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ete -> N anti-N

N3mepeHne BpemeHnnoa0bHOro s/IEKTPOMArHMTHOIO
dopmdaKTopa HEMTPOHA Ha e+e- Konnanaepe
B3IM-2000 ¢ getektopom CHA

[1lnaH AOKNnaaa

1. BBepeHue

2. DKCNepuMeHT

3 Ot60p n+anti-n cobbiTUI

4. OnpepneneHune ce4eHma npouecca e+e->n+anti-n

5. 9o PeKTnBHbIN BpemeHUNoaobHbIn popmbaKTop HEMTPOHA
6. OTHOweHne |GE/GM |
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ete -> N anti-N

e+e--> NN annihilation

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

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,

o(e'e” > BB)=

aZﬂCZ
am'’

2
\GM\2(1+COS2 0)+%\GE\2(1—0032 0)
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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



ete -> N anti-N

Konnangep B3MM-2000

VEPP-2000 e*-e- collider

(2 x 1000 MeV)

CMD-3
Cryogenic Magnetic
Detector

NaJ cristal ne
particles Dets

B pabote — ¢ 2010 ropa

13.02.2025

VEPP-2000 parameters:

& c.m. energy E=0.3-2.0 GeV
& round beam optics

& Luminosity at E=1.8 GeV
1.10%2 cm sec! (project),
7.10%1 cm~?sec ! (achieved)

S.Serghbyakentiranti-n

6




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

13.02.2025

rad.length -2.6 cm

|| _Attenuation length

SND - good antineutron
detector

940 960 980 1000
E, (MeV)

S.Serednyagmnn@aktRn




ete -> N anti-N

N3mepeHne BpemeHnnoaobHoro anekTpomarHMtHoro dopmeartopa
HEWTPOHA Ha e+e- Konnanaepe BIMM-2000 c petektopom CH/A

JKCcnepumMeHTa/ZibHble AaHHble B AaHHOU paboTte

1. O6nacTtb aHeprum Eb=939.6(Mn)—954 M>B

2. 13 TOYeK no aHepruu

3. WHTerpanbHasa ceetmmocTtb — 90 pb -1

4. Yumcno nnbar cobbiTnim - 8000
[Mybnamnkauma:

AnepHasa ¢usunka, 2024, 1.87, N5, c.400-413
[paHT PH® : No. 23-22-00011

efe”->n anti-n data :
FENICE(1998), SND(2014), BESIII(2021), SND(2022)




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

| O My
20 May
S0 ey
100 MeV

R—Fhi projection

N HIGZ 06 @ sndhw3.inp.n... © 0O ©




e+e- 2 N+anti-N

BbiaeneHue n anti-n cobbiTnn

YcnoBua otbopa

1 -veto U system

3 - no charged tracks

4 - event momentum : P>O-2Ebeam
5 -EMCenergy : Eiot > Epeam

6 - photon y2:>-2.5

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

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

OEKTUBHOCTb perTcTpauumn : €, ~20 %

BpemeHHOMU cneKTp

600 |-

400

200

Doto,Eb=945 MeV

beam bg

n anti—n

2

time(ns)

UCTOYHUKU POHa:

1 — Kocm. $OH — NJIOCKUIN MO BPEMEHMN,
2 -- Ny4KOBbIN GOH - NuK npu t=0;

3 - dusnyecknii doH - e+e-> ng(QED), n0, nO, .

13.02.2025

n+anti-n (S.I. Serednyakov)
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ete -> N anti-N

Spectrometric channel in 2019 run.

The measured parameters are pulse

time and pulse hight.

v 2400
8 2200
© 2000
>
1800
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E 1400
. 1200
< 1000
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400 ) o
P = - - - - b
~h Loo o bes v P s le

- PR RIS R
0 10 20 30 40 50 60 70
time, FADC clocks

Amplitude
i D e
1
&

Typical signal waveform from an EMC
channel.

* NIMA v.936 (2019) pp.117-118

The EMC spectrometric channe

Nal(TI) 71— | csa | — F12 module | _ | Z24 module | __ 8t
& VPT » (Shaper) |, (FADCs)

§x160 ‘ I

v

ELT" |« Clock (3 x Fyr)

f
N.A. Melnikova
13.02.2025 S.Serghbyakentiranti-n




ete -> N anti-N

BpEMeHHbIe CNeKTpPbI

dut BpeMeHHOro cneKkTpa :
N(t)=N_,*H(t) ., + Nbg*H(t)bg + N__*H(t),

3aaeprKaHHbIN
anti-n curHan

t=0,

Events/(1 ns)

NY4YKOBbIN
n dpunsund. poH

| _—

Kocmuueckuu ¢poH

13.02.2025 S.SergNByakantiranti-n 12




ete -> N anti-N

BpemeHHble cnekTpbl MHAD2022, ctaHa.oTbop

n+anti-n
= 70 =100
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ete -> N anti-N

MoaenunposaHue MC, e+e—> n+antin.

