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VEPP-2000 e+e− collider

VEPP-2000 parameters

c.m. energy E=0.3-2.0 GeV

Luminosity at E=1.8 GeV
1032cm−2sec−1 (project)
6x1031cm−2sec−1 (achieved)

Beam energy spread - 0.6 MeV at E=1.8
GeV

10 times more intense positron source

Experiments at upgraded VEPP-2000
were continued in the late 2016
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SND detector

1-beam pipe, 2-tracking system, 3- aerogel
Cherenkov counter , 4 - NaI(Tl) crystals, 5 -

phototriodes, 6 - iron muon absorber, 7-9 - muon
detector, 10 - focusing solenoids.

Main physics task of SND is study of all
possible processes of e+e− annihilation into
hadrons
below 2 GeV

The total hadronic cross section, which is
calculated as a sum of exclusive cross
sections

Study of hadronization (dynamics of
exclusive processes)

Study of the light vector mesons

Production of the C-even resonances
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SND data

Current e+e− → π+π− analysis is based on the statistics, collected

in 2017 � 2018 in 100 energy points
√
s < 1 GeV. In recent years

900 pb−1 data are collected in the
√
s ≈ Mω and Mω <

√
s < 2

GeV energy regions. With 1.1 and 3.9 times greater statistics.

Timeline

MHAD2012 � 48 pb−1

RHO 2013 � 32 pb−1

MHAD2017 � 50 pb−1

RHO 2018 � 90 pb−1

MHAD2019 � 65 pb−1

RHO 2019 � 1 pb−1

MHAD2020 � 45 pb−1

MHAD2021 � 57 pb−1

MHAD2022 � 360 pb−1

MHAD2023 � 223 pb−1

MHAD2024 � 114 pb−1

PHI 2024 � 57 pb−1

RHO 2024 � 33 pb−1

OMEG2024 � 48 pb−1
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Îòáîð ñîáûòèé

1 Êîëè÷åñòâî çàðÿæåííûõ ÷àñòèö Ncha ≥ 2, ïðè ýòîì ñîáûòèå ìîæåò ñîäåðæàòü
ïðîèçâîëüíîå ÷èñëî íåéòðàëüíûõ ÷àñòèö

2 |∆θ| = |180◦ − (θ1 + θ2)| < 14◦ è |∆φ| = |180◦ − |φ1 − φ2|| < 6◦, ãäå θ1,2 è φ1,2 �
ïîëÿðíûå è àçèìóòàëüíûå óãëû çàðÿæåííûõ ÷àñòèö ñ íàèáîëüøèì
ýíåðãîâûäåëåíèåì. Ïîçâîëÿþò ñóùåñòâåííî ïîäàâèòü âêëàäû íåêîëëèíåàðíûõ
ïðîöåññîâ.

3 E1,2 > 40 ÌýÂ, ãäå Ei � ýíåðãîâûäåëåíèå çàðÿæåííîé ÷àñòèöû ñ íîìåðîì i .
Îáåñïå÷èâàåò âûñîêóþ ýôôåêòèâíîñòü òðèããåðà äëÿ îòîáðàííûõ ñîáûòèé, ïîäàâëÿåò
âêëàä ïó÷êîâîãî ôîíà.

4 60◦ < θ0 < 120◦, ãäå θ0 = (θ1 − θ2 − 180◦)/2 � ¾ñðåäíèé óãîë¿ ñîáûòèÿ. Â äàííîì
äèàïàçîíå ðàñïðåäåëåíèÿ ïî θ0 äëÿ âñåõ êîëëèíåàðíûõ ïðîöåññîâ áëèçêè ê
ðàâíîìåðíûì, à êîíå÷íûå ÷àñòèöû ñ áîëüøîé âåðîÿòíîñòüþ ïðîõîäÿò ÷åðåç âñå
ïîäñèñòåìû äåòåêòîðà.
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Îòáîð ñîáûòèé

5 |r1,2| < 1 ñì, ãäå ri � ðàññòîÿíèå ìåæäó òðåêîì ÷àñòèöû ñ íîìåðîì i è îñüþ ïó÷êîâ.
Äîëÿ ñîáûòèé e+e− àííèãèëÿöèè óäîâëåòâîðÿþùèõ äàííîìó óñëîâèþ îòáîðà áîëüøå
99,9 %.

6 |z1,2| < 8 ñì, ãäå zi � êîîðäèíàòà òî÷êè âûëåòà ÷àñòèöû âäîëü îñè ïó÷êîâ.

7 Íåò ñðàáàòûâàíèÿ ìþîííîé ñèñòåìû: veto = 0. Â îáëàñòè ýíåðãèé âûøå 900 ÌýÂ
èñïîëüçîâàëèñü àíàëîãè÷íûå óñëîâèÿ îòáîðà, íî áåç óñëîâèÿ veto = 0 è äðóãèìè
îãðàíè÷åíèÿìè íà ïîëîæåíèå òî÷êè âûëåòà: |r1,2| < 5 ìì, |z1,2| < 10 ñì.

