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VEPP-2000

collider

to VEPP-4M & c-t-factory «

Design parameters @ 1 GeV

Circumference

24388 m

Beam energy

150+ 1000 MeV

N of bunches

1x1

N of particles Ix101
Betatron tunes | 4.14/2.14
Beta* 8.5cm
BB parameter 0.1

Luminosity

1x1032 cm2s'!

T e

\ K-500 = VEPP-2000
Bldg.4 W\\Q@

Bldg.1R

Electron-positron collider
Covers c.m. energy range from 0.36 to 2.0 GeV
Two experiments — CMD-3 and SND

CMD-3

e'e
beoster
1000 MeV

“Round beam” optics

Energy monitoring by Compton backscattering (o 5 = 0.1 MeV)



VEPP-2000




CMD-3
Detector

* Magneticfield1.0-1.3T
* Driftchamber
» ogy ~ 100y, 0, ~ 2 —3 mm

*Cryogenic
Magnetic Detector
* EM calorimeter

(LXE, Csl, BGO), 13.5 X,
% 0g/E ~3%—10%

» 0g ~ 5 mrad
e TOF
* Muon counters
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The initial goal of fLdt = 1 fb™! 101 [W2017
was achieved this year. E
Data collection continues. -
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CMD-3 final states under analysis
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Final states (preliminary, published)

2 charged
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2 charged +y's
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Work is in full swing.

4 charged +y's

ntr ntn nntrpnitnw,atn ntn wx0,
K*Kn,K*K~w

6 charged

nte ntn wtn~, KKin ntn~, KoKentn™

6 charged + y's

3(rtn)m”®
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0.0_0
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Other
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Let's focus on
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.. Phys. Lett. B 723 (2013) 73
Motivation Phys. Lett. B 794 (2019) 6468

e NNbar cross section in the threshold energy region store information on (anti)nucleon
internal structure (electro and magnetic FFs, i.e. G, and G,)).
e Due to the strong interaction in the final state xsection energy behaviour is complex.
e NNbar real reaction opening affects some of the multihadron cross sections in the form of a
sharp dip.
However, there are still no precise experimental values of G, and G,; in the threshold
energy region.
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Motivation

This process had been already studied at the CMD-3
(arXiv: 1507.08013 [hep-ex]). However, the amount of
data drastically increased, and the workflow was
improved.

The BaBar and BES III collaborations also studied the
process in this energy region
(doi:10.1103/PhysRevD.87.092005, arXiv:2102.10337). In
these works, they used the ISR technique.

Experiment BaBar BES III CMD-3 (2017) This work
Events 2172 1386 2741 43416
Season HIGH2017 | HIGH2019 | HIGH2020 | HIGH2021 | NNbar2022 | Total

JLdt, pb! 22.68 16.44 37.34 47.83 128.74 2563.05



https://arxiv.org/abs/1507.08013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.092005
https://arxiv.org/abs/2102.10337

Event types

In the energy region close to the
production threshold, antiprotons
annihilate at the vacuum beam pipe
or the DC inner wall (i.e. so-called
annihilation star).

At higher energies, it is possible to
detect the tracks of protons and
antiprotons in the DC.

“Stars” }// Collinear events

E < 1.920 GeV . E 2 1.920 GeV
Ef-m-sm < 060 MeV Analysis workflows for these Efm:m > 060 MoV

bea event types are different. be

11



V4

> W o=

Collinear events

Event selection
Efficiency

IG./G,,| measurement
Track reconstruction
efficiency

Visible xsection

E__ 21920 GeV

E,__ 2960 MeV

12



/ Collinear Event selection

10°

o
o

EXP, Ebeam =980 MeV (No Pyertex cut) | """""""""

1. 2 tracks originating from the Interaction point:

Poerex < L CMand Iz 1< 8 cm

2. A¢=llp -o¢l-nl<0.15rad
3. Ab=10 +6 -nl<0.2rad

d E/dxionization’ units

g
IIIIIIIIlIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

4. 'Total energy deposition in calorimeters 30
E,, > 200 MeV o
5. 'Tracks momenta correspond to proton/antiproton: e 00 10
2 2 P, Me
P<13 \/(E beam M proton) o 04 ———
6. Ionisation losses corresponds to protons. S 0sE 3
7. Particles are in the fiducial volume: Icos(0)l < 0.7 3 02 =
0.1 —
0F .
01 =
We counted all the events that passed the selection 3 | | | | | | E
0.

criteria. Ao,

ﬂ
Q
.