Ana mogenupoBaHUA NPOXoXKAeHUA YacTtuy Yyepes getekrtop CHA
ucnonb3yetca naketr mogenmposaHma GEANT-4, V.10.5

+
B reHepaTtop npouecca e+e—> n+antin ago6basneHo usnyyeHue poToHoB
HaYya/IbHbIMMU e+ U e-

+

Yuutbisaetca pa3bpoc sHeprum yactuy, B Konnamagepe oE ~ 0.7 MeV
+

YuuTbiBatoTcA HepaboTalowme KaHanbl B AeTeKTope
+

YUuTbIBalOTCA HANOXKEHUA COObITUM NYyYKOBOro poHa Ha UCKOMbIe COObITH
+

PaccuutbiBatoTca n Ao6aBAAOTCA NONPABKX Ha OTIMYME AAHHbIX U MC

dddeKTuBHoCTb peructpaumum MC ~20%

14



ete -> N anti-N
M3mepeH|-|oe ceyeHue npouecca ete™ -> n anti-n 86an3u nopora

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.

0.9
0.82_ s ® & @ . o &
070 o *
0.65 ¢
> 0.5F
0.4F
0.35
0.2
0.1

0.3
0.2
0.1

EIITTERT T A TR T T UL TR

0.8-
0.7;— _J
0.6 +.+. L
0.5 ; g _+] 1
£04
© 0 3':_ e This work
g - v SND[4]
0.2 0 SND[3]
0.1=
o Brarey & MW T BTN | T Lo s sl s s o oo sl o al s ay
0 938 940 942 944 946 948 950 952 954 956
Eb(MeV)
0.8
- e This work
0'74 v SND [4]
0.6F + O SND [3]
0.5 i}J x BESIII [5]
o) % “:] le“ ? HJ ?‘]
£0.4
b 1

+

0 |

| v eTangfoselwanlovrbomaloosrloenlons]
1.88 1.9 1.92 1.94 1.96 1.98 2 2.02 2.04 2.06

E(GeV)

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

Tabnnua pe3ynbratos

TABLE I: The beam energy (Eb), integrated luminosity (L), number of selected nn events (Nnn),

eciency (€), measured e+e-> nn cross section , and neutron effective form factor (Fn). The
quoted errors for N, are statistical and systematic. For the detection efficiency, the systematic
uncertainty is quoted. For Fn, the combined statistical and systematic uncertainty is listed.

N Eb L(pb) Nnn 1+0 € o(nb) Fn

1939.6 11.41 266+-75 0.651 0:210+-0:117 0:340+-0:048+-0:094 0:583+-0:182
2940.2 10.34 316+-55 0.671 0:123+-0:034 0:370+-0:064+-0:102 0:522+-0:085
3941.0 9.70 598+-41 0.693 0:202+-0:022 0:439+-0:031+-0:048 0:469+-0:032
4942.0 10.12 680+-37 0.721 0:226+-0:019 0:412+-0:023+-0:034 0:396+-0:021
59435 9.81 746+-36 0.741 0:208+-0:014 0:492+-0:024+-0:033 0:380+-0:017
6 945.0 11.45 920+-38 0.762 0:227+-0:021 0:460+-0:020+-0:044 0:347+-0:019
79475 10.41 946+-37 0.781 0:211+-0:011 0:553+-0:022+-0:028 0:345+-0:012
8948.8 6.42 611+-30 0.788 0:208+-0:013 0:579+-0:029+-0:037 0:342+-0:015
9950. 5.20 513+-29 0.794 0:204+-0:015 0:611+-0:035+-0:046 0:340+-0:017
10 951. 5.55 522+-29 0.798 0:223+-0:016 0:528+-0:024+-0:039 0:310+-0:014
12 953. 5.68 514+-28 0.806 0:242+-0:017 0:464+-0:025+-0:032 0:280+-0:013
13954. 5.17 517+-27 0.809 0:222+-0:014 0:557+-0:029+-0:036 0:302+-0:013

the factor taking into account radiative corrections and energy spread (1 + 0), corrected detection