Ñîáûòèÿ e+e− → π+π−, e+e− → µ+µ−, e+e− → e+e− è îñòàòî÷íîãî êîñìè÷åñêîãî ôîíà
ïðîõîäÿò äàííûå óñëîâèÿ îòáîðà. Âêëàäû e+e− → e+e−e+e− (0.2 � 3.5 %) è
e+e− → π+π−π0 (0.01 � 0.6 %) â e+e− → π+π− îöåíèâàëèñü ïî ýêñïåðèìåíòàëüíûì
äàííûì. Ýôôåêòèâíîñòü îòáîðîâ îöåíèâàëàñü ïî ñîáûòèÿì ìîäåëèðîâàíèÿ. Ãåíåðàòîð
ïåðâè÷íûõ ÷àñòèö: BABAYAGA-NLO.
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Îòáîð êîñìè÷åñêèõ ñîáûòèé

1 Nch ≥ 2 � ÷èñëî òðåêîâ

2 |∆θ| = |180◦ − (θ1 + θ2)| < 14◦ è |∆ϕ| = |180◦ − |ϕ1 − ϕ2|| < 6◦

3 E1,2 > 40 ÌýÂ, ãäå Ei � ýíåðãîâûäåëåíèå i�é ÷àñòèöû

4 60◦ < θ0 = (θ1 − θ2 + 180◦)× 0.5 < 120◦

5 0.5 < |r1| < 1 cm , 0.5 < |r2| < 1 cm, ri � ïðèöåëüíûé ïàðàìåòð i�ãî òðåêà
îòíîñèòåëüíî îñè ïó÷êà

6 4 < |z01| < 10 cm , 4 < |z02| < 10 cm, ãäå zi � ïðîäîëüíàÿ êîîðäèíàòà âåðøèíû òðåêà

Èñïîëüçóåòñÿ äëÿ îöåíêè ýôôåêòèâíîñòè êîñìè÷åñêîãî âåòî (0.92 - 0.98)
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Ýêñïåðèìåíò RHO2018 î÷åíü íåîäíîðîäíûé

Ïîòðåáîâàëèñü ìîäèôèêàöèè àëãîðèòìîâ ðåêîíñòðóêöèè è ìîäåëèðîâàíèÿ äëÿ
óëó÷øåíèÿ ñîãëàñèÿ ìåæäó ýêñïåðèìåíòàëüíûìè ðåçóëüòàòàìè îáîèõ

ñêàíèðîâàíèé è ìîäåëèðîâàíèåì.

Âíóòðåííèé êàòîä Âíåøíèé êàòîä Ïðîâîëî÷êè ÄÊ
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e/π ðàçäåëåíèå

Ñîáûòèÿ ïðîöåññîâ e+e− → e+e−, µ+µ− è π+π− ðàçëè÷àþòñÿ ïî õàðàêòåðó
ýíåðãåòè÷åñêèõ ïîòåðü çàðÿæåííûõ ÷àñòèö â êàëîðèìåòðå

1Ej � ýíåðãîâûäåëåíèå â j−îì ñëîå áàøíè ñ íàèáîëüøèì ýíåðãîâûäåëåíèåì (j = 1, 2, 3)
2Ej � ñóììà ýíåðãîâûäåëåíèé â j−îì ñëîå âîñüìè áàøåí ðàñïîëîæåííûõ âîêðóã áàøíè ñ íàèáîëüøèì
ýíåðãîâûäåëåíèåì
3Ej � ñóììà ýíåðãîâûäåëåíèé â j−îì ñëîå îñòàëüíûõ áàøåí êëàñòåðà

Ej � ýíåðãîâûäåëåíèå â j−îì ñëîå
1E � ýíåðãîâûäåëåíèå â áàøíå ñ íàèáîëüøèì ýíåðãîâûäåëåíèåì
2E � ñóììà ýíåðãîâûäåëåíèé â âîñüìè áàøíÿõ, ðàñïîëîæåííûõ âîêðóã áàøíè ñ íàèáîëüøèì
ýíåðãîâûäåëåíèåì
3E � îñòàòî÷íîå ýíåðãîâûäåëåíèå êëàñòåðà

E � ïîëíîå ýíåðãîâûäåëåíèå ÷àñòèöû

A = (2E × 9◦ +3 E × 18◦)/E � óãëîâàÿ øèðèíà êëàñòåðà

L = (E1 × 30 + E2 × 40 + E3 × 60)/E �óñëîâíàÿ ãëóáèíà êëàñòåðà

Èòîãî (4× 3 + 3 + 2 + 1)× 2 = 36 âõîäíûõ ïàðàìåòðîâ äëÿ äèñêðèìèíàòîðà BDTG.
Òàêæå ñîçäàíû äèñêðèìèíàòîðû äëÿ îòäåëüíûõ ÷àñòèö.

Â òîì ÷èñëå äëÿ µ/π ðàçäåëåíèÿ.
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Âõîäíûå ïàðàìåòðû ðàçäåëåíèÿ äëÿ e+e− → π+π− â òî÷êå
√
s = 680

MeV
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Âõîäíûå ïàðàìåòðû ðàçäåëåíèÿ äëÿ e+e− → e+e− â òî÷êå
√
s = 680

MeV
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Âõîäíûå ïàðàìåòðû ðàçäåëåíèÿ äëÿ e+e− → µ+µ− â òî÷êå
√
s = 680

MeV
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Îòêëèêè äèñêðèìèíàòîðîâ â òî÷êå
√
s = 680 MeV
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Îöåíêà ôîíà îò ïðîöåññà e+e− → e+e−e+e−

