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Ââåäåíèå

1 Âåëè÷èíà aµ áûëà èçìåðåíà â ýêñïåðèìåíòàõ â BNL (ÑØÀ) ñ îòíîñèòåëüíîé òî÷íîñòüþ 5× 10−7. Ïðè ýòîì
îòêëîíåíèå îò âû÷èñëåííîãî aµ íàõîäèòñÿ â ïðåäåëàõ 3.3�3.7 σ. Ýòî ðàñõîæäåíèå ìîæåò óêàçûâàòü íà âêëàä
âçàèìîäåéñòâèé âíå ðàìîê ÑÌ

2 Ñåé÷àñ äëÿ ïðîÿñíåíèÿ ñèòóàöèè ñ ýòèì îòêëîíåíèåì â Fermilab (ÑØÀ) ïðîâîäÿòñÿ íîâûå ýêñïåðèìåíòû ïî
èçìåðåíèþ aµ, ñ öåëüþ óâåëè÷åíèÿ òî÷íîñòè â 4 ðàçà, íà äàííûé ìîìåíò ðåçóëüòàò ðàñõîäèòñÿ ñî
ïðåäñêàçàíèåì ÑÌ íà 4.2 σ

3 Äëÿ òåîðåòè÷åñêîãî ðàñ÷åòà àäðîííîãî âêëàäà â aµ íåîáõîäèìî èñïîëüçîâàòü ýêñïåðèìåíòàëüíî èçìåðåííîå
ñå÷åíèå e+e−�àííèãèëÿöèè â àäðîíû, ãäå íàèáîëüøèé âêëàä (ïîðÿäêà 70%) äàåò ñå÷åíèå ïðîöåññà
e+e− → π+π− â îáëàñòè ðîæäåíèÿ ðåçîíàíñà ρ(770)

4 Ðàíåå äàííîå ñå÷åíèå áûëî èçìåðåíî ñ íàèëó÷øåé òî÷íîñòüþ (0.5 - 1 %) ìåòîäîì ïðÿìîãî ñêàíèðîâàíèÿ â
ýêñïåðèìåíòàõ ÊÌÄ-2 è ÑÍÄ íà óñêîðèòåëüíîì êîìïëåêñå ÂÝÏÏ-2Ì, è ìåòîäîì ðàäèàöèîííîãî âîçâðàòà
(ISR) â ýêñïåðèìåíòàõ KLOE íà phi-ôàáðèêå DAFNE è BABAR íà b-ôàáðèêå PEP-II

5 Â ðåçóëüòàòàõ èçìåðåíèé åñòü çàìåòíûå ðàñõîæäåíèÿ, íàïðèìåð, â äèàïàçîíå ýíåðãèè îò 800 äî 1000 ÌýÂ
ðàçíèöà ìåæäó äàííûìè BABAR è KLOE äîñòèãàåò 6 % ïðè çàÿâëåííîé òî÷íîñòè ëó÷øå 1%

6 Äàííàÿ ðàáîòà ïîñâÿùåíà èçìåðåíèþ ñå÷åíèÿ e+e− → π+π− ïðîöåññà ïðè
√
s<1 ÃýÂ ñ ñèñòåìàòè÷åñêîé

îøèáêîé ìåíåå 1 % ñ äåòåêòîðîì ÑÍÄ íà óñêîðèòåëüíîì êîìïëåêñå ÂÝÏÏ-2000
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Íà çàùèòó âûíîñÿòñÿ ñëåäóþùèå îñíîâíûå ïîëîæåíèÿ äèññåðòàöèè

1 Ðàçðàáîòêà àëãîðèòìà ðàçäåëåíèÿ ñîáûòèé ïðîöåññîâ e+e− → π+π− è e+e− → e+e−

2 Èçìåðåíèå ñå÷åíèé ïðîöåññà e+e− → π+π−, ñ òî÷íîñòüþ äî 0.8 % â ýêñïåðèìåíòàõ ñ
äåòåêòîðîì ÑÍÄ íà e+e− êîëëàéäåðå ÂÝÏÏ-2000

3 Îïðåäåëåíèå îñíîâíûõ ïàðàìåòðîâ âåêòîðíûõ ìåçîíîâ ρ(770) è ω(782)
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Óñêîðèòåëüíûé êîìïëåêñ ÂÝÏÏ-2000

Îñíîâíûå õàðàêòåðèñòèêè

Ýíåðãèÿ â ñ.ö.ì.
√
s=0.3-2.0 ÃýÂ

Ñâåòèìîñòü 1030 − 1031cm−2s−1

Ðàçáðîñ ýíåðãèè â ñ.ö.ì. - 0.3 ÌýÂ
ïðè
√
s=0.8 ÃýÂ

ýíåðãèÿ èçìåðÿëàñü ñ ïîìîùüþ ñèñòåìû
èçìåðåíèÿ, îñíîâàííîé íà îáðàòíîì
êîìïòîíîâñêîì ðàññåÿíèè èçëó÷åíèÿ
èíôðàêðàñíîãî ëàçåðà íà ïó÷êå
ýëåêòðîíîâ

äëÿ àáñîëþòíîé êàëèáðîâêè ýíåðãèè
êîëëàéäåðà áûëî ïðîèçâåäåíî
ñêàíèðîâàíèå ðåçîíàíñà φ(1020), ñ
ïîñëåäóþùèì èçìåðåíèåì åãî ìàññû

áûëà ïðîâåäåíà íåçàâèñèìàÿ ïðîâåðêà
èçìåðåíèé ýíåðãèé ïó÷êîâ ïóòåì
àïïðîêñèìàöèè ñå÷åíèÿ ïðîöåññà
e+e− → π+π−π0, ïîëó÷åííàÿ â èòîãå
ìàññà ω ìåçîíà ñîîòâåòñòâóåò
ñðåäíåìèðîâîìó çíà÷åíèþ
ñ òî÷íîñòüþ 46 êýÂ
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Íàáîð ñòàòèñòèêè íà ÑÍÄ

ãîä Ýíåðãèÿ, ÃýÂ IL(ïá−1)
2010 1.05-2.0 5
2011 1.05-2.0 25
2012 0.783-2.0 17
2013 0.32-1.06 22
2017 1.7-2.0 50
2018 0.548-1.2 90
2019 0.36-1.975 70
2020 1.87-1.94 50
Âñåãî 0.32-2.0 329

Timeline
Íàáîð äàííûõ íà ÂÝÏÏ-2000 áûë íà÷àò â 2010
ãîäó è ïðîäîëæàëñÿ âïëîòü äî èþëÿ 2013 ãîäà

Óñêîðèòåëüíûé êîìïëåêñ áûë çàêðûò íà
ìîäåðíèçàöèþ è ïðîäîëæèë ðàáîòó â 2017 ãîäó

Â äàííîì àíàëèçå èñïîëüçîâàëèñü äàííûå,
çàïèñàííûå â 2012�2013 ãã. â ýíåðãåòè÷åñêîì
äèàïàçîíå îò 525 äî 883 ÌýÂ, â 37 ýíåðãåòè÷åñêèõ
òî÷êàõ

.

Âñåãî â àíàëèçå áûëî èñïîëüçîâàíî 2.3× 106 êîëëèíåàðíûõ ñîáûòèé èç êîòîðûõ 106 � ñîáûòèÿ

ïðîöåññîâ e+e− → π+π−, µ+µ− è 1.3× 106 � ñîáûòèÿ ïðîöåññà e+e− → e+e−. Òàêæå

èñïîëüçîâàëàñü äàííûå, íàáðàííûå â îáëàñòè φ ìåçîíà â 2013 ãîäó, äëÿ îòáîðà ñîáûòèé

e+e− → φ→ π+π−π0
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Äåòåêòîð ÑÍÄ

Äåòåêòîð ÑÍÄ � ñå÷åíèå ïîïåðåê îñè ïó÷êîâ; 1 � âàêóóìíàÿ êàìåðà, 2 � äðåéôîâàÿ êàìåðà, 3 � àýðîãåëåâûé

÷åðåíêîâñêèé ñ÷åò÷èê, 4 � êðèñòàëëû NaI(Tl), 5 � ôîòîòðèîäû, 6� æåëåçíûé ïîãëîòèòåëü, 7,8,9 � ýëåìåíòû

âíåøíåé ìþîíîé ñèñòåìû, 10 � ôîêóñèðóþùèå ñîëåíîèäû ÂÝÏÏ-2000
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Èçó÷åíèå ïðîöåññà e+e− → π+π−

Ñå÷åíèå ïðîöåññà e+e− → π+π− èçìåðÿåòñÿ ñëåäóþùèì îáðàçîì:

Îòáèðàþòñÿ êîëëèíåàðíûå ñîáûòèÿ ïðîöåññîâ e+e− → e+e−, π+π−, µ+µ−

Ñîáûòèÿ ðàçäåëÿþòñÿ ïî òèïàì íà e+e− è π+π−(µ+µ−)