AOEPHASA OU3UKA, 2024, mom 87,Ned, c. 400-413
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ete -> N anti-N

d¢dPeKkTuBHOCTL OT 3Hepruu (MC) Pacnpepenenue no cosO anti-n (data)
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ete -> N anti-N

Cucrematuyeckume Heon peaeneHHoOCTn

1.2

1.6
1-4::'-.—

,'H'++ 4ty

2 08
06|
0.4

02|

MonpaBKa K 3pPEeKTUBHOCTH
perncrTpauum

+++

~2 6 8 10 12 14
T(MeV)

Moo4yepeaHO MHBEPTUPYIOTCA
ycnosusa otbopa:

w; = ng/(ng+nq) / mp/(mg+m,)
Wior =M (1 +w;) -1

W<~10-20%
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ete -> N anti-N

N3mepeHHbIN 3OPEKTUBHbBIN
BpeMeHnnoao0bHbIn dopmdaKTOp HEUTPOHA

0.9¢ 0.9¢
= = This work
0'8§ e This work O 8; : SND [4]
0.7§— v SND [4] 07;— m SND [3]
06 = SND [3] 50.6
8 0.5 +i »«BESII [5] So5E 4
04— & - - i ,
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S 0.3 et W8 £04F el TR
: il Lo.3- -
0.2 ¥V u % 7 = - -
0.15 0.2t
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o(e"e — BB) =

3m?

A7rex? BC ['G“" 2. 2mB

m~

Gl

G| +|Ge| /27

F[' = 1+1/2z¢

+«— 3ddeKTMBHbIN PopMPaKTOpP

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

OnpeaeneHne GE/GM u3 yrnosoro pacnpeneneHus
Bbl/1IeTa HEMTPOHOB

nn m?2 Ha nopore

o(e'e" > BB)= a,BC \GM\ (1+cos” 0) \G \(1 cos'd) || |GE|=|GM|

/ m

800 / : —s 0.5—

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

GM

0.4~ : ........

N(GM) = 2 N(GE) !

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

0.2 jge - L

|

\ ’ OA b — E—
- L

H(X)zpar[o](HGM +par[1] HGE) __ S 1 ® cos(o)

S.Serednyakov,n anti-n 20



ete -> N anti-N

CyLwiecTsytowine gaHHble GE/GM
BO BpemeHnnogobHomn obnactu

SND, 2023, 18 pb™L, EPJC BESIII, 355 pb™?,

—22-5 V. \ ‘ I ™ L N 3 - ]
Qm i * BESIl:thiswork -
Q 2 B N 2.5 [ ]
c S -

i ] O o[- i
1.5 B —— y ~ I~ ]
— . c_w il
i 1 O 15} -
1 | I IC T il
| — N —— 1 1]
I __
c.0 ™ Pl— -
05 |- | o - I
" ] 0.5 =
0 L | I | | | L I | | I I I | : : j
1900 1925 1950 1975 0 J--L_E-l--J--l--'--J ..... RSV TR I [ PO () (ool R A Loca o g _

E (MGV) 1.8 2 2.2 2.4 2.6 2.8 3

/s (GeV)
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ete -> N anti-N

GE/GM ( paHHble 2020-2022) — npeaBapuUTenbHO |

” preliminary
s ... averGEGM=101+012 | -

T3 W—-— _— e _— - — -

...............................................................................................................................................................

it - — l

GE/GM
T

Sy
940 950 960 970 980 990 1000
Eb(MeV)
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ete  -> n anti-n

3aKn4yeHune
1. Ha e+e- Konnangepe BIMM-2000 npoBoAATCA SKCMEPUMEHTDI MO
N3MEPEHUIO BPEMEHMNOAO0OHbIX HYKNOHHbIX GOPMEIaKTOPOB NPM SHEPTrUM OT
nopora ao 2 3B
2. B HacToAWEe BpemMA HAaKOMN/IEHbl AaHHbIE C UHTErPasibHOM CBETUMOCTbIO
oKos10 180 pb'l, 3aperncTpmpoBaHO OKOJ10 10% n+anti-n cobbiTni,
onybanKoBaHO 4 cTaTbM NO 3TOMY NpPoOLLEccy.
3. B npeacraBneHHOM AOKNa4e NpmMBOAATCA NOcCieAHNE AaHHbIE NO U3YYEHMUIO
npouecca e+e—>n+anti-n npu sHeprum ot nopora go E=1910 MsB
4. N3mepeHHOoe cevyeHne n3meHsaeTca ¢ aHepruen B npegenax 0.4-0.6 HO6. B
TO4YKe banrKanLen K Nnopory ceyeHme coctasnseT okono 0.4 H6.
5. 39dpeKTnBHbIN BpemeHUNnoaobHbIM popmbaKToOp HEMTPOHA NAAAET C
3Hepruen. Ero BennymHa Ha nopore okono 0.5, npu saHeprmum 2000 M3B — 0.15.
6. lMpoBoauTCA aHaNNn3 AaHHbIX AN1A onpeaesieHns oTHoweHua |Gg/Gy |
3/IEKTPUYECKOrO M MArHUTHbIX BPeMEHUNO[00HbIX POPMPAKTOPOB HEMUTPOHA.