Âêëàä ïðîöåññà e+e− → e+e−e+e− îöåíèâàëñÿ ïî ñïåöèàëüíîìó ÷èñëó ñîáûòèé
(N4e), óäîâëåòâîðÿþùèõ ñëåäóþùèì óñëîâèÿì îòáîðà: íåêîëëèíåàðíûå ñîáûòèÿ ñ
äâóìÿ çàðÿæåííûìè ÷àñòèöàìè, âûçâàâøèìè ñðàáàòûâàíèÿ À×Ñ è
ýíåðãîâûäåëåíèåì â êàëîðèìåòðå

√
s/4

Îòíîøåíèå ÷èñëà ñîáûòèé e+e− → e+e−e+e− ïîïàâøèõ â êîëëèíåðíûé ïîòîê ê N4e

îöåíèâàëîñü ïî ýêñïåðèìåíòàëüíûì äàííûì (êðîìå óñëîâèÿ Etot < 0.25
√
s)

Âêëàä ôîíà e+e− → e+e−e+e− â π+π− ìåíüøå 0,2% â ïèêå ρ(770), íî ñòàíîâèòñÿ
ñóùåñòâåííûì â îáëàñòè âûñîêèõ ýíåðãèé, äîñòèãàÿ 3,5%
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Îïðåäåëåíèå âåðîÿòíîñòè ïîòåðè ïèîíà

Ñîáûòèÿ ïðîöåññà e+e− → π+π− ìîãóò íå ïðîéòè óñëîâèÿ îòáîðà èç-çà ÿäåðíîãî
âçàèìîäåéñòâèÿ êîíå÷íûõ ÷àñòèö ñ âåùåñòâîì äî ãàçîâîãî îáúåìà òðåêîâîé ñèñòåìû. Ñîáûòèÿ
e+e− → ω, ϕ→ π+π−π0 èñïîëüçóþòñÿ äëÿ îöåíêè âåðîÿòíîñòè äàííîãî ýôôåêòà, îíè
îòáèðàëèñü ñ ïðèìåíåíèåì êèíåìàòè÷åñêîé ðåêîíñòðóêöèè â ãèïîòåçå, ÷òî â ñîáûòèè ïðîèçîø¼ë
ðàñïàä π0 íà ïàðó ôîòîíîâ, à ÷èñëî çàðåãèñòðèðîâàííûõ öåíòðàëüíûõ òðåêîâ íå áîëüøå 1.
Ýíåðãèè çàðÿæåííûõ ïèîíîâ E1 è E2 âû÷èñëÿëèñü ïóò¼ì ðåøåíèÿ óðàâíåíèé ñîõðàíåíèÿ ýíåðãèè
è èìïóëüñà. Ñðåäíåå çíà÷åíèå ïîïðàâêè äëÿ ñîáûòèé e+e− → π+π− ñ ýíåðãèåé ïèîíîâ
Eπ ∈ [250, 450] ÌýÂ ðàâíî 0.9936. Âàðèàöèÿ ïîïðàâêè ñ ýíåðãèåé çàäà¼ò çíà÷åíèå âêëàäà â
ñèñòåìàòè÷åñêóþ íåîïðåäåë¼ííîñòü ýôôåêòèâíîñòè ðàâíîå 0.1 %.
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Ïåðåñ÷èòàíû ýíåðãèè

Áðàëèñü ñðåäíèå çíà÷åíèÿ ñ âåñàìè, ïðîïîðöèîíàëüíûìè ÷èñëó ñîáûòèé cbebe36 èç ïîñëåäíåé
ïåðåêà÷êè (çàâèñèìîñòü ñå÷åíèÿ e+e− → e+e− îò ýíåðãèè âíóòðè òî÷êè íå ó÷èòûâàëàñü).
Çàõîäû, îòìå÷åííûå êàê ïëîõèå, íå ó÷èòûâàëèñü ïðè óñðåäíåíèè. Äëÿ òî÷êè 475.0/0 èçìåðåíèé
íåò.

Îòëè÷àå îò ñòàðîãî èçìåðåíèÿ Ðàçáðîñ ýíåãðèè â ÑÖÌ
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Ïåðåñ÷èòàíû ýíåðãèè

Äðåéô ýíåðãèè â ïó÷êå ó÷èòûâàëñÿ êàê äîáàâêà ê ðàçáðîñó ýíåðãèè â ÑÖÌ.

Ðàñïðåäåëåíèå ýíåðãèè â òî÷êå 274.0/0 Óâåëè÷åíèå ðàçáðîñà îò äðåéôà ýíåðãèè â
ïó÷êå
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Ýôôåêòèâíîñòü óñëîâèÿ veto = 0

Ýôôåêòèâíîñòü îïðåäåëåíà ïî ñîáûòèÿì e+e− è π+π−, íàáðàíûõ ñ äîïîëíèòåëüíûìè
óñëîâèÿìè îòáîðà äëÿ ïîäàâëåíèÿ µ+µ− è êîñìè÷åñêîãî ôîíà

Ïîïðàâêà äëÿ e+e− Ïîïðàâêà äëÿ π+π−

Âåðîÿòíîñòü ñðàáàòûâàíèÿ ìþîííîé ñèñòåìû â ìîäåëèðîâàíèè áîëüøå ÷åì â
ýêñïåðèìåíòå
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Îöåíêà ôîíà êîñìè÷åñêèõ ìþîíîâ

Îñòàòî÷íûé êîñìè÷åñêèé ôîí îöåíèâàëñÿ ïî ôîð-
ìóëå:

Ncosm = Nveto=1
exp

Nveto=0
cosm

Nveto=1
cosm

, (1)