Ýôôåêòèâíîñòè ðåãèñòðàöèè ñîáûòèé εee è εππ îïðåäåëÿåòñÿ ïî ìîäåëèðîâàíèþ

Ïî ñîáûòèÿì e+e− → e+e− èçìåðÿåòñÿ èíòåãðàëüíàÿ ñâåòèìîñòü IL = Nee/σeeεee

Äëÿ îïðåäåëåíèÿ êîëè÷åñòâà ñîáûòèé Nππ ïðîöåññà e+e− → π+π− êîëè÷åñòâî
ñîáûòèé ðåàêöèè e+e− → µ+µ− ðàññ÷èòûâàåòñÿ ïî òåîðåòè÷åñêîìó ñå÷åíèþ è
âû÷èòàåòñÿ ñ ó÷åòîì ýôôåêòèâíîñòè ðåãèñòðàöèè

Âû÷èñëÿåòñÿ 1 + δrad � ïîïðàâêà íà èçëó÷åíèå ôîòîíîâ

Âåëè÷èíà ñå÷åíèÿ ïðîöåññà e+e− → π+π− îïðåäåëÿåòñÿ ïî ôîðìóëå:

σππ =
Nππ
Nee

εee
εππ

σee
1 + δrad
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Óñëîâèÿ îòáîðà

1 Êîëè÷åñòâî çàðÿæåííûõ ÷àñòèö Ncha ≥ 2, ïðè ýòîì ñîáûòèå ìîæåò ñîäåðæàòü
íåéòðàëüíóþ ÷àñòèöó ïîÿâëåíèå êîòîðîé ìîæåò áûòü ñâÿçàíî ñ íàëîæåíèåì
ïó÷êîâîãî ôîíà, ÿäåðíûì âçàèìîäåéñòâèåì çàðÿæåííûõ ïèîíîâ ñ âåùåñòâîì
äåòåêòîðà, ðàñùåïëåíèåì ýëåêòðîìàãíèòíûõ ëèâíåé â êàëîðèìåòðå

2 |∆θ| = |180◦ − (θ1 + θ2)| < 12◦ è |∆φ| = |180◦ − |φ1 − φ2|| < 4◦, ãäå θ1,2 è φ1,2 �
ïîëÿðíûå è àçèìóòàëüíûå óãëû çàðÿæåííûõ ÷àñòèö ñ íàèáîëüøèì ýíåðãîâûäåëåíèåì

3 E1,2 > 40 ÌýÂ, ãäå Ei � ýíåðãîâûäåëåíèå çàðÿæåííîé ÷àñòèöû ñ íîìåðîì i

4 50◦ < θ0 < 130◦, ãäå θ0 = (θ1 − θ2 − 180◦)/2

5 |r1,2| < 1 ñì, ãäå ri � ðàññòîÿíèå ìåæäó òðåêîì ÷àñòèöû ñ íîìåðîì i è îñüþ ïó÷êîâ

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

7 Íåò ñðàáàòûâàíèÿ ìþîííîé ñèñòåìû: veto = 0
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Óñëîâèÿ îòáîðà

Ýòè óñëîâèÿ ïðîõîäÿò ñîáûòèÿ ïðîöåññîâ e+e− → π+π−, e+e− → e+e− è
e+e− → µ+µ−

Âêëàäû äðóãèõ ïðîöåññîâ ( π+π−π0 è êîñìè÷åñêîãî ôîíà) ñóùåñòâåíî ìåíüøå â
ñðàâíåíèè ñ äàííûìè ïðîöåññàìè.

Âåðîÿòíîñòü ñðàáàòûâàíèÿ òðèããåðà äëÿ ñîáûòèé, óäîâëåòâîðÿþùèõ
äàííûì óñëîâèÿì îòáîðà, îöåíèâàëàñü ïî çíà÷åíèÿì òðèããåðíûõ ìàñîê
â ýêñïåðèìåíòå. Ïîëó÷åííàÿ îöåíêà ñîîòâåòñòâóåò òðèããåðíîé
ýôôåêòèâíîñòè > 99.9%

Ïîðîã íà ýíåðãîâûäåëåíèå â êëàñòåðå ðàâíÿëñÿ 20 ÌýÂ. ×àñòèöû â ñîáûòèè
óïîðÿäî÷èâàëèñü ïî ýíåðãîâûäåëåíèþ. Äàëåå ðàññìàòðèâàëèñü ñîáûòèÿ â
êîòîðûõ ïåðâûå äâå ÷àñòèöû ñ íàèáîëüøèì ýíåðãîâûäåëåíèåì áûëè
çàðÿæåííûìè.
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Óñëîâèÿ îòáîðà

Äëÿ âû÷èòàíèÿ ôîíà e+e− → π+π−π0 è îöåíêè ðàçëè÷íûõ ñèñòåìàòè÷åñêèõ
íåîïðåäåëåííîñòåé, èñïîëüçîâàëèñü ñîáûòèÿ e+e− → ω, φ→ π+π−π0, çàïèñàííûå ïðè
ýíåðãèÿõ 775 ÌýÂ <

√
s < 794 ÌýÂ è 1 ÃýÂ <

√
s < 1.04 ÃýÂ è ïðîøåäøèå óñëîâèÿ

îòáîðà:

1 Ncha ≥ 2

2 Êîëè÷åñòâî íåéòðàëüíûõ ÷àñòèö Nneu ≥ 2

3 |∆θ| > 10◦ è |∆φ| > 10◦

4 40◦ < θ1,2 < 140◦, äëÿ çàðÿæåííîé ÷àñòèöû ñ íîìåðîì i

5 χ2
π+π−π0 < 30 � óñëîâèå íà âåëè÷èíó χ2 êèíåìàòè÷åñêîé ðåêîíñòðóêöèè â ãèïîòåçå,

÷òî ñîáûòèå ÿâëÿåòñÿ ïðîöåññîì e+e− → π+π−π0, â êîòîðîì π0 → γγ

6 |r1,2| < 1 ñì è |z1,2| < 8 ñì
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Ìîäåëèðîâàíèå ïðîöåññîâ

Äëÿ ìîäåëèðîâàíèÿ ïðîöåññîâ e+e− → e+e−, e+e− → π+π− è
e+e− → µ+µ− èñïîëüçîâàëñÿ ãåíåðàòîð ïåðâè÷íûõ ÷àñòèö MCGPJ, â
êîòîðîì ó÷èòûâàåòñÿ èçëó÷åíèå èç íà÷àëüíîãî è êîíå÷íîãî ñîñòîÿíèé

Ïðè ìîäåëèðîâàíèè ïîëÿðíûå óãëû ýëåêòðîíîâ è ïîçèòðîíîâ â ïðîöåññå e+e− → e+e−

îãðàíè÷èâàëèñü óñëîâèåì 30◦ < θe < 150◦. Ìîäåëèðîâàíèå äåòåêòîðà îñóùåñòâëÿëîñü
ïðè ïîìîùè ïàêåòà GEANT4. Âêëàä øóìîâ ó÷èòûâàëñÿ ïóòåì íàëîæåíèÿ
ýêñïåðèìåíòàíëüíûõ ñîáûòèé, çàïèñü êîòîðûõ çàïóñêàëàñü ïî ñèãíàëó ñ ãåíåðàòîðà.
Äëÿ êàæäîé òî÷êè ïî ýíåðãèè ìîäåëèðîâàëîñü 106 ñîáûòèé e+e− → µ+µ−, à òàêæå ïî
2× 106 ñîáûòèé e+e− → e+e− è e+e− → π+π−. Ïîëîâèíà èñïîëüçîâàëàñü äëÿ
òðåíèðîâêè äèñêðèìèíàòîðîâ. Îñòàëüíûå ïðèìåíÿëèñü â äàëüíåéøåì àíàëèçå äëÿ
âû÷èñëåíèÿ ýôôåêòèâíîñòåé. Ïðè ìîäåëèðîâàíèè ïðîöåññîâ e+e− → ω, φ→ π+π−π0

èñïîëüçîâàëñÿ ìîäèôèöèðîâàííûé ãåíåðàòîð ñîáûòèé PHOKHARA.
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Îöåíêà ôîíà îò ïðîöåññà e+e− → π+π−π0 è êîñìè÷åñêèõ ìþîíîâ
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Ðàñïðåäåëåíèÿ ïî z0 äëÿ êîëëèíåàðíûõ ñîáûòèé ñ óñëîâèåì veto = 0 (ãèñòîãðàììà) è

veto = 1 (çàøòðèõîâàííàÿ ãèñòîãðàììà) â òî÷êå
√
s = 778.6 ÌýÂ
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Îöåíêà ôîíà îò ïðîöåññà e+e− → π+π−π0 è êîñìè÷åñêèõ ìþîíîâ

Îñòàòî÷íûé êîñìè÷åñêèé ôîí îöåíèâàëñÿ ïî ôîðìóëå:

Ncosm = Nveto=1
exp

Nveto=0
cosm

Nveto=1
cosm

ãäå Nveto=1
exp � êîëè÷åñòâî êîëëèíåàðíûõ ñîáûòèé c èíâåðòèðîâàííûì óñëîâèåì íà veto,

