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ete -> N anti-N

e+e- -> nin annihilation

o(e'e” - BB)=

a2ﬂc2
4m°

2
4mg
m2

(GM \2(1+(:os2 0)+ \GE\Z(l—cos2 0))

B —baryon =p,n;
m=2E, — cms energy ;
B - nucleon velocity,
B @-polar angle;
m, — nucleon mass ;
Gg ,G,, - form factors

S.Serednyakov,n anti-n

IPC=17, J=L4+S,
P=(-1)1+1=-1, L=0,2

C=(-1)+5=-1, S=1,
S, D — waves,

two form factors
e.g. G, Gy,




ete -> N anti-N

Ronnangep B3IMM-2000

VEPP-2000 e*-e- collider

(2 x 1000 MeV)

CMD-3
Cryogenic Magnetic
Detector

. _cxioN 3
““‘ecjo, Ja sno | VEPP-2000 parameters:
s Nal cristal ne @ ¢.m. energy E=0.3-2.0 GeV
particles Dets

& round beam optics
& Luminosity at E=1.8 GeV

B pa6ote — ¢ 2010 ropa 1.10% cm2sec™ (project),
(since 2010) 7.10%1 cm~?sec ! (achieved)
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ete -> N anti-N

SND detector (since 1995)

1 — vacuum chamber,

2 — tracking DC,

3 —aerogel n=1.13, 1.05
4 — Nal(TIl) crystals,

N
MR
RN
RN

20 40 60 80 100 cm

5 — phototriodes,

6 — absorber,

7-9 — muon detector,
10 — SC solenoids

Solid angle - 95% 4~n

26.06.2025

rad.length -2.6 cm

|| _Attenuation length

SND - good antineutron
detector

940 960 980 1000
E, (MeV)
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ete -> N anti-N

JKCnepumeHTa/ibHble AaHHble
(experimental data)

dKcnepumeHTt 2022 r.
obnactb nopora e"e” -> n anti-n
Ebeam=
939.6, 940, 941, 942, 943.5, 945, 947.5, 949, 950, 951, 952, 953, 854 MeV
AL=100 1/pb
nopor 13 TOUYeK No s3Hepruu

[Mybaunkayma:
AnepHaa ¢usmka, 2024, 1.87, N5, c.400-413
[paHT PH® : No. 23-22-00011
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ete -> n anti-n

Typical view
nn - events

N HIGZ 02 @ sndhw3.inp.nsk.su

N HIGZ 04 @ sndhw3.inp.nsk.su

ete”— n anti-n
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R—Fhi projection
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ete -> N anti-N

t=0,
beam and
phys. bkg

26.06.2025

BpemeHHble cnekTpbl (Time spectra)

dut BpemeHHoro cnekrpa (time fit):

N(t)=N_ *H(t)

csm + Nbg*H(t)bg + Nnn*H(t)nn

Delayed
anti-n signal

Cosmic bkg
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ete -> N anti-N

BpemeHHble cnekTpbl MHAD2022, ctaHa.oTbop
(Time spectra, stand. Selection)
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ete -> N anti-N

MC simulation e+e—> n+antin

GEANT-4, V.10.5 package is used
+

Emission of photons by initial e+, e- (ISR)
+

Beam energy spread cE ~ 0.7 MeV
+

Dead detector channels
+

Beam background pileups
+

Corrections data/MC

Detection efficiency MC ~20%

S.Serednyakov,n anti-n
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ete -> N anti-N

Measured e*e -> n anti-n cross section

BblyncneHne cevyeHus
og=N,,/e(1+o) L

Example :
N, ,— detected events number, ~300,
L - integrated luminosity, ~ 5 pb?,
e - MC detection efficiency, ~ 0.2,
1+0 - radiative correction, ~ 0.8,
g - total cross section ~ 0.4-0.6 nb,
o, - Visible cross section,
err(stat) ~5%,
err(syst) ~ 10%,
both errs are shown.
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ete -> N anti-N

Measured effective timelike neutron formfactor
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ete -> N anti-N

Calculation of GE/GM using angular distribution

nn 2002 2 At threshold
a(e““e‘—>BB)=0['BC (\G \(1+cos 0) + ull" —2|G, \(1 c0S 6’)] IGE|=|GM|

Am* V4 m’ /

800 / : —s 0.5—

v  990MeV, MC, GEGM=1.03+-0.07

GM

0.4~ : ........

N(GM) = 2 N(GE) !

0.3 E ...................... ..................... ............ :, .......

02 i o

SRR

\ ’ OA b — E—
- - L

H(X)zpar[o](HGM +par[1] HGE) __ S 1 ® cos(o)
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ete -> N anti-N

anti-
pd

Summary fit by cosO for GE/GM

Ebeam

=941 - 954 MeV, 11 energy points

2000_— +

by e +i!ii
= | "
i : e —y o
1000— : GM -+ "7 '
i GE | Aver. Asym.(0) =1.04+-0.03
i 0 = N(cos0 >0) / N(cos6<0)
OEL E 1 | | | | | | | E E‘J
-1 -0.5 0 0.5 1
cos(0)
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ete -> N anti-N

Measured GE/GM

GE/GM VS energy GE/GM VS momentum
2.5 . 2.5
- @ This work E ® This work
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Aver. | GE/GM |=1.028+-0.114 (stat)
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ete -> N anti-N

Theoretical predictions -

nn'
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NN production in e+e- annihilation near the threshold
A. I. Milstein and S. G. Salnikov
Phys.Rev. D, 106, 074012 (2022)
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ete -> n anti-n

Conclusions

1. Experiments are carried out at the VEPP-2000 e+e collider to measure time like
nucleon form factors at energies from the threshold to 2 GeV

2. At present, data have been accumulated with an integrated luminosity of about
180 pb1, about 10% n+anti-n events have been registered, and 4 articles have
been published.