ãäå Nveto=1
exp � êîëè÷åñòâî êîëëèíåàðíûõ ñîáûòèé,

íî èíâåðòèðîâàííûì óñëîâèåì íà veto, Nveto=0
cosm è

Nveto=1
cosm � ÷èñëà êîñìè÷åñêèõ ñîáûòèé äëÿ êîòî-

ðûõ veto = 0 è veto = 1 ñîîòâåòñòâåííî Îòíîøå-
íèå Nveto=0

cosm ê Nveto=1
cosm , õàðàêòåðèçóþùåå íåýôôåê-

òèâíîñòü ïîäàâëåíèÿ êîñìè÷åñêîãî ôîíà ìþîííîé
ñèñòåìîé, ìåíÿëîñü âòå÷åíèå âñåãî ñêàíèðîâàíèÿ â
ïðåäåëàõ 1�7%
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Âû÷èñëåíèå ñå÷åíèÿ e+e− → π+π− áåç ìþîííîãî âåòî

Ïðè
√
s > 900 ÌýÂ â ñîáûòèÿõ e+e− → µ+µ− ìþîíû ñ áîëüøîé âåðîÿòíîñòüþ ïðîõîäÿò ÷åðåç æåëåçíûé

ïîãëîòèòåëü
Ñðàâíåíèå ñå÷åíèé ïðè√

s < 900 MeV
Îöåíêà ÷èñëà ñîáûòèé êîñìè÷åñêîãî
ôîíà (ÑÊÔ):

Âû÷èñëÿåì ýôôåêòèâíîñòü êîñìè÷åñêîãî âåòî
äëÿ ÑÊÔ

Îòáèðàåì ñîáûòèÿ ñ veto > 0

Èç ïîäãîíêè ðàñïðåäåëåíèÿ (z01 + z02)/2
îïðåäåëÿåòñÿ ÷èñëî ÑÊÔ ñ veto > 0

Âîñòàíàâëèâàåì ïîëíîå ÷èñëî ÑÊÔ äëÿ êàæäîãî
òèïà ñîáûòèé, èñïîëüçóÿ ýôôåêòèâíîñòü
êîñìè÷åñêîãî âåòî

Ñðåäíåå îòíîøåíèå ñîñòàâèëî 4.5× 10−4, äàííîå çíà÷åíèå âçÿòî â êà÷åñòâå âêëàäà â ñèñòåìàòèêó îò
óñëîâèÿ veto = 0
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Ðàñïðåäåëåèå ïî ∆ϕ

25− 20− 15− 10− 5− 0 5 10 15 20 25
, degϕ∆

4−10

3−10

2−10

1−10

)
ϕ

∆
d

N
/d

(

π+π−:
√
s < mρ

25− 20− 15− 10− 5− 0 5 10 15 20 25
, degϕ∆

4−10

3−10

2−10

1−10

1)
ϕ

∆
d

N
/d

(

√
s ≈ mρ

25− 20− 15− 10− 5− 0 5 10 15 20 25
, degϕ∆

3−10

2−10

1−10

1)
ϕ

∆
d

N
/d

(

√
s > mρ

25− 20− 15− 10− 5− 0 5 10 15 20 25
, degϕ∆

4−10

3−10

2−10

1−10

)
ϕ

∆
d

N
/d

(

e+e−:
√
s < mρ

25− 20− 15− 10− 5− 0 5 10 15 20 25
, degϕ∆

4−10

3−10

2−10

1−10

1)
ϕ

∆
d

N
/d

(

√
s ≈ mρ

25− 20− 15− 10− 5− 0 5 10 15 20 25
, degϕ∆

4−10

3−10

2−10

1−10

1

)
ϕ

∆
d

N
/d

(

√
s > mρ

Êóïè÷ À. Èçìåðåíèå ñå÷åíèÿ e+e− → π+π− ñ äåòåêòîðîì ÑÍÄ íà óñêîðèòåëüíîì êîìïëåêñå ÂÝÏÏ-2000 22/41



Ðàñïðåäåëåèå ïî ∆θ
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Ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì

Ìåæäó óãëîâûìè ðàñïðåäåëåíèÿìè â ìîäåëèðîâàíèè è â ýêñïåðèìåíòå åñòü íåáîëüøèå
îòëè÷èÿ. Âñëåäñòâèå ÷åãî, ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì â ìîäåëèðîâàíèè
ìîæåò ñóùåñòâåííî îòëè÷àòüñÿ îò èñòèííîé. Íà ïåðâîì ýòàïå ðàññìàòðèâàëèñü óñëîâèÿ
îòáîðà: |∆φ| = |180◦ − |φ1 − φ2|| < 6◦ è |∆θ| = |180◦ − (θ1 + θ2)| < 14◦ . Äëÿ èçó÷åíèÿ
îòëè÷èé ìåæäó ìîäåëèðîâàíèåì è ýêñïåðèìåíòîì â êàæäîé òî÷êå ïî ýíåðãèè ââîäèëàñü
ïîïðàâêà ê ýôôåêòèâíîñòè:

Ri (x) =
εexpi (x)

εmc
i (x)

εexpi =
Ni (|x | < Ax)

Ni (|x | < Bx)
εmc
i =

Mi (|x | < Ax)

Mi (|x | < Bx)