Nveto=0
cosm è Nveto=1

cosm � ÷èñëà êîñìè÷åñêèõ ñîáûòèé äëÿ êîòîðûõ veto = 0 è veto = 1
ñîîòâåòñòâåííî

Èñïîëüçîâàëîñü äâà òèïà êîñìè÷åñêèõ ñîáûòèé:
1 Êîëëèíåàðíûå ñîáûòèÿ, îòîáðàííûå ïî îïèñàííûì ðàíåå óñëîâèÿì, äëÿ

êîòîðûõ òðåáîâàëîñü äîïîëíèòåëüíî: |r1,2| > 0.5 ñì è |z1,2| > 5 ñì

2 Ñîáûòèÿ, íàáðàííûå áåç ïó÷êîâ â ÂÝÏÏ�2000 è ïðîøåäøèå óñëîâèÿ
îòáîðà äëÿ êîëëèíåàðíûõ ñîáûòèé 1 � 6

Îáà ìåòîäà äàþò îòíîøåíèå Nveto=0
cosm ê Nveto=1

cosm ðàâíîå 2.5% ±0.1%
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Îöåíêà ôîíà îò ïðîöåññà e+e− → π+π−π0 è êîñìè÷åñêèõ ìþîíîâ

Êîëè÷åñòâî ôîíîâûõ ñîáûòèé îò ïðîöåññà e+e− → π+π−π0 âû÷èñëÿëîñü ïî
ôîðìóëå:

N3π = Nexp[3π]× Nmc
3π [2π]

Nmc
3π [3π]

ãäå M3π � ÷èñëî ñîáûòèé ïðîöåññà e+e− → π+π−π0 â ìîäåëèðîâàíèè îòîáðàííûõ ïî
óñëîâèÿì äëÿ êîëëèíåàðíûõ ñîáûòèé, à n3π è m3π � ÷èñëà ñîáûòèé â ýêñïåðèìåíòå è
ìîäåëèðîâàíèè, ïðîøåäøèõ óñëîâèÿ îòáîðà äëÿ e+e− → π+π−π0.

Âêëàä ñîáûòèé ïðîöåññà e+e− → 3π â îáùåå êîëè÷åñòâî ñîáûòèé e+e− → π+π− íå
ïðåâûøàåò 0.15% â òî÷êå

√
s = 782.9 ÌýÂ, ãäå äàííûé âêëàä ìàêñèìàëåí, ÷òî

ñîîòâåòñòâóåò 37 ôîíîâûì ñîáûòèÿì. Ãëàâíóþ ðîëü â ïîäàâëåíèè e+e− → π+π−π0

èãðàþò óñëîâèÿ îòáîðà ∆θ < 12◦ è ∆φ < 4◦.
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Ïàðàìåòð e/π ðàçäåëåíèÿ

Â êà÷åñòâå âõîäíûõ ïàðàìåòðîâ äëÿ ðàçäåëåíèÿ èñïîëüçóþòñÿ ýíåðãîâûäåëåíèÿ â
ñëîÿõ áàøåí èç êîòîðûõ ñîñòîèò êëàñòåð â êàëîðèìåòðå ñîîòâåòñòâóþùèé ÷àñòèöå:

1Ej � ýíåðãîâûäåëåíèå â j−îì ñëîå áàøíè ñ íàèáîëüøèì ýíåðãîâûäåëåíèåì

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 (j = 1, 2, 3)

Ó÷åñòü êîððåëÿöèè ýíåðãîâûäåëåíèé â ñëîÿõ êàëîðèìåòðà ïîçâîëÿåò ïàðàìåòð ðàçäåëåíèÿ,
îñíîâàííûé íà ìàøèííîì îáó÷åíèè. Äëÿ îáó÷åíèÿ áûëà âûáðàíà ñåòü (ëåñ), âêëþ÷àþ-
ùàÿ 900 ðåøàþùèõ äåðåâüåâ ñ ãëóáèíîé ðàâíîé 9 êàæäîå. Äàííàÿ àðõèòåêòóðà è ìåòîä
ìàøèííîãî îáó÷åíèÿ (Gradient Boosted Decision Trees) áûëè âûáðàíû ïîñêîëüêó îíè
ïðîäåìîíñòðèðîâàëè íàèëó÷øóþ ýôôåêòèâíîñòü ðàçäåëåíèÿ. Êàæäîå äåðåâî ïðåäñòàâëÿåò
ñîáîé ïðîñòîé äèñêðèìèíàòîð, îïòèìèçèðîâàííûé äëÿ ðàçäåëåíèÿ ÷àñòè ñîáûòèé.
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Ïàðàìåòð e/π ðàçäåëåíèÿ
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Ïàðàìåòð e/π ðàçäåëåíèÿ

Õàðàêòåðíûé âèä îäíîãî èç ðåøàþùèõ äåðåâüåâ â äèñêðèìèíàòîðå
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Ïàðàìåòð e/π ðàçäåëåíèÿ

R
1− 0.5− 0 0.5 1

N
/N
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1

Âûõîäíîé ïàðàìåòð
ñåòè R (ïàðàìåòð
ðàçäåëåíèÿ) ïðèíèìàåò
çíà÷åíèÿ îò -1 äî 1

Ñîáûòèÿ e+e− → e+e−

ïðåèìóùåñòâåííî ïîïàäàþò
â îáëàñòè R < 0, à
e+e− → π+π−, µ+µ− â
îáëàñòè R > 0

Ñåòü îáó÷àëàñü ïî ñîáûòèÿì ìîäåëèðîâàíèÿ ïðîöåññîâ e+e− → π+π− è
e+e− → e+e−

Âõîäíûìè ïàðàìåòðàìè ÿâëÿþòñÿ ýíåðãîâûäåëåíèÿ kEj êàæäîé èç ÷àñòèö è ñðåäíèé
óãîë θ0 = (θ1 − θ2 − 180◦)/2 � âñåãî 19 ïàðàìåòðîâ
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Ýôôåêòèâíîñòü e/π ðàçäåëåíèÿ

Ýôôåêòèâíîñòè èäåíòèôèêàöèè ñîáûòèé êàæäîãî òèïà îïðåäåëÿþòñÿ ôîðìóëàìè:

εe =
Nee(R ∈ [−1; 0])

Nee(R ∈ [−1; 1])
, επ =

Nππ(R ∈ [0; 1])

Nππ(R ∈ [−1; 1])

Nee,ππ(R ∈ [a; b]) � êîëè÷åñòâà ñîáûòèé ïðîöåññîâ e+e− → e+e− è π+π− ïðè çíà÷åíèÿõ
R â èíòåðâàëå [a; b].

, MeVs
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1

Ýôôåêòèâíîñòü
ðàçäåëåíèÿ â ñîáûòèÿõ

ìîäåëèðîâàíèÿ
e+e− → e+e− è
e+e− → π+π−
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Ïîïðàâêà ê ýôôåêòèâíîñòè e/π ðàçäåëåíèÿ

Äëÿ îöåíêè ñèñòåìàòè÷åñêîé îøèáêè ïðîöåäóðû e/π ðàçäåëåíèÿ èç ÷àñòèö â ïðîöåññàõ
e+e− → e+e− è e+e− → π+π− ñîñòàâëÿëèñü ïñåâäî-ee è ïñåâäî-ππ ñîáûòèÿ, ñ ïðèìåíåíèåì
ìåòîäà, àíàëîãè÷íîãî ìåòîäèêå Tag�and�Probe

Äëÿ îòáîðà òàêèõ ÷àñòèö èñïîëüçîâàëèñü ñèãíàëû À×Ñ (ñ÷åò÷èê ñðàáàòûâàåò îò e è íå ñðàáàòûâàåò îò π) è
ïàðàìåòð e/π ðàçäåëåíèÿ R′ äëÿ îäíîé tag-÷àñòèöû. probe-÷àñòèöà ñ÷èòàëàñü ¾ïèîíîì¿, åñëè îáå êîëëèíåàðíûå
÷àñòèöû íå âûçâàëè ñðàáàòûâàíèÿ À×Ñ è äëÿ tag-÷àñòèöû R′ > 0. Â ñëó÷àå, êîãäà R′ < 0 äëÿ tag-÷àñòèöû è
ñ÷åò÷èê ñðàáîòàë äëÿ îáåèõ ÷àñòèö, probe-÷àñòèöà ñ÷èòàëàñü ¾ýëåêòðîíîì¿. Îòîáðàííûå probe-÷àñòèöû èç
ðàçíûõ ñîáûòèé îáúåäèíÿëèñü ïîïàðíî â ïñåâäîñîáûòèÿ. Ýôôåêòèâíîñòü ðàçäåëåíèÿ â ìîäåëèðîâàíèè äëÿ
ïñåâäîñáûòèé è íàñòîÿùèõ ñîáûòèé ñîãëàñóþòñÿ ñ òî÷íîñòüþ 0.02% äëÿ e+e− è 0.01% äëÿ π+π−

Ñîáûòèÿ ïñåâäî-ππ äëÿ îáëàñòè ýíåðãèé îò 0.6 äî 0.5 ÃýÂ áûëè ñêîíñòðóèðîâàíû èç
ïèîíîâ â ñîáûòèÿõ e+e− → π+π−π0

Äëÿ ïîñòðîåíèÿ ñîáûòèÿ ïñåâäî-ππ ñ ïèîíàìè ñ ýíåðãèåé E0, äâà ïèîíà ñ ýíåðãèÿìè èç
êèíåìàòè÷åñêîé ðåêîíñòðóêöèè Eπ , óäîâëåòâîðÿþùèìè óñëîâèþ |E0 − Eπ | < 5 ÌýÂ áðàëèñü èç äâóõ
ðàçíûõ ñîáûòèé e+e− → ω, φ→ π+π−π0
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Ïîïðàâêà ê ýôôåêòèâíîñòè e/π ðàçäåëåíèÿ

Ïñåâäîñîáûòèÿ èñïîëüçîâàëèñü äëÿ îïðåäåëåíèÿ ïîïðàâî÷íûõ êîýôôèöèåíòîâ ê ýôôåêòèâíîñòè
èäåíòèôèêàöèè

δx = εexpx /εmc
x

ãäå x = e èëè π, εexpx è εmc
x � ýôôåêòèâíîñòè èäåíòèôèêàöèè â ýêñïåðèåìåíòå è ìîäåëèðîâàíèè.