3. The presented report presents the latest data on the study of the e+e->n+anti-n
process at energies from the threshold to E=1910 MeV

4. The measured cross-section changes with energy within 0.4-0.6 nb. At the point
closest to the threshold, the cross-section is about 0.4 nb.

5. The effective time-like form factor of the neutron decreases with energy. Its
value at the threshold is about 0.5, at an energy of 2000 MeV - 0.15.

6. Preliminary results are presented on the ratio | GE/GM| of the electric and
magnetic timelike form factors of the neutron.

The work is supported by RNF grant : No. 23-22-00011 (PH®)
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Thank you for hearing !
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Spare slides

19



ere- > NN cross section

Differential cross

2 2 2
section: o(e’'e" > BB)= a4'ri(2: (GM "(1+cos?6) + 4r:]28 G| (1-cos? H)J
Total cross 2 >
: v — Ao C 2 2m 2
section: c(e'e” — BB) = 32 [|GM| —+ sz G| ]
Two measurable values:
i 1 - effective FF,
Effective form . Gy [ +6.[/2r 2 ff
factor F[ = , T=—F
1+1/2¢ am:  2-6g/6py

C=1 for neutrons
At threshold : s=4mg? — |G¢| = |G| = |F]
Fhn=-F,/2
Asymptotic prediction: F(+%°) = -F(-® ) ~ 1/s2
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e+e- 2 N+anti-N

Selection of n+anti-n events

Selection conditions

(No tracks*, no photons*, no kinematic xz )

1 -veto U system

2 - no cosmic track in EMC, incl. cosm. showers
3 - no charged tracks

4 - event momentum : P>0.2E, .,

5 -EMCenergy : Eiot > Epyogm

6 - photon y?:>-2.5

OEKTUBHOCTb perTcTpauumn : €, ~20 %

Time spectrum

600 |-

400

200

Doto,Eb=945 MeV

beam bg

n anti—n

2

7 time(ns)

Background:
1 — KoCcMm. GOH — NJIOCKUIN MO BPEMEHMH,
2 -- Ny4KoBbIN GOH - NUK npu t=0;

3 -- dusnyeckuii poH - e+e->ng(QED), 0, nO, .

26.06.2025 n+anti-n (S.I. Serednyakov)
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M,,=939.6 MeV
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Mpeabiaywime nybankaumum
no npoteccy e+e—=>n anti-n

1. M.N. Achasov et al, European Physical
Journal C 22, 761 (2022);
https://doi.org/10.1140/epjc/s10052-022-
10696-0

—————— Hannble MHAD 2017, 2019 ---

2. M.H. AyacoB u ap., AaepHaa pm3nka, 2023,
T.86, N0.6, c.672-680
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ete -> N anti-N

Existing data on timelike GE/GM

SND, 2023, 18 pb', EPIC BESIII, 355 pbl,
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ete -> N anti-N

MpeabiayLimne nybankaumm
no npoueccy e+e—>n anti-n

CoBMecCTHas perncTpaumm aHTUHEMTPOHA U HEMTPOHA
B cobbITUAX e+e- = n+anti-n (MHAD 2017 data)

300 H

AB (dgs)

Figure 3. The distribution of the angle between
the neutron-candidate direction and the reverse

" antineutron direction for data (points with error
bars) and simulated (histogram) cvents.

EPJ Web of Conferences 212 07007 (2019)

V.P. Druzhinin, S.I. Serednyakov

Measurement of the e+e—>n"n cross section with the SND
detector at the VEPP-2000 collider
https://doi.org/10.1051/epjconf/201921207007

The recoiled neutron can be also observed in EMC in the direction
opposite to the antineutron direction as a photon or several photons. We
construct the distribution of the angle between the photon direction and
the expected neutron direction .for photons with energy greater than 20
MeV. The .distribution for the energy range E,= 970-1000 MeV is
shown in Fig. 3. The peak in the distribution near zero is clearly seen.
The data and simulated.distributions are in good agreement. The
efficiency of the recoiled neutron detection is about 30%.
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e*e -> N anti-N
CywecTBytoLime AaHHblE B
NPOCTPaHCTBEHHOMNOA4OOHOMN 0bnacTu
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e*te” -> N anti-N .
Bo3HMKHOBEHMeE 3apAA0BOIM aCMMMETPUM

F
e-,e> o 0T dN ~ A(1+ocosO)dcosH

F
S [
_ yrnosoe pacnpegeneHme aHTUHEUTPOHOB,
; ,n.p,n
e-,e+ SR Eb=990 MeV (MHAD2021)
[ hthedpz ||
60 e B
i Std Dev  0.4518
e-,e+ éﬁﬁ
f2(1950,2010,2030)
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