=}



V4

Selection efficiency

g 0.95 Efficiency for e*e” — pp collinear events: |G| 1, |G |=0 [ =
©W E 3
0.9 £ =
0.85 - —=
08 . . . =
0.75 E- o e —— - =
0.7 E- ¢ Seasons =

= HIGH2017 =

0.65 F < ¢ HiaH20 —

E o + HIGH2019 3

06 | HIGH2020 |3
0.55 - + HIGH2021 |3
0.5 -é
= I el b v b b b by 3

192 193 194 195 196 197 198 1.99 2 2 01
E.me GeV

CEJ 0.6 &/ Efficiency for e'e” — pp collinear events: |GE| =0, |GM| =1 3
W 058 =
0.56 £~ —=
0.54 £ . ° * 3
0.52 - < . . =
0.5 - . . =
0.48 E- =
0.46 - =
0.44 ;_. Seasons _;
0.42 ;_. ’ ¢ HIGH2017 __;
0.4 £ + HIGH2019 =
0.38 E- { HIGH2020 =
0.36 £ ¢ HIGH2021 =
034 B e e e e e TS
1.9 1.93 1.94 1.95 1.96 1.97 1.98 1.99 2 2.01

Ecms GeV

The cross section can be parameterized by two
form factors, electrical G, and magnetic G,
whose angular distributions are different.

dV__ [DM(cos( ) + ey GE(S [2D (cos(@))}

dcos(0)

DE’M is an angular distribution of GE’M part.
— eim?2

Dg = sin*(0,)
— 2

Dy =1+ cos*(0,)

The selection efficiency depends on the IG /G, .

14



Events/0.04

G/Gy

N

IGE/GMI measurement

]
S Epeam = 980 MeV, Blue -- G, Red - G, [ ! 22/ ndf = 49.921/34
300 : ; i 383622
- + pO 0.0263471 + 0.0020096

250 - ! } + W
o0 i P T3
150 * —
- vv"VV‘AAAAA AAAAAAAAAAA Ahay yvvr T, 3
100:— i' N ALV yVoy gy S 71 2 A A‘AAA . —:
S0 l ’ o —
= a . 3
OFzymd vy ; i I ROy & e
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
cos(0)

2.6:;—"”" I....I_z
2.4 ;- —
22 2/ ndt 10873979 | —

2 ;_ Prob 0.284452 _;

1.8 B~ —
a6 B + po 1.17547 £0.0372283 | 3
e :
2 E H t } N
TE- =

08 E- ' =
e Prelimin =
oE e ary =
02 —
OB vl e e e
965 970 975 980 985 990 995 1000 1005
Epeams MeV

The cross section can be parameterized by two form
factors, electrical G, and magnetic G,;, whose angular
distributions are different.

The experimental data can be represented as the sum
of two data samples: one with |Gl =1 and IG/| = 0,
and the second — vice versa.

Angular distribution of the experimental data was
fitted with the following function:

AN o |Dyr(cos(8)) + |g§—((i,))|2DE(cos(9))]

dcos(0)

DE,M is an angular distribution of GE,M.

The difference in track reconstruction efficiency in
the MC and data was taken into account.

(MC)

D((:if;)ed(cow) = D(EXP)(COSO)(%(0039))2
track

15



v

Track reconstruction efficiency

Antiproton selection criteria: E
1) Trackwithp  <02cmandlz |<4cm “
2) Negative charge
3) Ionisation losses and momentum correspond to

antiprotons.

There are less than 3 tracks with p,__ , <3 cm (multihadron

event veto).

We paired found antiprotons with collinear protons:

1) Track with “good” %, p,,, ., <0-2cm, and Iz | <6ecm
2) Positive charge i}
3) Ionisation losses and momentum correspond to g%
antiprotons.
4) Ao¢=llp -o¢l-nl<0.15rad and Ab6=16_+ 6 -nl <0.2 rad
Eors = N(p|p)
rac N(p)
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/ Selection efficiency

MC sample with IG/G, | = 1.18 + 0.04.
Efficiency statistical error arises from uncertainty of the IG./G, | ratio.