Âåëè÷èíû ïîïðàâî÷íûõ êîýôôèöèåíòîâ ìåíÿþòñÿ îò 0.999 äî 0.994 ñ óìåíüøåíèåì ýíåðãèè.

Â êà÷åñòâå èòîãîâîé ïîïðàâêè δe áðàëîñü óñðåäíåííîå ïî âñåì ýíåðãèÿì çíà÷åíèå. Â
ñëó÷àå δπ èòîãîâàÿ ïîïðàâêà ê ýôôåêòèâíîñòè ïðåäñòàâëÿëà ñîáîé ðåçóëüòàò
àïïðîêñèìàöèè âñåõ δπ ôóíêöèåé

δπ(
√
s) = a

(√
(
√
s − b)2 + 10− (

√
s − b)

)
+c
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Ïîïðàâêà ê ýôôåêòèâíîñòè e/π ðàçäåëåíèÿ
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e+e− è e+e− → π+π− â çàâèñèìîñòè îò ýíåð-
ãèè, çàøòðèõîâàííûå îáëàñòè - ðåçóëüòàò àï-
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ïîñëå óìíîæåíèÿ íà ïîïðàâî÷íûå êîýôôè-
öèåíòû
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Âêëàä â îøèáêó èçìåðÿåìîãî ñå÷åíèÿ

Èñòî÷íèê δe , % δπ δπ
at
√
s > 0.65 GeV, % at

√
s < 0.65 GeV, %

σstat 0.01 0.02 0.02 � 0.06
σID 0.02 0.01 0.02
σbkg 0.02 0.02 �

σtot 0.03 0.03 0.03 � 0.06

, MeVs
500 550 600 650 700 750 800 850 900

3
x1

0
π

e/σ

1

2

3

4

5

6

Âêëàä îøèáêè ýôôåêòèâíîñòè
èäåíòèôèêàöèè â îøèáêó

èçìåðåíèÿ ñå÷åíèÿ îöåíèâàëñÿ
ïóòåì âàðèàöèè εe è επ â
ïðåäåëàõ èõ îøèáîê, îí
ñîñòàâëÿåò ìåíåå 0.2% â

áîëüøèíñòâå òî÷åê
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Ýôôåêòèâíîñòü îòáîðà ïî ïîëíîìó ýíåðãîâûäåëåíèþ ÷àñòèö

Ïñåâäîñîáûòèÿ ππ èñïîëüçîâàëèñü äëÿ ïðîâåðêè ýôôåêòèâíîñòè îòáîðà E1,2 > 40 ÌýÂ â
ìîäåëèðîâàíèè. Â êà÷åñòâå ïîïðàâêè ê ýôôåêòèâíîñòè áðàëîñü îòíîøåíèå:

δE =
εexp
εmc

, εexp =
Nexp(E1,E2 > 40MeV )

Nexp
, εmc =

Nmc(E1,E2 > 40MeV )

Nmc

, MeVs
550 600 650 700 750 800 850

(m
cP

E
)

2 πε
(e

xp
P

E
)/

2 πε

0.94

0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

π2
π3→φ
π3→ω

Ñðåäíåå çíà÷åíèå ïîïðàâêè ðàâíî
0.992. Ìàêñèìàëüíàÿ ðàçíèöà ìåæäó
ñðåäíèìè çíà÷åíèÿìè ïîïðàâîê,
ïîëó÷åííûìè äëÿ ðàçíûõ òèïîâ
ïñåâäîñîáûòèé, ñîñòàâèëà 0.5%

Äàííàÿ âåëè÷èíà âçÿòà êàê
âêëàä â ñèñòåìàòèêó îò óñëîâèÿ
îòáîðà E1,2 > 40 ÌýÂ
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Ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì

, degφ∆
8− 6− 4− 2− 0 2 4 6 8

 / 
N

i
N

0

0.05

0.1

0.15

0.2

0.25

, degφ∆
8− 6− 4− 2− 0 2 4 6 8

 / 
N

i
N

0

0.05

0.1

0.15

0.2

0.25

, degθ∆
15− 10− 5− 0 5 10 15

 / 
N

i
N

0

0.02

0.04

0.06

0.08

0.1

, degθ∆
15− 10− 5− 0 5 10 15

 / 
N

i
N

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Ìåæäó óãëîâûìè
ðàñïðåäåëåíèÿìè â
ìîäåëèðîâàíèè è
ýêñïåðèìåíòå åñòü
íåáîëüøèå îòëè÷èÿ

Âñëåäñòâèå ÷åãî,
ýôôåêòèâíîñòü óñëîâèé
îòáîðà ïî óãëàì â
ìîäåëèðîâàíèè ìîæåò
îòëè÷àòüñÿ îò èñòèííîé
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Ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì

Íà ïåðâîì ýòàïå ðàññìàòðèâàëèñü óñëîâèÿ îòáîðà: |∆φ| = |180◦ − |φ1 − φ2|| < 4◦ è
|∆θ| = |180◦ − (θ1 + θ2)| < 12◦. Â êàæäîé òî÷êå ïî ýíåðãèè ââîäèëàñü ïîïðàâêà ê ýôôåêòèâíîñòè:

Ri (x) =
εexpi (x)

εmc
i (x)

εexpi =
Ni (x ∈ [Ax ;Bx ])

Ni (x ∈ [Cx ;Dx ])
εmc
i =

Mi (x ∈ [Ax ;Bx ])

Mi (x ∈ [Cx ;Dx ])

x=∆φ, ∆θ; i = ee, ππ; [Ax ;Bx ] - èíòåðâàë äîïóñòèìûõ çíà÷åíèé x; [Cx ;Dx ] - ðàñøèðåííûé èíòåðâàë äîïóñòèìûõ

çíà÷åíèé x (C∆φ = −8◦, D∆φ = 8◦, C∆θ = −18◦, D∆θ = 18◦)

, MeVs
500 550 600 650 700 750 800 850 900

)φ
∆( ππ

R

0.99

0.995

1

1.005

1.01

1.015

1.02

1.025

1.03

1.035

e+e− → π+π−
, MeVs

500 550 600 650 700 750 800 850 900

)φ
∆(

ee
R

0.997

0.998

0.999

1

1.001

1.002

1.003

1.004

1.005

1.006

e+e− → e+e−
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Ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì

, MeVs
500 550 600 650 700 750 800 850 900

)θ
∆( ππ

R

0.99

0.995

1

1.005

1.01

1.015

e+e− → π+π−

, MeVs
500 550 600 650 700 750 800 850 900

)θ
∆(

ee
R

0.994

0.995

0.996

0.997

0.998

0.999

1

1.001

e+e− → e+e−
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Ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì

, MeVs
500 550 600 650 700 750 800 850 900

)φ
∆(

re
l

R

0.99

0.995

1

1.005

1.01

1.015

1.02

1.025

1.03

1.035

, MeVs
500 550 600 650 700 750 800 850 900

)θ
∆(

re
l

E

0.995

1

1.005

1.01

1.015

1.02

Ñðåäíåå çíà÷åíèå Rrel(∆φ) = Rππ(∆φ)/Ree(∆φ) îòëè÷àåòñÿ îò 1 íà 0.1%,
Rrel(∆θ) = Rππ(∆θ)/Ree(∆θ) - íà 0.2 %

Ñòàòèñòè÷åñêè çíà÷èìûõ îòêëîíåíèé îò ñðåäíåãî íå íàáëþäàåòñÿ. Èòîãîâûé âêëàä â ñèñòåìàòèêó îò
óñëîâèé íà êîëëèíåàðíîñòü òðåêîâ ïîëó÷àåòñÿ ðàâíûì 0.001 ⊕ 0.002 = 0.002
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Ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì

, deg0θ
50 60 70 80 90 100 110 120 130

ee
 / 

P
ππ

P

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Îòíîøåíèå ðàñïðåäåëåíèé ïî θ0 â ñîáûòèÿõ e+e− → π+π− è
e+e− → e+e−