HacTtoauwana pabota nogaepxaHa rpaHtom No. 23-22-00011 (PH®)

S.Serednyakov,n anti-n 23



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 on this
process 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. Data analysis is performed to determine the ratio | GE/GM| of the electric and
magnetic time-like form factors of the neutron.

The work is supported by RNF grant : No. 23-22-00011 (PH®)
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ete  -> n anti-n

Cnacmbo 3a BHMMaHuel
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ete -> N anti-N

3anacHble cnanapbil
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[aHHas pabota : MHAD 2022

To4yku no sHeprmuun (M3B) Bbiwe nopora n+anti-n (939.6) :

939.6, 940.2, 941, 942, 943.5, 945, 947.5, 949,
950, 951, 952, 953, 954; AL=106 pb ™1,

Touykun no aHeprmun (MaB) HUKe nopora n+anti-n :
910, 920, 930, 935, 937.5, 938.3, 938.9,

AL=64 pb1,

CpegHAaa cBeTUMOCTb ~3 1031 em2s71
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M,,=939.6 MeV

I
1Eav=939.8
10%

PR

1%
©
=

Eav=939.9

Pl e
41 E

52%

of
0
8-
e— e
of

88%

Cd el gy e

939.8' 940 940.5 941 941.5 942 942.5

Eav=940.3

...........

99.5%

—— Eb(MeV)

MepeceueHne HEMTPOHHOro Nopora

npu 3HepreTuyeckom pasbpoce

GE=0.54 MeV

S.Serednyakov,n anti-n
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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

= !

= O FEN

g A SND 2014
k=1 * BES

L

- ® This work
2

=1

]

& jﬁ b ML

------ Hannble MHAD 2020, 2021 ---

S.Serednyakov,n anti-n
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| Graph]| Paa.nonpaBKa

BblyncneHune ceyeHmsa o

GB=Nnn/8(1-I—8) L u.ai—

___________________________ 08

Example : 0.7

N, — detected events number, ~500, 06

L - integrated luminosity, ~ 5-10 pb?, 0sE

¢ - MC detection efficiency, ~ 0.2, 0_43
1+0 - radiative correction, ~ 0.6-0.9, 4 | o

1 Lol IIIII|
107 1 10 10?

o, - total cross section ~0.4-0.6 nb, 00 100
Tkin(MeV)

o,.=N,,/ € L-visible cross section,

err(stat) ~5%, err(syst) ~ 10%,

Gyis = N/(EL) = Gy(l + 0);

A IsX

G, = j P(E', EYAE' j W (s, x)5,(s(1 — x))dx.

ALK {}

S.Serednyakov,n anti-n 30



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%.

S.Serednyakov,n anti-n 31




ete -> N anti-N

Tpw BUAa NepBoro B3anmoaencTBma aHTUHENTPOHA B AeTeKTope

1 - aHHUrMNAUMA 2 — ynp. pacceaHue + 3 — Heynp. pacceaHue +
aHHUTUNALNA aHHUTMNALMA

S.Serednyakov,n anti-n 32



ete -> N anti-N

Selection of n+anti-n events

Key features

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

1 -veto U system
2 - no cosmic muon track in EMC

3 - event momentum : P>O'3Ebeam

4 - EMC energy : Etot > Ebeam

5 - 3-d EMC layer energy: E3<0.7Epaam
6 - photon y?:>-2.5

Selection results:

1 — total events recorded ~2 107 events/pb -1

2 — after applying cuts ~ 100 events/pb, including
physical, beam and cosmic background and n anti-n events
Selection efficiency :

Enc ~20 % (945 - 1000 MeV)
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ete -> N anti-N

‘ BpemeHHble cnekTpbl MHAD2022, RO08-002

events

2 2 8 B
T T

S.Serednyakov,n anti-n 34
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S.Serednyakov,n anti-n
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