.

Additional corrections are needed for events in
which antineutrons pass through the calorimeter
without interaction, and for events with low calorime-
ter energy F., < 0.7E,. Due to the large back-
ground, these events are ignored in analysis and
therefore not available for correction with the pro-
cedure described above. Their share in the MC
varies from 1.9% at energy E, = 945 MeV to 8.5%
at Ep, = 1000 MeV. It was noted in Section 4 that
the contribution from the process of antineutron
scattering in the MC must be reduced by a factor
of 1.5 in order to describe the shape of the data
time spectrum. Upon such a change, the proportion
of events with E., < 0.7E;, in the MC is reduced
to 1.4% at E, =945 to 5.7% at E, = 1000 MeV.
The difference between these values is considered
additional correction §g to the efficiency of detection
with an uncertainty of 100%.

Corrections 61, 62, 3, and § g, measured according
to selection groups, are multiplied by d; = §102030E
and all are given in Table 2. We can see that total
correction for efficiency d; changes along with energy
from 0.8 to 1.25, which is explained by the strong

energy dependence of the length ofantineutron ab-
sobtion.

The corrected efficiency of detection is obtained
from the MC’s efficiency by multiplying with total
correction d;. Values of the corrected efficiency are
given along with systemic errors in Table 1. In con-
trast to our measurements in [1], the corrections at
different energy points are not correlated.

7. MEASURED CROSS SECTION ete™ — nn

Visible cross section oyis (E) = Npn/Le can be
calculated using the number of nn events Nz, lu-
minosity L and efficiency of detection e (Table 1).
Needed Born cross section o(F) is associated with
the visible cross in the form

ovis (E) = o (E) (14 4(E)) (6)

o, nb
0.8

0.7
0.6
0.5
0.4
03F
0.2F
0.1F

® SND, This work
+ O SND, (2022)

* BESIII

T
——

Lty by by by by by by by |l
0 1.881.901.921.941.96 1.98 2.00 2.02 2.04 2.06
E, GeV

Fig. 7. Cross section et e™ — na measured in this work,
compared to SND measurements in [1] and BESIII [2]
data. The solid curve is the result from fitting. Only new
SND and BESIII data were used in fitting.
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Fig. 8. Measured neutron timelike form factor (black
dots) compared to BESIII [2] (red stars) and BABAR
[10] proton form factor (blue squares) The solid line is the
polynomial fit described in the text.

“+oo
= J/ G (E',E)dFE'
X 0/ W (s,z)o (s(1 —x))dex,

where W (s, z) is the radiator function [9] describing
the emission of photons with energy xFEj by initial
electrons and positrons, and G(E', E) is a Gaus-
sian function describing the spread of c.m. energy.
The contribution from vacuum polarization is ignored
in function W (s, z), so our Born cross section is
"dressed." Factor (1 + 6 (E)) considers both radiative
corrections and the spread of beam energy. This factor
is calculated in each of eight energy points using the
Born cross section obtained by fitting the visible cross
section using Eq. (6). The energy dependence of the
Born cross section is described by Eq. (2), where the
neutron effective form factor has the form of a second
order polynomial function, as is shown in the next
section.

The measured Born cross section is shown in
Fig. 7 and listed in Table 1. The dominant contri-
bution to the systemic error is made by the error in
correcting the efficiency of detection given in Table 2.
Uncertainties in the value of luminosity (1%) and
radiative correction (2%) are also considered. The
total statistical and systemic error is shown in Fig. 7.
Compared to [1], the measured cross section has half
the statistical error and a 1.5 times smaller systemic
error. At maximum energy E =2 GeV, our cross
section is in good agreement with the latest BESIII
measurement [2].
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8. EFFECTIVE NEUTRON TIMELIKE
FORM FACTOR

The effective neutron form factor calculated from
the measured cross section using Eq. (2) is listed
in Table 1 and shown in Fig. 8 as a function of
the antineutron momentum, along with the BESIII
data [2] and the proton effective form factor mea-
sured in the BABAR experiment [10]. The curve
in Fig. 8 approximating the form factor is second
order polynomial |Fy,| = ag + a1p, + azp?, in which
parameters a; are obtained by fitting and p,, is the
antineutron momentum. The values of parameters
are ag = 0.398 +0.022, a; = —0.713 +0.126, as =
0.268 + 0.166. When the fitting curve tends to zero
momentum, the expected value of the neutron form
factor at the threshold is ag ~ 0.4. We can see from
Fig. 8 that the form factor for protons is notably larger
that the one for neutrons, and their ratio near the
threshold is close to 3/2.

9. CONCLUSIONS

We performed an experiment to measure the
ete™ — nn cross section and the neutron timelike
form factor using the SND detector at the VEPP-
2000 ete™ collider in the 1891 to 2007 MeV region of
energies. The measured eTe™ — nn cross section
with energies of 0.4—0.6 nbn agreed with recent
SND measurements [1] and had twice the statistical
accuracy. At the maximum energy, our cross section
agreed with the latest BESIII measurements [2]. The
neutron effective timelike form factor was derived
from the measured cross section using Eq. (2). Form
factor f had energies of 0.3 to 0.2. The value of the
form factor for neutrons was notably lower than the
one for protons.
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