Äëÿ îöåíêè ñèñòåìàòè÷åñêîé îøèáêè,
ñâÿçàííîé ñ îòáîðàìè ïî θ0,
èñïîëüçîâàëîñü îòíîøåíèå:

δθ =
δ(θx)

δ(50◦)
, 40◦ < θx < 55◦

δ(θx) =
Nππ(θx < θ < 180◦ − θx)

Nee(θx < θ < 180◦ − θx)
/

Mππ(θx < θ < 180◦ − θx)

Mee(θx < θ < 180◦ − θx)
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Ýôôåêòèâíîñòü óñëîâèé îòáîðà ïî óãëàì

Íàèáîëüøåå îòêëîíåíèå δθ0 îò 1 ñîñòàâèëî 0.005

Äàííîå çíà÷åíèå áûëî âçÿòî â êà÷åñòâå ñèñòåìàòè÷åñêîé îøèáêè, ñâÿçàííîé ñ óñëîâèåì
îòáîðà 50◦ < θ0 < 130◦

, degxθ
40 42 44 46 48 50 52 54 56

θδ

0.996

0.998

1

1.002

1.004

1.006
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Îöåíêà ýôôåêòèâíîñòè ðåãèñòðàöèè òðåêîâ â äðåéôîâîé êàìåðå

Rππ =
1− Pππ

exp

1− Pππ
mc

, Ree =
1− Pee

exp

1− Pee
mc

P jj
exp(mc) - âåðîÿòíîñòü ïîòåðè îäíîãî èç äâóõ òðåêîâ â ñîáûòèÿõ ýêñïåðèìåíòà

(ìîäåëèðîâàíèÿ) ñ jj = ee, ππ â êîíå÷íîì ñîñòîÿíèè. Â e+e− → e+e− äîáàâëÿëîñü
óñëîâèå íà ñðàáàòûâàíèå îäíîãî èç À×Ñ íàïðîòèâ åäèíñòâåííîé çàðÿæåííîé ÷àñòèöû â
ñîáûòèè, äëÿ ïîäàâëåíèÿ âêëàäà e+e− → 2γ ñ êîíâåðñèåé îäíîãî èç ôîòîíîâ

, MeVs
550 600 650 700 750 800 850

ee
/R ππ

R

0.996

0.998

1

1.002

1.004

1.006

 / ndf 2χ  57.57 / 36
p0        0.0001311±     1 

 / ndf 2χ  57.57 / 36
p0        0.0001311±     1 

Îòíîøåíèå Rππ ê Ree ,
äàþùåå âêëàä â èçìåðÿåìîå
ñå÷åíèå, íå çàâèñèò îò

√
s

Ñðåäíåå çíà÷åíèå ïîïðàâêè íå
äåìîíñòðèðóåò ñòàòèñòè÷åñêè
çíà÷èìîãî îòêëîíåíèÿ îò
åäèíèöû
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Ýôôåêòèâíîñòü êîñìè÷åñêîãî âåòî

δveto =
σππ((φ1 + φ2 − 180◦)/2 > 166◦or < 14◦; veto ≥ 0)

σππ((φ1 + φ2 − 180◦)/2 > 166◦or < 14◦; veto = 0)

Â ñëó÷àå veto ≥ 0 oñòàòî÷íûé ôîí îò êîñìè÷åñêèõ ìþîíîâ îöåíèâàëñÿ ïóòåì
àïïðîêñèìàöèè ðàñïðåäåëåíèÿ ïî (z1 + z2)/2 ñóììîé íîðìàëüíîãî è ðàâíîìåðíîãî
ðàñïðåäåëåíèé è âû÷èòàëñÿ èç îáùåãî ÷èñëà ñîáûòèé. Øèðèíà è ñðåäíåå íîðìàëüíîãî
ðàñïðåäåëåíèÿ ôèêñèðîâàëèñü â êàæäîé ýíåðãåòè÷åñêîé òî÷êå íà çíà÷åíèÿõ, ïîëó÷åííûõ
èç àïïðîêñèìàöèè ðàñïðåäåëåíèÿ ïî (z1 + z2)/2 â ñîáûòèÿõ ñ veto = 0.

, MeVs
500 550 600 650 700 750 800 850 900

δ

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

 / ndf 2χ  61.83 / 36

p0        0.0004879±     1 

 / ndf 2χ  61.83 / 36

p0        0.0004879±     1 

Âåëè÷èíà δveto íå
çàâèñèò îò ýíåðãèè
åå ñðåäíåå çíà÷åíèå ðàâíî
1 â ïðåäåëàõ
ñòàòèñòè÷åñêîé îøèáêè.
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Ñèñòåìàòè÷åñêèå îøèáêè

Îñíîâíîé âêëàä â ñèñòåìàòèêó

Îòáîðû ∆θ, ∆φ, θ0: 0.001⊕0.002⊕0.005 = 0.55%

Óñëîâèå E1,2 > 40 ÌýÂ: 0.5 %

e/π�ðàçäåëåíèå
√
s ≤ 600 ÌýÂ: 0.3 � 0.5%

Âû÷èòàíèå ìþîíîâ
√
s ≤ 600 ÌýÂ: 0.3 � 0.7%

σµ = (σθ0 ⊕ σ∆ ⊕ σrad)×
ε1
µµσµµ

ε1
ππσππ
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Ñèñòåìàòè÷åñêèå îøèáêè

Äîïîëíèòåëüíûå èñòî÷íèêè ñèñòåìàòèêè

Âåðîÿòíîñòè ïîòåðè çàðÿæåííûõ ïèîíîâ â ñîáûòèÿõ e+e− → 3π â ýêñïåðèìåíòå è
ìîäåëèðîâàíèè ðàçëè÷àþòñÿ íà 0.2%. Ýòà âåëè÷èíà áûëà âçÿòà â êà÷åñòâå âêëàäà ýôôåêòà
ÿäåðíîãî âçàèìîäåéñòâèÿ ñ âåùåñòâîì äî ãàçîâîãî îáúåìà òðåêîâîé ñèñòåìû â
ñèñòåìàòè÷åñêóþ îøèáêó

Tåîðåòè÷åñêàÿ íåîïðåäåëåííîñòü: 0.2%. Cðàâíåíèå ôèçè÷åñêèõ ñå÷åíèé è ýôôåêòèâíîñòåé

ðåãèñòðàöèè äëÿ ñîáûòèé ìîäåëèðîâàíèÿ ïðîöåññà e+e− → e+e− ñ ïðèìåíåíèåì

ãåíåðàòîðîâ MCGPJ è BABAYAGA�NLO ïîêàçàëî, ÷òî ðàçíèöà íàõîäèòñÿ â ñîãëàñèè ñ

çàÿâëåííîé îøèáêîé.
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Ñèñòåìàòè÷åñêèå ïîãðåøíîñòè îïðåäåëåíèÿ ñå÷åíèÿ ïðîöåññà e+e− → π+π−. σsys � ñóììàðíàÿ ñèñòåìàòè÷åñêàÿ

îøèáêà, σsys = σE>40 ⊕ σnucl ⊕ σ∆ ⊕ σact ⊕ σθ0
⊕ σe/π ⊕ σrad ⊕ σµ

Èñòî÷íèê
√
s > 600 ÌýÂ

√
s ≤ 600 ÌýÂ

ID e/π 0.1-0.2 0.3-0.5
µ 0.0-0.2 0.3-0.7

∆θ 0.1
∆φ 0.2
θ0 0.5
E1,2 0.5
rad 0.2
trig 0.1
nucl 0.2

ïîëíàÿ îøèáêà 0.8 0.9-1.2
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Âû÷èñëåíèå ñå÷åíèÿ ïðîöåññà e+e− → π+π−

Na = L(σππε
a
ππ + σµµε

a
µµ + σeeε

a
ee) + Na

nc

a=1,2 ñîîòâåòñòâóåò Re/π ∈ [0,1] è Re/π ∈ [- 1,0] ñîîòâåòñòâåííî; σjj è ε
a
jj , ñ jj =

π+π−, µ+µ−, e+e− â êîíå÷íîì ñîñòîÿíèè; Na
nc - ÷èñëî êîñìè÷åñêèõ è íåêîëëèíåàðíûõ

ñîáûòèé; L - ñâåòèìîñòü, íàáðàííàÿ â òî÷êå si .