Ãäå x=∆φ, ∆θ; i = ee, ππ è µµ � òèï ñîáûòèé; Ax - îãðàíè÷åíèå íà x (A∆φ = 6◦,
A∆θ = 14◦), èñïîëüçóåìîå ïðè èçìåðåíèè ñå÷åíèÿ; Bx - ðàñøèðåííûé èíòåðâàë
äîïóñòèìûõ çíà÷åíèé x ( B∆φ = 25◦, B∆θ = 38◦); N è M - ÷èñëî ñîáûòèé â ýêñïåðèìåíòå
è ìîäåëèðîâàíèè ñîîòâåòñòâåííî. Èç ÷èñëà ýêñïåðèìåíòàëüíûõ ñîáûòèé e+e− → π+π−

âû÷èòàëñÿ âêëàä ïðîöåññà e+e− → π+π−π0. Çíà÷åíèå ïîñëåäíåãî îïðåäåëÿëîñü ïî
ýôôåêòèâíîñòè èç ìîäåëèðîâàíèÿ, è èçìåðåííûõ ðàíåå ñå÷åíèè è èíòåãðàëüíîé
ñâåòèìîñòè: N3π = σ3πILε3π.
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Ýôôåêòèâíîñòü äëÿ |∆ϕ|<6◦

Ýôôåêòèâíîñòü îïðåäåëåíà ïî ñîáûòèÿì e+e− è π+π−, íàáðàíûì ñ äîïîëíèòåëüíûìè
óñëîâèÿìè îòáîðà äëÿ ïîäàâëåíèÿ µ+µ−, ω →3π è êîñìè÷åñêîãî ôîíà
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 / ndf 2χ  129.6 / 92

p0        0.1064±0.9939 − 

 / ndf 2χ  129.6 / 92

p0        0.1064±0.9939 − 

e+e− → π+π−
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 / ndf 2χ  134.6 / 92

p0        0.1701±1.151 − 

 / ndf 2χ  134.6 / 92

p0        0.1701±1.151 − 

e+e− → µ+µ−

Ñðåäíèå çíà÷åíèÿ ïîïðàâîê îòêëîíÿþòñÿ îò 1 íå áîëåå ÷åì íà 0.1%
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Ýôôåêòèâíîñòü äëÿ |∆θ|<14◦

Ýôôåêòèâíîñòü îïðåäåëåíà ïî ñîáûòèÿì e+e− è π+π−, íàáðàíûõ ñ äîïîëíèòåëüíûìè
óñëîâèÿìè îòáîðà äëÿ ïîäàâëåíèÿ µ+µ−, ω →3π è êîñìè÷åñêîãî ôîíà
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 / ndf 2χ  89.24 / 92

p0        0.09009±4.383 − 

 / ndf 2χ  89.24 / 92

p0        0.09009±4.383 − 

e+e− → e+e−
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p0        0.1881±2.498 − 

 / ndf 2χ  83.13 / 92

p0        0.1881±2.498 − 

e+e− → π+π−

600 700 800 900 1000
, MeVs

10−

5−

0

5

10

15

3
­1

]x
1

0
θ

∆
[R

 / ndf 2χ  78.64 / 92

p0        0.2525±0.8268 − 

 / ndf 2χ  78.64 / 92

p0        0.2525±0.8268 − 

e+e− → µ+µ−

Ïîïðàâêà â ñðåäíåì = -0.44% äëÿ e+e−, è -0.25% äëÿ π+π−
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Ýôôåêòèâíîñòü ðåêîíñòðóêöèè òðåêîâ

Ýôôåêòèâíîñòü îïðåäåëåíà ïî ñîáûòèÿì e+e− è π+π−, íàáðàíûõ ñ äîïîëíèòåëüíûìè
óñëîâèÿìè îòáîðà äëÿ ïîäàâëåíèÿ γγ è êîñìè÷åñêîãî ôîíà, îáëàñòü ω èñêëþ÷åíà

600 700 800 900 1000
, MeVs

6−

4−

2−

0

2

4

6

8

3
­1

]x
1
0

n
c
>

1
[R

 / ndf 2χ  95.42 / 67

p0        0.1261± 1.114 

 / ndf 2χ  95.42 / 67

p0        0.1261± 1.114 

Ñðåäííåå çíà÷åíèå îòíîøåíèÿ ïîïðàâîê e+e− è π+π−

îòñòîèò îò 1 íà 0.1%
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Ýôôåêòèâíîñòü îòáîðà Ei > 40 MeV

Èñïîëüçóåì ñîáûòèÿ ee, 2π è 3π (ñ äîïîëíèòåëüíûìè îãðàíè÷åíèÿìè*) äëÿ âû÷èñëåíèÿ
ïîïðàâîê

, MeVs
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e+e− → e+e− e+e− → π+π−

R(s) = a1 + a2(tanh((
√
s − a3)× a4))× 0.5. Ðàçíèöà ìåæäó ïàðàìåòðàìè a1 èç àïïðîêñèìàöèè

ïîïðàâîê, ïîëó÷åííûìè èç e+e− → 2π è e+e− → 3π, ñîñòàâèëà 0.5 %

* (íå)ñðàáàòûâàíèå À×Ñ, ðàçäåëåíèå µ/π, Emax > 160 MeV
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Ïñåâäîñîáûòèÿ