To take into account data-MC efficiency difference related to track reconstruction, we
applied the correction:

(EXP)
£ = £ 5(+) 5(_) 5(+) — 5(_) — Etrack
— T T MC
EXP MCYtracktrack? track track Emck)
wg 0.75 3 Efficiency for e’e’” — pp collinear events: |G /G| = 1.18 + 0.04 w gf‘é 108 Track Efficiency for e'e” — pp collinear events m
0.7 - 9 o2 =
- + * + 3 gy 10 =
0.65 - | i = + } | E
= [ - . ¢ —
06 [ + t b : 3 0.98 £ ! d L=
E ' Seasons — 0.97 =
0.55 :—|+ + 4 HIGH2017 —: 0.96 * Seasons —z
E ¢ HIGH2019 3 0.95 ¢ HIGH2017 —
0.5 = ) HIGH2020 — 0.94 ¢ HIGH2019 —=
= ¢ HIGH2021 3 0.93 v HIGH2020 —=
0.45 o = 0.92 ¢ HIGH2021 —=
- - 0.91 —=
0.4 o N I T IS R SR R B B 0.9 PR IR EFRPUTIVEN RTINS RTINS ATV PRI R R B
1.92 1.93 1.94 1.95 196 1.97 1.98 1.99 2 2.01 192 193 194 195 196 197 198 1.99 2 2.01



Visible xsection

9 o9fF '|ee —ppcollinearevents | "' | Seasons R
- - ¢ HIGH2017 =
I8_. 0.85 :_ ¢ HIGH2019 _:
T - t HIGH2020 ]

ig/ 'g 0.8 ¢ HIGH2021 —

o) = =

0.75 - | + I{ : { * -
0.7 | * \ + =
0.65 —
0.6 —
1:1 1 I 11 1 1 I L1 1 | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 I_

192 193 194 195 196 197 198 199 2 201

Ec.m.31 GeV
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Event selection
Event counting
Efficiency

Vacuum pipe
thickness in the MC
Visible xsection

E,_ <1920 GeV

E, . <960 MeV
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Event selection

SIS S e

Events/0.03 cm

> . T T T T T T T T T T —

TI'aCk Energy deposition in Calorimeters < 400 MeV’ é 3000 NNbar2022, Ebeam=942 MeV, Applied cut: number of tracks in vertex >3 E

. . S 2500 :— h _;

There is a vertex that has at least 3 tracks withp__, >02cm, s ¢ Eniies 52780 3

= Mean 142.8 J

No secondary protons (from the vacuum pipe) in the vertex, 1500 - sabev | 1003 3

Total energy deposition in calorimeters E . > 500 MeV o E

. . 500 _:

Minimal track momentum p_. > 50 MeV ] E

. . min 0 I i5I0‘ = I1(‘)0I - ‘15:0‘ - I2&0I - ééO‘ - ‘300‘ = I.’.!f‘)O 400 450 500

No collinear tracks in the vertex EL s MeV
: " [Dots - Exp, Hist—MC| | = 3 o M Eqeam = 942 MeV, Dots  Exp, Hist - MC [ =
10° = = 'k ]
g 3 o 70F -
- - ok E
10° == = _.\(Q 60 E I { =
- E T 50F { ~ E
vk 1 & W P E
A ] 30 * + + { E
10 —— E 3
E 3 20 + =
s - = tH E
E . . e . . . . 3 oY) = EU B IS el [P P [T IV SR FETT NN P SR =

g 02 04 06  os y 12 14 18 100 200 300 400 500 600 700 800 900 100011001200130014001500

Eqt » MeV
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Event counting

£ SV I L BAAAEAARAL AR R
. . . O 140 Background Under Threshold -
We obtained amount of the “stars” events in each energy point { e R
s s ™ = HRE
from the fit of p distribution: 2 100 - \{ o |
vertex £ of + Sl
sig(MC) + bkg(expo + pol0) — data. 5 F el pvvenel I
‘-06 __ p2 7.91724 +2.48577 —.—
We used IG,/G, | = 1.18 + 0.04 to generate the MC sample. 3 wf E
The background model has ~2% systematic uncertainty § = S
R TR T

pvertex’

E e """"iEIabeI=942114841i""""""""'"'” £ —""l""l'-'+-"l""liE|abe|=953_118524i'|""""l""""—
) B = 7 (@) N B
© 10 = —] ©
— E 3 — 10 =
o F . o 3
~ - - == o
2 L 4 2
& ]
() 10 B - L S e, PRl
a | z i e | PP
L AL 1] LA
: H E o b A
Co | Pl 1 | . | LT I . G | | | | | | il i | | | I | |
0.5 1 1.5 2 45 5 55 6 6.5 7 0.5 1 1.5 2 25 3 3.5 4 4.5 5 5.5 6 6.5 7
, CM )
vertex vertex

N
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Selection efficiency IG,/G,,| = 1.18 = 0.04

Antiprotons mainly annihilates at rest. But after 1.895 GeV antiprotons pass
through the vacuum pipe => ¢, drops sharply at high energies.