Ðåøèâ ýòó ñèñòåìó óðàâíåíèé ìîæíî ïîëó÷èòü âûðàæåíèÿ äëÿ
ñå÷åíèÿ e+e− → π+π− è èíòåãðàëüíîé ñâåòèìîñòè L:

L(si ) =
(N2 − N2

nc)ε1
ππ − (N1 − N1

nc)ε2
ππ

σee(ε2
eeε

1
ππ − ε1

eeε
2
ππ) + σµµ(ε2

µµε
1
ππ − ε1

µµε
2
ππ)

σππ(si ) =
N1 − N1

nc − L(si )σµµε
1
µµ(si )− L(si )σeeε

1
ee

L(si )ε1
ππ
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Áîðíîâñêîå ñå÷åíèå

σ0
ππ(si) =

σππ(si)

1 + δrad(si)

δrad(si )� ðàäèàöèîííàÿ ïîïðàâêà íà èçëó÷åíèå èç íà÷àëüíîãî è êîíå÷íîãî ñîñòîÿíèé,
âû÷èñëåííàÿ ñ ïðèìåíåíèåì êîäà MCGPJ

, MeVs
500 550 600 650 700 750 800 850 900

R
at

io

0.996

0.998

1

1.002

1.004

1.006
)0δ)/(1+1δ(1+
)1δ)/(1+2δ(1+
)2δ)/(1+3δ(1+

δrad(si ) âû÷èñëÿëàñü èòåðàöèííî:

ñå÷åíèÿ àïïðîêñèìèðóþòñÿ â
ìîäåëè èç MCGPJ

ïîëó÷åííûå ïàðàìåòðû ìîäåëè
äîáàâëÿþòñÿ â êîä MCGPJ

âû÷èñëÿåòñÿ íîâîå δrad(si ),
êîòîðîå áóäåò èñïîëüçîâàòüñÿ â
ñëåäóþùåé èòåðàöèè

JHEP 9710, 006 (1997)
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Ó÷¼ò ðàçáðîñà ýíåðãèè

íàáëþäàåìîå ñå÷åíèå σ′ ïðåäñòàâëÿåò ñîáîé ñâåðòêó èñòèííîãî ñå÷åíèÿ σ ñ
ôóíêöèåé ðàñïðåäåëåíèÿ ïî ýíåðãèè f (x):

σ′(E ) =

∫ ∞
0

σ(E ′)f (E ′ − E , δE )dE ′

δE ñîîòâåòñòâóåò ðàçáðîñó ýíåðãèè â ñèñòåìå öåíòðà ìàññ, êîòîðûé
îöåíèâàëñÿ ïî ôîðìóëå:

δE [ÊýÂ] = 4.05σz

√√√√Vc
√
s

2

√
1− 15.6s4

V 2
c

√
s � ýíåðãèÿ â ñèñòåìå öåíòðà ìàññ â åäèíèöàõ ÃýÂ, Vc � íàïðÿæåíèå íà

ðåçîíàòîðå â êèëîâîëüòàõ, σz � ðàçáðîñ ïî z-êîîðäèíàòå òî÷êè âûëåòà â ñì
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Ó÷¼ò ðàçáðîñà ýíåðãèè

Â ýêñïåðèìåíòàõ íà ÂÝÏÏ-2000 â îáëàñòè ýíåðãèé <1 ÃýÂ δE íå ïðåâûøàåò 0.3
ÌýÂ. Ïîëüçóÿñü òåì, ÷òî äàííûé ðàçáðîñ çíà÷èòåëüíî ìåíüøå õàðàêòåðíîãî
ìàñøòàáà ýíåðãèé, íà êîòîðûõ ïðîèñõîäèò ñóùåñòâåííîå èçìåíåíèå ñå÷åíèÿ,
ìîæíî âûðàçèòü èñòèííîå ñå÷åíèå ÷åðåç íàáëþäàåìîå:

σ(E ) = σ′(E )− 1

2

d2σ′

dE ′2
(E )× δ2

E

Îòñþäà ñëåäóåò, ÷òî äëÿ èçâëå÷åíèÿ èñòèííîãî ñå÷åíèÿ æåëàòåëüíî ïðåäñòàâèòü
íàáëþäàåìîå ñå÷åíèå êàê ôóíêöèþ îò ýíåðãèè. Ïîñëå àïïðîêñèìàöèè èçìåðåííûõ
ñå÷åíèé âûðàæåíèå ïîäñòàâëÿåòñÿ âî âòîðîé ÷ëåí â ôîðìóëå äëÿ âû÷èñëåíèÿ èñòèííîãî
ñå÷åíèÿ. Îòíîñèòåëüíàÿ ðàçíèöà ìåæäó èñòèííûì è íàáëþäàåìûì ñå÷åíèÿìè íå
ïðåâûøàåò 0.1 % â îáëàñòè ω ðåçîíàíñà è ïðåíåáðåæèìî ìàëà âî âñåì îñòàëüíîì
äèàïàçîíå ýíåðãèé.
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Ìîäåëü äîìèíàíòíîñòè âåêòîðíûõ ìåçîíîâ

σππ(s) =
2

3

α2

s5/2
Pππ(s)|Aππ(s)|2

Pππ(s) = q3
π(s), ãäå qπ(s) =

1

2

√
s − 4m2

π

|Aππ(s)|2 =

∣∣∣∣∣
√

3

2

1

α

∑
V=ρ,ω,ρ′

ΓVm
3
V

√
mVσ(V → π+π−)

DV (s)

e iφρV√
q3
π(mV )

∣∣∣∣∣
2

DV(s) = m2
V − s − i

√
sΓV (s), ΓV (s) =

∑
f

Γ(V → f , s)

Γω(s) =
m2
ω

s

q3
π(s)

q3
π(mω)

ΓωBω→π+π− +
q3
πγ(s)

q3
πγ(mω)

ΓωBω→π0γ +
Wρπ(s)

Wρπ(mω)
ΓωBω→3π

ΓV (s) =
m2

V

s

q3
π(s)

q3
π(mV )

ΓV (V = ρ, ρ′)
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Ïàðàìåòðû ìîäåëè

Ñâîáîäíûå ïàðàìåòðû: Mρ, Γρ, σρ,σω, σρ′ è φρω

çíà÷åíèÿ Mω, Γω, Mρ′ , Γρ′ áûëè âçÿòû èç PDG, à îòíîñèòåëüíàÿ ôàçà φρρ′ ôèêñèðîâàëàñü
íà 180◦

Ñèñòåìàòè÷åñêèå îøèáêè mρ è Γρ ñâÿçàíû ñ ìîäåëüíîé íåîïðåäåëåííîñòüþ

îöåíèâàëèñü ïóòåì ñðàâíåíèÿ c çíà÷åíèÿìè mρ è Γρ èç àïïðîêñèìàöèè â ìîäåëè
Ãóíàðèñà-Ñàêóðàè

Åñëè mω è Γω íå ôèêñèðîâàòü, òî çíà÷åíèÿ ýòèõ ïàðàìåòðîâ ñîãëàñóþòñÿ ñ
äàííûìè èç PDG, â òî âðåìÿ êàê φρω ñäâèãàåòñÿ íà 1◦

Âåëè÷èíà ýòîãî ñìåùåíèÿ èñïîëüçîâàëàñü äëÿ îöåíêè ñèñòåìàòè÷åñêîé îøèáêè φρω

Ñèñòåìàòè÷åñêèå îøèáêè σρ è σω îïðåäåëÿþòñÿ ñèñòåìàòè÷åñêèìè îøèáêàìè èçìå-
ðåííûõ ñå÷åíèé
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Ðåçóëüòàòû àïïðîêñèìàöèè
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Îòíîñèòåëüíàÿ ðàçíèöà ìåæäó èçìå-

ðåííûì ñå÷åíèåì ïðîöåññà e+e− →
π+π− è àïïðîêñèìàöèåé äàííûõ ÑÍÄ â

çàâèñèìîñòè îò ýíåðãèè. Çåëåíàÿ ïîëî-

ñà èçîáðàæàåò ñèñòåìàòè÷åñêèå è ñòà-

òèñòè÷åñêèå îøèáêè, ñëîæåííûå êâàä-

ðàòè÷íî

Çàâèñèìîñòü áîðíîâñêîãî ñå÷åíèÿ e+e− → π+π−

îò ýíåðãèè, òî÷êè ñ îøèáêàìè � ýêñïåðèìåíòàëü-
íûå äàííûå, êðèâàÿ � ðåçóëüòàò àïïðîêñèìàöèè
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Ðåçóëüòàòû àïïðîêñèìàöèè

Ïàðàìåòð Äàííàÿ ðàáîòà ÑÍÄ ÂÝÏÏ�2Ì

mρ, MeV 775.3 ± 0.5 ± 0.6 774.6 ± 0.4 ± 0.5
Γρ, MeV 145.6 ± 0.6 ± 0.8 146.1 ± 0.8 ± 1.5

σ(ρ→ π+π−), nb 1189.7 ± 4.5 ± 9.5 1193 ± 7 ± 16
σ(ω → π+π−), nb 31.5 ± 1.2 ± 0.6 29.3 ± 1.4 ± 1.0

φρω, deg. 110.7 ± 1.1 ± 1.0 113.7 ± 1.3 ± 2.0
σ(ρ′ → π+π−), nb 2.4 ± 0.6 1.8 ± 0.2

χ2/ndf 47/30 �
Bρ→e+e− × Bρ→π+π− (4.889 ± 0.015 ± 0.039) ×10−5 (4.876 ± 0.023 ± 0.064) ×10−5

Bω→e+e− × Bω→π+π− (1.318 ± 0.051 ± 0.021) ×10−6 (1.225 ± 0.058 ± 0.041) ×10−6
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Ðåçóëüòàòû àïïðîêñèìàöèè
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Ñå÷åíèå, áåç âêëàäà ïîëÿðèçàöèè âàêóóìà, íî ñ ó÷åòîì èçëó÷åíèÿ èç
êîíå÷íîãî ñîñòîÿíèÿ.