Ïñåâäî-ee è ïñåâäî-ππ ñîáûòèÿ êîíñòðóèðîâàëèñü, ñ ïðèìåíåíèåì ìåòîäà, àíàëîãè÷íîãî ìåòîäèêå Tag�and�Probe.
Ïðè îòáîðå òàêèõ ÷àñòèö èñïîëüçîâàëèñü ñèãíàëû À×Ñ (ñ÷åò÷èê ñðàáàòûâàåò îò e, íî íå π) è ïàðàìåòðû e/π è
µ/π ðàçäåëåíèÿ R′ è R′′. Probe-÷àñòèöà ñ÷èòàëàñü ¾ïèîíîì¿, åñëè îáå êîëëèíåàðíûå ÷àñòèöû íå âûçâàëè
ñðàáàòûâàíèÿ ÷åðåíêîâñêîãî ñ÷åò÷èêà è äëÿ tag-÷àñòèöû R′ > 0 è R′′ > 0 .È ¾ýëåêòðîíîì¿ êîãäà R′ < 0 äëÿ
tag-÷àñòèöû è ñ÷åò÷èê ñðàáîòàë äëÿ îáåèõ ÷àñòèö. Îòîáðàííûå probe-÷àñòèöû èç ðàçíûõ ñîáûòèé îáúåäèíÿëèñü
ïîïàðíî â ïñåâäîñîáûòèÿ, ïðè óñëîâèè, ÷òî îíè êîëëèíåàðíû. Ïñåâäî-µµ: probe-÷àñòèöà ñ÷èòàëàñü ¾ìþîíîì¿
åñëè îáå ÷àñòèöû íå âûçâàëè ñðàáàòûâàíèÿ À×Ñ, äëÿ tag-÷àñòèöû R′ > 0 è R′′ < −0.8 è R′′ < 0.8 äëÿ
probe-÷àñòèöû.
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e+e− → π+π−
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e+e− → µ+µ−

Äàæå ïðè 100 êðàòíîì ïîäàâëåíèè îòáèðàåìûõ ñîáûòèé óñëîâèåì R′ > 0.5 (R′ < −0.5) óãëîâîå ðàñïðåäåëåíèå îïèñûâàåòñÿ
ìîäåëèðîâàíèåì ñîîòâåòñòâóþùåãî ïðîöåññà
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Ýôôåêòèâíîñòü e/π ðàçäåëåíèÿ

Ïîïðàâêà âû÷èñëÿëàñü ïî ïñåâäî-ñîáûòèÿì ee and 2π

Corrections for electrons and
pions for the 1-st scan.

Corrections for electrons and
pions for the 2-nd scan.

Corrections for pions in
pseudo-events from

e+e− → 3π for the �rst and
second scans

Ïîïðàâêà äëÿ ñîáûòèé e+e− → e+e− < 0.1 %. Â ñëó÷àå e+e− → π+π− îíè ðàâíû 0.24 %
è 0.42 % äëÿ 1-ãî è 2-ãî ñêàíèðîâàíèé.

Îíè ñîãëàñóþòñÿ ñ ðåçóëüòàòîì äëÿ ïñåâäî-ñîáûòèé èç e+e− → 3π.
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Èçìåíåíèå ñå÷åíèÿ e+e− → π+π− ïðè âàðèàöèè óñëîâèÿ íà θ0

Âëèÿíèå óñëîâèÿ íà ñðåäíèé ïîëÿðíûé óãîë θmin < θ0 < 180◦ − θmin íà òî÷íîñòü èçìåðåíèÿ ñå÷åíèÿ
e+e− → π+π− îïðåäåëÿëîñü ïóò¼ì âàðèàöèè θmin. Îòíîøåíèÿ ñå÷åíèé, âû÷èñëåííûõ äëÿ
θmin = 54◦, 56◦, 58◦, 62◦, 64◦, 68◦, 70◦, 72◦, ê ñå÷åíèþ, ïîñ÷èòàíîìó ñî ñòàíäàðòíûì óñëîâèåì îòáîðà
60◦ < θ0 < 120◦

θmin = 54◦ θmin = 56◦ θmin = 58◦ θmin = 62◦ θmin = 64◦

θmin = 66◦ θmin = 68◦ θmin = 70◦ θmin = 72◦
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Èçìåíåíèå ñå÷åíèÿ e+e− → π+π− ïðè âàðèàöèè óñëîâèÿ íà θ0

Variation of θ0 cut results in changes of the
cross section measurement results. They show
no energy dependance. Averaged shifts of
cross sections for di�erent θ0 cuts are:

Systematics θ0:

Improvements of the reconstruction
algorithm are followed by reduction of
discrepancy between MC and Data

Deviation from unity is in 10−3 to
−3.5× 10−3 range

Contribution of the 60◦ < θ0 < 120◦ cut to
the systematic uncertainty is 0.4 %

For the measured IL variation is 0.1 %
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Ñèñòåìàòè÷åñêàÿ íåîïðåäåë¼ííîñòü

Ïîëíàÿ ñèñòåìàòè÷åñêàÿ ïîãðåøíîñòü îïðåäåëåíèÿ áîðíîâñêîãî ñå÷åíèÿ ïðîöåññà e+e− → π+π−