@) CT ] L B L L B B S 3
wE 0.2 f_ Stars ; Seasons _f
0.18 F- 4 4 l ¢ HIGH2017 =
0.16 & 5 ¢ HIGH2019 =
0.14 E- | HIGH2020 .=
0.12 £ ’ | NNbar2022 |-
0.1 : —
- ¢ -
0.08 - =
0.06 — ¢ —
0.04 . —
0.02 | > -
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1

1.875 188 1885 1.89 1.895 1.9 1.905 191 1.915

Ec.m.s’ Gev 22



Vacuum pipe thickness in MC

We suppose cross section to be constant in energy region 1.895 — 1.915 GeV. Due to

MC simulation flaws (e.g. wrong dE/dx or material densities.) the Eaxp * Enc

We introduced the effective pipe thickness correction A pipe to take into account

these flaws.
2 09 T e [T =3 To obtain A . we varied the pipe
= ¢ HIGH2017 3
B 08E J— = thicknessin t%e MC.
T 0.7 ;— ¢ HIGH2020 | —;
@ .+ . :_ e @Xpected cross section I _E
\>/b$ g: g_ ¢ NNbar2022 ﬁ + T _E (Standa’rd)
" . 8 E Ofound __ EpC
' E_ +@ _E - y
0.3 E- e A = O expected g(vamed)
0.2 E- - = MC
] =
0B o 3
4:— I I 1 1 1 1 I 1 1 1 1 I 1 1 | 1 1 1 1 | 1 1 1 1 I | § 1 1 1 | 1 1 1 1 I 1 1 E

1875 188 1.885 189 1895 19 1905 191 1915

Eoms: GeV 23



50
48
46
44
42
40
38
36
34
32
30
28
26
24
22

Apipe MM

Apipe ~ (58]. T 026)% —

_llllllll'lll'III|III|III|III|III|IIIIIIIIIIIlIIIIIII'IIII_

Vacuum plpe tluckness in MC
LI IR MR I IR B IR I I R IR T
x"’/ndf 9.30435/8
Prob 0.317275
p0 29.7875 + 0.905684

T S —

ﬂllllllllllllIIIIIIIlIIIlIIIlIIIIIIIIIIIIIIIlIIIIIIIIIIII_

1.899 1.9 1.901 1.902 1.903 1.904 1.905 1.906 1.907 1.908 1.909 1.91 1.911 1.912 1.913

Ec.m.ss GeV

(29.79 -

-0.9) um
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Visible xsection

GENAT4 correctly simulates energy dependence of the antiproton probability to
stop in the material. But the annihilation at rest doesn’t. Hence, we don’t know
energy-independent factor of the selection efficiency P(annihilation).

e mc = P(stop)P(annihilation)e(selection|annihilation)

_Q D — . = LN B B I B B B LA L N B _Q __| T T T T T T T T T =
S o8 e*e’ — pp stars (no efficiency) | Seasons c 09 - s
) + High2017 B 0.8[F + =
= 0.07 + by } High2019 T o7E M bt + ‘ ¢y t 3
& . | t High2020 g0 | E t E
g 006 + {u’ t { + High2021 S% 06F 3
< 0.05 1 | + _NNbar2022 o = Seasons 3
¢ * +T = 0.5 E l ¢ HIGH2017 =
004 + = 0.4 =k 4 lHl ¢ HIGH2019 =
{ . = TE L* T4 b HIGH2020 E
0.03 + i — 03 E .*-’7 2 1 ¢ HIGH2021 —
0.02 . s _; 0.2 z_ iﬁ ¢ NNbar2022 _z
0.01 } ! + = 0.1 =
0 +h|t||||t|—: 0 Es LR o | ; : L I l -

187 1875 188 1885 189 1895 19 1905 191 10915 1.86 1.88 1.9 1.92 1.94 1.96 1.98

Eome GeV | By Ge



The visible cross section fit

Tborn = O(Ecm.s. — threshold) * level x (1 — e—Slope*(Ec.m.s.—threshold))