σbare
ππ (s) = σ0

ππ(s)× |1− Π(s)|2 × (1 +
α

π
a(s))

a(s) =
1 + β2

β

[
4Li2

(
1− β
1 + β

)
+ 2Li2

(
−1− β

1 + β

)
−

3 ln
2

1 + β
ln

1 + β

1− β
− 2 lnβ ln

1 + β

1− β

]
− 3 ln

4

1− β2
− 4 lnβ +

1

β3

[
5

4
(1 + β2)2 − 2

]
× ln

1 + β

1− β
+

3

2

1 + β2

β2
.

Li2(x) = −
x∫

0

dt ln(1− t)/t, β =

√
1− 4m2

π

s
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Ðåçóëüòàòû èçìåðåíèÿ ïðîöåññà e+e− → π+π−

σππ , σ0
ππ è F (s) � ôèçè÷åñêîå è Áîðíîâñêîå ñå÷åíèÿ ïðîöåññà e+e− → π+π−, F (s) � ôîðìôàêòîð ïèîíà,

ñâÿçàííûé ñ σ0
ππ . 1+δrad � ðàäèàöèîííàÿ ïîïðàâêà. σpol � ñå÷åíèå e+e− → π+π− áåç âêëàäà ïîëÿðèçàöèè

âàêóóìà, íî ñ ó÷åòîì èçëó÷åíèÿ â êîíå÷íîì ñîñòîÿíèè. Ïîêàçàíû ñòàòèñòè÷åñêèå è ñèñòåìàòè÷åñêèå îøèáêè.
√
s, MeV σππ , nb σ0

ππ , nb |F (s)|2 1+δrad σpol , nb
525.07 203.4±12.3±2.4 210.4±12.7±2.5 4.4±0.3±0.1 0.967 209.7±12.7±2.5
543.99 224.4±10.1±2.5 232.5±10.5±2.6 5±0.2±0.1 0.965 231.9±10.4±2.6
565.2 235±12.3±2.4 244.3±12.8±2.5 5.5±0.3±0.1 0.962 243.8±12.8±2.5
585.04 254.2±10.7±2.5 265±11.1±2.6 6.2±0.3±0.1 0.959 264.8±11.1±2.6
604.85 328.8±8.7±3 344.7±9.2±3.1 8.3±0.2±0.1 0.954 344.8±9.2±3.1
624.78 366.4±11.1±3.2 386.1±11.7±3.4 9.7±0.3±0.1 0.949 386.7±11.7±3.4
644.63 438±8.2±3.7 464.2±8.7±3.9 12.1±0.2±0.1 0.944 465.6±8.7±3.9
664.53 525.9±3.5±4.4 561.3±3.7±4.7 15.3±0.1±0.1 0.937 563.7±3.7±4.7
684.42 642.1±8.4±5.3 689.1±9±5.6 19.5±0.3±0.2 0.932 692.9±9.1±5.7
704.21 798.1±10.3±6.5 860.7±11.1±7 25.4±0.3±0.2 0.927 865.5±11.1±7
724.12 1030.4±9.5±8.3 1112.6±10.3±9 34.2±0.3±0.3 0.926 1116.6±10.3±9
739.13 1146.5±5.6±9.2 1233.7±6±9.9 39.1±0.2±0.3 0.929 1234±6±9.9
743.8 1200.9±9.8±9.7 1289.4±10.6±10.4 41.3±0.3±0.3 0.931 1288.1±10.6±10.4
747.74 1215±14.4±9.8 1301.6±15.4±10.5 42±0.5±0.3 0.933 1298.7±15.4±10.5
751.71 1199.4±13.7±9.7 1281.4±14.7±10.3 41.7±0.5±0.3 0.936 1276.6±14.6±10.3
755.7 1246.5±10.8±10 1327.9±11.5±10.7 43.5±0.4±0.4 0.939 1321.3±11.4±10.6
759.58 1288.3±17.3±10.4 1368±18.3±11 45.2±0.6±0.4 0.942 1360.3±18.2±10.9
763.63 1263.4±5±10.2 1336.8±5.2±10.8 44.5±0.2±0.4 0.945 1328.9±5.2±10.7
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Ðåçóëüòàòû èçìåðåíèÿ ïðîöåññà e+e− → π+π−

σππ , σ0
ππ è F (s) � ôèçè÷åñêîå è Áîðíîâñêîå ñå÷åíèÿ ïðîöåññà e+e− → π+π−, F (s) � ôîðìôàêòîð ïèîíà,

ñâÿçàííûé ñ σ0
ππ . 1+δrad � ðàäèàöèîííàÿ ïîïðàâêà. σpol � ñå÷åíèå e+e− → π+π− áåç âêëàäà ïîëÿðèçàöèè

âàêóóìà, íî ñ ó÷åòîì èçëó÷åíèÿ â êîíå÷íîì ñîñòîÿíèè. Ïîêàçàíû ñòàòèñòè÷åñêèå è ñèñòåìàòè÷åñêèå îøèáêè.
√
s, MeV σππ , nb σ0

ππ , nb |F (s)|2 1+δrad σpol , nb
767.83 1249.1±6.9±10.1 1317±7.2±10.6 44.2±0.2±0.4 0.948 1310±7.2±10.5
771.57 1290.3±22.2±10.4 1356.5±23.3±10.9 45.9±0.8±0.4 0.951 1351.7±23.2±10.9
775.73 1290.9±17.2±10.4 1353.6±18±10.9 46.2±0.6±0.4 0.954 1353.2±18±10.9
778.55 1257±5.3±10.1 1311.1±5.5±10.5 45±0.2±0.4 0.959 1307.4±5.5±10.5
780.74 1199±18.4±9.7 1229.2±18.9±9.9 42.3±0.7±0.3 0.976 1211.4±18.6±9.8
782.03 1104.8±11.2±8.9 1106.9±11.2±8.9 38.2±0.4±0.3 0.998 1074.7±10.9±8.7
782.9 1058.1±4.8±8.5 1039.8±4.7±8.4 36±0.2±0.3 1.017 999±4.5±8
783.72 1004.9±11.6±8.1 971.9±11.3±7.8 33.7±0.4±0.3 1.033 925.2±10.7±7.5
784.7 959.2±12.8±7.7 916.8±12.2±7.4 31.9±0.4±0.3 1.046 865.8±11.6±7
786.7 913.5±5.1±7.4 872.3±4.8±7 30.4±0.2±0.2 1.047 819.1±4.5±6.6
789.45 934.6±14.1±7.5 903.1±13.7±7.3 31.7±0.5±0.3 1.035 850.9±12.9±6.9
793.91 890.4±10±7.2 867.8±9.7±7 30.7±0.3±0.2 1.026 823.1±9.2±6.6
797.66 858.9±10.1±6.9 836.3±9.9±6.7 29.8±0.4±0.2 1.027 795.8±9.4±6.4
803.98 819.5±10.5±6.6 791.4±10.1±6.4 28.6±0.4±0.2 1.036 755.4±9.6±6.1
821.79 654.8±5.6±5.3 608.7±5.2±4.9 22.8±0.2±0.2 1.076 583±5±4.7
843.36 496.6±5.8±4 438±5.1±3.6 17.1±0.2±0.1 1.134 420.4±4.9±3.4
862.68 382.2±4.6±3.1 321.2±3.9±2.6 13±0.2±0.1 1.19 309±3.7±2.5
883.19 303.2±6.7±2.5 242.1±5.3±2 10.2±0.2±0.1 1.252 233.5±5.1±1.9
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Âêëàä â aµ

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

aµ(ππ, smin ≤
√

s ≤ smax) =

(
αmµ

3π

)2 ∫ smax

smin

R(s)K(s)

s2
ds

R(s) =
σbareππ

σ(e+e− → µ+µ−)
, σ(e+e− → µ+µ−) =

4πα2

3s

K (s)�èçâåñòíîå ÿäðî:

K(s) =
3s

m2
µ

[
x2(2− x2)

2
+

(1 + x2)(1 + x)2

x2

(
ln(1 + x)− x +

x2

2

)
+

1 + x

1− x
x2 ln(x)

]

x =
1− βµ
1 + βµ

, βµ =

√
1−m2

µ

4s
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Âêëàä â aµ

Èíòåãðèðîâàíèå ìåòîäîì òðàïåöèé ïîçâîëÿåò âû÷èñëèòü èíòåãðàë èñïîëüçóÿ èçìåðåííûå
â äàííîé ðàáîòå ñå÷åíèÿ. aµ(ππ, 525ÌýÂ ≤

√
s ≤ 883ÌýÂ)× 1010 äëÿ äðóãèõ

ýêñïåðèìåíòîâ âû÷èñëÿëñÿ ñ ïðèìåíåíèåì ëèíåéíîé èíòåðïîëÿöèè îïóáëèêîâàííûõ
ñå÷åíèé.