âêëþ÷àåò â ñåáÿ íåñêîëüêî ñîñòàâëÿþùèõ: îøèáêó ýôôåêòèâíîñòè ðåãèñòðàöèè, ïîãðåøíîñòè
âû÷èòàíèÿ ôîíà, òî÷íîñòü ðàñ÷åòà ðàäèàöèîííîé ïîïðàâêè è òî÷íîñòü ìîäåëèðîâàíèÿ ÿäåð-
íîãî âçàèìîäåéñòâèÿ â âåùåñòâå äî òðåêîâîé ñèñòåìû. Â ïèêå ρ(770) ïîëíàÿ ñèñòåìàòè÷åñêàÿ
íåîïðåäåë¼ííîñòü íà 57% îïðåäåëÿåòñÿ îøèáêàìè σE>40 è σθ0 . Âàðèàöèÿ ñå÷åíèÿ ïðè èçìåíåíèè
òðèããåðíûõ óñëîâèé äà¼ò σncor

Îøèáêà 600 <
√
s < 900 ÌýÂ, %

√
s ≤ 600 ÌýÂ è

√
s ≥ 900 ÌýÂ, %

σe/π 0.05�0.1 0.1�0.3
σµ 0.03�0.1 0.1�0.3
σ∆ 0.2
σθ0 0.4
σE>40 0.5
σnc>1 0.1
σrad 0.1
σncor 0.2
σnucl 0.1

ñóììàðíàÿ 0.7 0.7�0.8

Êóïè÷ À. Èçìåðåíèå ñå÷åíèÿ e+e− → π+π− ñ äåòåêòîðîì ÑÍÄ íà óñêîðèòåëüíîì êîìïëåêñå ÂÝÏÏ-2000 33/41



Àïïðîêñèìàöèÿ

Ñå÷åíèå ïðîöåññà e+e− → π+π− ìîæíî âûðàçèòü ÷åðåç ýëåêòðîìàãíèòíûé ôîðìôàêòîð
ïèîíà Fπ(s):

σπ+π− =
πα2

3s
β3
π |Fπ(s)|2 , (2)

çäåñü s � êâàäðàò ýíåðãèè â ñèñòåìå öåíòðà ìàññ (ñ. ö. ì), βπ =
√

1− 4m2
π/s è mπ �

ñêîðîñòü â ñ. ö. ì. è ìàññà çàðÿæåííîãî ïèîíà.
Ôîðìôàêòîð ïèîíà õîðîøî îïèñûâàåòñÿ âêëàäàìè ñåìåéñòâà âåêòîðíûõ ìåçîíîâ ρ, ρ′ è
ρ′′, à òàêæå èçîñêàëÿðíîãî ω ðåçîíàíñà:

Fπ(s) =
GSρ(s)

(
1 + Aωs

s−m2
ω+imωΓω

)
+ β · GSρ′(s) + δ · GSρ′′(s)

1 + β + δ
, (3)

ãäå ïàðàìåòðû β = |β|e iφρρ′ è δ = |δ|e iφρρ′′ îïèñûâàþò âêëàäû ρ′ è ρ′′ ìåçîíîâ
îòíîñèòåëüíî îñíîâíîãî âêëàäà ρ. Äëÿ îïèñàíèÿ çàâèñèìîñòè îò ýíåðãèè âêëàäà
âåêòîðíîãî ìåçîíà V = ρ, ρ′, ρ′′ èñïîëüçîâàëàñü ìîäåëü Ãóíàðèñà-Ñàêóðàè
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Àïïðîêñèìàöèÿ
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Âêëàä ðàçáðîñà ýíåðãèè â ïó÷êå
ó÷èòûâàëñÿ ñ òî÷íîñòüþ äî 2-é

ïðîèçâîäíîé

Ïàðàìåòð Äàííàÿ ðàáîòà BaBar
mρ, ÌýÂ 775,556 ± 0,077 ± 0,05 774,998 ± 0,157
Γρ, ÌýÂ 149,092 ± 0,215 ± 0,045 149,954 ± 0,358
mω , ÌýÂ 782,381 ± 0,06 ± 0,05 781,962 ± 0,191
Γω , ÌýÂ 8,822 ± 0,132 ± 0,06 8,074 ± 0,372

B(ω → π+π−) 0,0169 ± 0,00028 ± 0,0005 0,01481 ± 0,00072
|β| 0,2445 ± 0,012 ± 0,0389 0,16283 ± 0,011
|δ| 0,1974 ± 0,01 ± 0,0155 0,02946 ± 0,0076

φρω , ðàä. 0,1334 ± 0,013 ± 0,0039 0,02116 ± 0,0381
φρρ′ , ðàä. 4,283 ± 0,009 ± 0,13 3,7935 ± 0,0623
φρρ′′ , ðàä. 1,8278 ± 0,0169 ± 0,33 1,408 ± 0,168
χ2/ndf 108,6/83 257,8/260

Ìàññû è øèðèíû ρ′ è ρ′′ ôèêñèðîâàëèñü íà
çíà÷åíèÿõ, ïîëó÷åííûõ èç àïïðîêñèìàöèè äàííûõ
BaBar. Çíà÷åíèå ðàä. ïîïðàâêè âû÷èñëÿëîñü ïî
ãåíåðàòîðóBABAYAGA-NLO èíòåðàöèîííî.
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Ïåðåîáðàáîòêà äàííûõ 2013 ãîäà
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Ñå÷åíèÿ, ðàííå îïóáëèêîâàííûå ÑÍÄ,
ëåæàò íà 2.5 % íèæå
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Ïîñëå ïåðåîáðàáîòêè äàííûõ 2013 ãîäà
(èñïîëüçîâàëèñü â ñòàðîì àíàëèçå ÑÍÄ)