1 O _ (Ec.m.s{\/(-‘>'))2
o4.(s Keo] = (] T T T T . s T =
210 5(s) % 08F + =
0.7 E- 4 =
1-sp/E2,,. 5 N 06 E- + —E
/ Flo, B2, )00m(B(1 - 2))dedE 05 c =
0 0.4 E- m=
0.3 E- —|
2 eval data *2 02 =" E
L free parameter, if Epeqm < 955 MeV, & ' B % ”; i ? i i =
pr— . = 0 ;_ v 0 4 v +# 4 ¥ ;
a8 1if Epeam > 955 MeV, fixed Z asE + e
‘(3‘ -1 E— ey ~0.00248645 :01.1918:::; g
kel t— U T SN TN NN TN ST S NN SR U S N ST S S | PR S SN TN SN SN N SR TN s s s s s s s s
k __— efficiency correction due to P\bar{P} RGN A S - SN A1/
stars : : wms:
annihilation cross-section value in the Geant4 Error i/
threshold 0.0003
lendf = 24/39 - level 0.011

71.3
0.0147

* arXiv: 2108.07539 [hep-ex]


https://arxiv.org/abs/2108.07539

Table 3: Systematic uncertainties for the collinear events.

Resu]js Source Average value | Maximum Value
Collinearity cut 0.3% 0.7%
o) 1 [ l I | | [ T ¢ ] &7 : ] Other selection criteria | 0.25% 0.3%
cC — — 0 0
4 F . G /Gl 5% 3%
T& - :_ Pre]jl‘njnaly = Luminosity 1% 1%
=1 T 1 . Radiative correction 1% 1%
5 'o 1 7 Track reconstruction 1.5% 3%
86“’ C * g + ' | Z Total 2.9% 4.5%
0_ 8 __ + | %:‘*; + ’ ¢ + ’—‘—+7 , ] Table 2: Systematic uncertainties for the "Stars" events.
= 3 Source Average value | Maximum Value

0.6 :_ + BaBar _: Total energy deposition cut | 4.7% 9%

= - Dertes GIUT 0.5% 0.8%

04 :— A ¢ BESHI _—_- Event counting 2% 2%

0o £ ) = Luminosity 1% 1%

< + This work s Radiative correction 1% 1%

0 ?* M e Yl i S M i ey G - 165% =L

Tube width uncertainty 2% 2%

1.88 1.9 1.92 1.94 1.96 1.98 2 TP 5% 5%

E.ms, GeV Total 7.7% 10.9%

This work (Preliminary): |Gg/G | = 1.18 £ 0.04 £ 0.06 if 1.92 GeV < E s < 2.007 GeV

BESIII (ISR): |Gg/G y| = {

BESIII (2020): G /G, | = 1.38 = 0.10 = 0.03 (E__ = 2.0 GeV)

1.36 +0.15+0.05

1.27 + 0.23 + 0.09, if 1.877 GeV < M,; < 1.950 GeV,
1.78 + 0.33 £ 0.11, if 1.950 GeV < M,; < 2.025 GeV

arXiv:2102.10337 [hep-ex]

arXiv:2102.10337 [hep-ex]

BaBar(ISR): [G /G| = 4 -30-014-0.01, I 1L8TT GeV < My < 1.950 GeViqq:1 0 1103/PhysRevD.87.092005

1.48+0'16+0'06

T014-0.050 if 1.950 GeV < M5 < 2.025 GeV
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https://arxiv.org/abs/2102.10337
https://arxiv.org/abs/2102.10337
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Back up



Born cross section parametrization

(s) = 4122 |Gy (5)2 + 22 G (o))
C=y/(1-e),y=ma/B, B= \/1 —4My /s
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Comparison with the phenomenology

Qo H an: . . =

= | Milstein-Salnikov model —_— =

PR Prelimin E

2 0.9 E— ’ j ary =

o} — =

08 - | % | llll l || B
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“I_ — t ’ Xz Tndf 15.0399/ 40 —

© — Prob 0.999885 —

= 05 — i po -0.00390461 + 0.0114724 —

o = U NS S S S S S S SU S S S RS S RS B
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Ecms, GeV

lendf= 15/41 Name | value | Error +/-

threshold | 1.87654 GeV | 0.001 GeV

scale | 1.029 | ©.015

arXiv: 2207.14020 [hep-ph] k stars | 0.5211 | e.0115
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