Èçìåðåíèå aµ(ππ)× 1010

Äàííàÿ ðàáîòà 409.79 ± 1.44 ± 3.87

SND VEPP-2M 406.47 ± 1.74 ± 5.28
BaBar 413.58 ± 2.04 ± 2.29

KLOE (combined) 403.39 ± 0.72 ± 2.50

J. High Energ. Phys. 2021, 113 (2021)
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BaBar

Îòíîñèòåëüíàÿ ðàçíèöà ìåæäó ñå÷åíèåì
ïðîöåññà e+e− → π+π−, èçìåðåííûì â
ýêñïåðèìåíòàõ íà BABAR è àïïðîêñèìàöèåé
äàííûõ ÑÍÄ íà ÂÝÏÏ-2000

Äëÿ äàííûõ BABAR ïîêàçàíà ïîëíàÿ
îøèáêà

Çåëåíàÿ ïîëîñà èçîáðàæàåò
ñèñòåìàòè÷åñêèå è ñòàòèñòè÷åñêèå
îøèáêè ÑÍÄ, ñëîæåííûå êâàäðàòè÷íî
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Îòíîñèòåëüíàÿ ðàçíèöà ìåæäó ñå÷åíèåì ïðîöåññà e+e− → π+π−,
èçìåðåííûì â ýêñïåðèìåíòàõ íà KLOE è àïïðîêñèìàöèåé äàííûõ ÑÍÄ
íà ÂÝÏÏ-2000
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Îòíîñèòåëüíàÿ ðàçíèöà ìåæäó ñå÷åíèÿìè ïðîöåññà e+e− → π+π−,
èçìåðåííûìè â ýêñïåðèìåíòàõ ÑÍÄ è ÊÌÄ-2 íà ÂÝÏÏ-2Ì è
àïïðîêñèìàöèåé äàííûõ ÑÍÄ íà ÂÝÏÏ-2000

, MeVs
550 600 650 700 750 800 850 900

-1
fitσ/

ex
p

σ

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

SND06

CMD2

JETP (2006) vol. 103, N3, pp 380-384.

Phys. Lett. 2007 Vol.648B 5. P.28-38

Êóïè÷ À.Ñ. Èçìåðåíèå ýëåêòðîìàãíèòíîãî ôîðìôàêòîðà ïèîíà ñ äåòåêòîðîì ÑÍÄ íà óñêîðèòåëüíîì êîìïëåêñå ÂÝÏÏ-2000 53/57

https://link.springer.com/article/10.1134/S106377610609007X
https://www.sciencedirect.com/science/article/pii/S0370269307001931?via%3Dihub


Îáñóæäåíèå ðåçóëüòàòîâ

Â äèàïàçîíå ýíåðãèé 0.62 ≤
√
s ≤ 0.7 ÃýÂ íàáëþäàåòñÿ ðàñõîæäåíèå,

äîñòèãàþùåå 3% äëÿ BABAR è 1% äëÿ KLOE. Â îñòàëüíîé ÷àñòè ñïåêòðà
äàííûå SND ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè BABAR. Ðàçíèöà ìåæäó èçìåðåíèÿìè
KLOE è SND äîñòèãàåò 1�4 % â îáëàñòè ýíåðãèé

√
s ≥ 0.7 ÃýÂ

Ñðàâíåíèå ñ ðåçóëüòàòàìè èçìåðåíèé â ýêñïåðèìåíòàõ íà ÂÝÏÏ-2Ì íå âûÿâèëî
ñóùåñòâåííûõ ïðîòèâîðå÷èé âî âñåì ýíåðãåòè÷åñêîì ñïåêòðå

Ïàðàìåòðû ρ è ω ìåçîíîâ, ïîëó÷åííûå â äàííîì àíàëèçå, ñîãëàñóþòñÿ
èçìåðåíèÿìè ÑÍÄ íà ÂÝÏÏ-2Ì

Âåëè÷èíà ìàññû ρ ìåçîíà mρ íå îòëè÷àåòñÿ îò èçìåðåííûõ â áîëåå ðàííèõ
ýêñïåðèìåíòàõ
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Îáñóæäåíèå ðåçóëüòàòîâ

Ïîëó÷åííîå çíà÷åíèå øèðèíû Γρ íàõîäèòñÿ â ñîãëàñèè ñ äàííûìè áîëüøèíñòâà
ýêñïåðèìåíòîâ, íî ïðîòèâîðå÷èò ðåçóëüòàòó, îïóáëèêîâàííîìó BABAR. ×òîáû
ïîíÿòü ïðè÷èíó äàííîãî ðàñõîæäåíèÿ, áûëà ïðîâåäåíà àïïðîêñèìàöèÿ ñå÷åíèé
BABAR â äèàïàçîíå ýíåðãèé 0.525-0.883 ÃýÂ ñ èñïîëüçîâàíèåì íàøåé ìîäåëè.
Ïîëó÷åííàÿ òàêèì îáðàçîì øèðèíà ρ ìåçîíà ñîñòàâèëà 147.38±0.47 ÌýÂ

Ðàçíèöà ìåæäó çíà÷åíèåì aµ(ππ, 525ÌýÂ ≤
√
s ≤ 883ÌýÂ)× 1010, âû÷èñëåííîì

â äàííîé ðàáîòå, è aµ ïîëó÷åííûìè èç äàííûõ áîëåå ðàííèõ ýêñïåðèìåíòîâ
< 1σ, íî åñòü íåáîëüøîå (1.3 σ) ðàñõîæäåíèå ñ aµ îñíîâàííûì íà äàííûõ KLOE
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Îñíîâíûå ðåçóëüòàòû ðàáîòû

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 = 525 � 883 ÌýÂ (îáëàñòè

ðîæäåíèÿ ρ è ω ìåçîíîâ) ñ ñèñòåìàòè÷åñêîé îøèáêîé 0.9�1.2% ïðè ýíåðãèè
√
s < 600 ÌýÂ è 0.8% ïðè√

s ≥ 600 ÌýÂ
3 Àíàëèç ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ â ðàìêàõ ìîäåëè äîìèíàíòíîñòè âåêòîðíûõ ìåçîíîâ,

ïîêàçàë, ÷òî èçìåðåííûå ñå÷åíèÿ îïèñûâàþòñÿ ïðè ó÷åòå âêëàäîâ ρ, ω è ρ′ ðåçîíàíñîâ
4 Îïðåäåëåíû ìàññà è ïîëíàÿ øèðèíà ρ ìåçîíà:

mρ = 775.30± 0.5± 0.6 ÌýÂ, Γρ = 145.65± 0.6± 0.8 ÌýÂ
À òàêæå âû÷èñëåíû ïðîèçâåäåíèÿ âåðîÿòíîñòè ðàñïàäà â π+π− íà âåðîÿòíîñòü ðàñïàäà â e+e− äëÿ ëåãêèõ
âåêòîðíûõ ìåçîíîâ:
Bρ→e+e− ×Bρ→π+π− = (4.889± 0.015± 0.039)× 10−5, Bω→e+e− ×Bω→π+π− = (1.318± 0.051± 0.021)× 10−6

Èñïîëüçóÿ èçâåñòíîå çíà÷åíèå Bω→e+e− ìîæíî ïîëó÷èòü:
Bω→π+π− = 1.78± 0.09 (BPDG

ω→π+π−
= 1.49± 0.13, ÷òî ñîîòâåòñòâóåò ðàçíèöå â 1.8 σ)

5 Èçìåðåíà ôàçà èíòåðôåðåíöèè ìåæäó àìïëèòóäàìè ρ è ω ìåçîíîâ â ïðîöåññå e+e− → π+π− :
ϕρω = 110.7± 1.1± 1.0 ãðàä.

6 Âû÷èñëåí âêëàä e+e− → π+π− â (g-2) ìþîíà â îáëàñòè ýíåðãèé 525 <
√
s < 883 ÌýÂ:

aµ(ππ, 525MeV ≤
√
s ≤ 883MeV) = (409.79± 1.44± 3.87)× 10−10

7 Ïðåäñòàâëåííûå ðåçóëüòàòû íàõîäÿòñÿ â ñîãëàñèè ñ ðåçóëüòàòàìè âñåõ ïðåäûäóùèõ èçìåðåíèé, çà
èñêëþ÷åíèåì äàííûõ KLOE. Ïîëó÷åííûå ïàðàìåòðû ρ è ω ìåçîíîâ âíåñåíû â online-âåðñèþ PDG
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Ñïàñèáî çà âíèìàíèå!
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Ôîðìôàêòîð ïèîíà â ìîäåëè Ãóíàðèñà-Ñàêóðàè

σe+e−→π+π− =
πα2

3s
β3
π |Fπ(s)|2

Fπ(s) =
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s−m2
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)
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m2
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m2
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Ôîðìôàêòîð ïèîíà â ìîäåëè Ãóíàðèñà-Ñàêóðàè

d =
3

π

m2
π

p2
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V )
ln

mV + 2pπ(m2
V )

2mπ
+
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V )
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ΓV (s) = Γρ
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V )

]3 [
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V
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Aω =
6

αΓω

√
Bω→π+π− · Bω→e+e−

β3
π(m2
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∣∣∣∣1 + β + δ
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∣∣∣∣ e iφρω
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