ñå÷åíèÿ â ñðåäíåì âûðîñëè íà 3%
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Ñðàâíåíèå ñ BaBar è KLOE
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Ñðàâíåíèå ñ ÊÌÄ-3
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Âû÷èñëåíèå âêëàäà â àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà

Âêëàä e+e− → π+π− â àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà â ãëàâíîì ïîðÿäêå
òåîðèè âîçìóùåíèé âûðàæàåòñÿ ÷åðåç äèñïåðñèîííîå ñîîòíîøåíèå:

aµ(ππ,
√
smax ≤

√
s ≤
√
smin) =

(
αmµ

3π

)2 ∫ smax

smin

R(s)K (s)

s2
ds, (4)

R(s) = σpolππ ×
3s

4πα2
σpolππ (s) = σ0

ππ(s)× |1− Π(s)|2 × (1 +
α

π
a(s)) (5)

Òàáëèöà: Çíà÷åíèÿ aµ(ππ, 548ÌýÂ ≤
√
s ≤ 990ÌýÂ)× 1010, ïîëó÷åííûå â ýòîé ðàáîòå, è

ïîñ÷èòàííûå ïî äàííûì ýêñïåðèìåíòîâ BABAR è ÊÌÄ-3

Èçìåðåíèå aµ(ππ)× 1010

Äàííàÿ ðàáîòà 430,15 ± 0,49 ± 2,94
BABAR 423,87 ± 2,1 ± 2,2
ÊÌÄ-3 433,62 ± 0,37 ± 2,9
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Ðåçóëüòàòû

1 Ðàçðàáîòàí ìåòîä ðàçäåëåíèÿ ñîáûòèé e+e− → π+π− è e+e− → e+e− ïî ïðîôèëþ
ýíåðãîâûäåëåíèÿ êîíå÷íûõ ÷àñòèö, ñ ýôôåêòèâíîñòüþ èäåíòèôèêàöèè íå õóæå 99.4%. Áûëà
ïðîâåäåíà íåçàâèñèìàÿ ïðîâåðêà êîððåêòíîñòè ðàáîòû äàííîãî àëãîðèòìà.

2 Èçìåðåíî ïîëíîå ñå÷åíèå ïðîöåññà e+e− → π+π− â äèàïàçîíå ýíåðãèé
√
s = 548 � 990 ÌýÂ

(îáëàñòè ðîæäåíèÿ ρ è ω ìåçîíîâ) ñ ñèñòåìàòè÷åñêîé îøèáêîé 0.7�0.8% ïðè ýíåðãèè√
s ≥ 900 è

√
s ≤ 600 ÌýÂ è 0.7% ïðè 600 <

√
s < 900 ÌýÂ. Òî÷íîñòü èçìåðåíèÿ ñå÷åíèÿ

ïðîöåññà e+e− → π+π− ñîîòâåòñòâóåò ïðåöèçèîííûì ìèðîâûì èçìåðåíèÿì.

3 Ïðîâåäåí àíàëèç ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ â ðàìêàõ ìîäåëè äîìèíàíòíîñòè
âåêòîðíûõ ìåçîíîâ, ïîêàçàâøèé, ÷òî èçìåðåííûå ïðè

√
s < 0.99 ÃýÂ ñå÷åíèÿ ïðîöåññà

π+π− îïèñûâàþòñÿ ïðè ó÷åòå âêëàäîâ ρ, ω, ρ′ è ρ′′ ðåçîíàíñîâ.

4 Îïðåäåëåíû ìàññà è ïîëíàÿ øèðèíà ρ ìåçîíà:
mρ = 775.556± 0.077± 0.05 ÌýÂ,
Γρ = 149.092± 0.215± 0.045 ÌýÂ
À òàêæå:
Bρ→π+π−Bρ→e+e− = (5.04± 0.02± 0.04)× 10−5
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5 Âû÷èñëåíû ìàññà, ïîëíàÿ øèðèíà è âåðîÿòíîñòü ðàñïàäà â π+π− äëÿ ω ìåçîíà:
mω = 782.381± 0.06± 0.05 ÌýÂ,
Γω = 8.822± 0.132± 0.06 ÌýÂ
Bω→π+π−Bω→e+e− = (1.19± 0.051± 0.031)× 10−6

6 Âû÷èñëåí âêëàä e+e− → π+π− â àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà â îáëàñòè ýíåðãèé
548 <

√
s < 990 ÌýÂ:

aµ(ππ, 548MeV ≤
√
s ≤ 990MeV) = (430.15± 0.49± 2.94)× 10−10

7 Ïðåäñòàâëåííûå ðåçóëüòàòû íàõîäÿòñÿ â ñîãëàñèè ñ ðåçóëüòàòàìè èçìåðåíèé íà ÊÌÄ-3.
Èìååòñÿ çàìåòíîå ðàñõîæäåíèå ñ äàííûìè BaBar (≈ 2σ). Ïîëíîå ðàçíîãëàñèå ñ KLOE.

8 Â áóäóùåì ïëàíèðóåòñÿ ïðîâåñòè àíàëîãè÷íîå èçìåðåíèå ñ äàííûìè, íàáðàííûìè â
2024�2026 ãîäàõ, ÷òî ïîçâîëèò ñóùåñòâåííî óìåíüøèòü ñòàòèñòè÷åñêóþ îøèáêó, îñîáåííî â
îáëàñòè ýíåðãèé çà ïðåäåëàìè mρ è mω
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Ñïàñèáî çà âíèìàíèå !
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