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Ââåäåíèå

Êâàíòîâàÿ õðîìîäèíàìèêà (ÊÕÄ) ÿâëÿåòñÿ ýêñïåðèìåíòàëüíî ïîäòâåð-

æäåííîé êàëèáðîâî÷íîé òåîðèåé ñèëüíûõ âçàèìîäåéñòâèé. Â ÊÕÄ ýëåìåíòàð-

íûìè ÷àñòèöàìè ÿâëÿþòñÿ êâàðêè è ãëþîíû. Îíè îáëàäàþò êâàíòîâûì ÷èñëîì,

öâåòîì, îïðåäåëÿþùèì ïîâåäåíèå ïîëåé ïðè ïðåîáðàçîâàíèÿõ êàëèáðîâî÷íîé

öâåòîâîé ãðóïïû SU(3). Êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü, ïåðåíîðìèðóåìîñòü è

�-÷åòíîñòü îäíîçíà÷íî �èêñèðóþò âçàèìîäåéñòâèÿ ïîëåé è âèä ëàãðàíæèàíà

ÊÕÄ. Âàæíåéøèìè õàðàêòåðèñòèêàìè ÊÕÄ ÿâëÿþòñÿ àñèìïòîòè÷åñêàÿ ñâîáî-

äà è êîí�àéíìåíò. Àñèìïòîòè÷åñêàÿ ñâîáîäà çàêëþ÷àåòñÿ â òîì, ÷òî ïðè äîñòà-

òî÷íî áîëüøèõ ïåðåäà÷àõ èìïóëüñà êâàðêè è ãëþîíû ñòàíîâÿòñÿ ñëàáî ñâÿçàí-

íûìè è äëÿ âû÷èñëåíèé ìîæíî ïðèìåíÿòü òåîðèþ âîçìóùåíèé. Êîí�àéíìåíò

ñîñòîèò â òîì, ÷òî öâåòíûå îáúåêòû, êâàðêè è ãëþîíû, íå áûëè îáíàðóæåíû

â ñâîáîäíîì âèäå, à ýêñïåðèìåíòàëüíî íàáëþäàþòñÿ òîëüêî èõ áåñöâåòíûå ñî-

ñòàâíûå ñîñòîÿíèÿ � àäðîíû. Ýòî îçíà÷àåò, ÷òî íà áîëüøèõ ðàññòîÿíèÿõ, òî

åñòü ïðè ìàëûõ ïåðåäà÷àõ èìïóëüñà öâåòíûå îáúåêòû ñèëüíî ñâÿçàíû. Õàðàê-

òåðíûì ýíåðãåòè÷åñêèì ìàñøòàáîì, îïðåäåëÿþùèì ñìåíó ðåæèìà âçàèìîäåé-

ñòâèÿ, ÿâëÿåòñÿ ΛQCD ≃ 250 ÌýÂ.

Îäíèì èç íàèáîëåå èíòåðåñíûõ ðåæèìîâ êâàíòîâîé õðîìîäèíàìèêè ÿâ-

ëÿåòñÿ ðåæèì áîëüøèõ ãëþîííûõ ïëîòíîñòåé è âûñîêèõ ýíåðãèé, êîòîðûé äî-

ñòèãàåòñÿ â ðåäæåâñêîì ïðåäåëå, òî åñòü ïðè

√
s ≫ Q, ãäå s � ýòî êâàäðàò

ýíåðãèè â ñèñòåìå öåíòðà èíåðöèè è Q � ýòî õàðàêòåðíûé ìàñøòàá ïîïåðå÷íûõ

èìïóëüñîâ. Äëÿ ïðèìåíèìîñòè ðàñ÷åòîâ, âûïîëíåííûõ ïî òåîðèè âîçìóùåíèé,

òðåáóþò òàêæå Q ≫ ΛQCD. Ïðîöåññû, äëÿ êîòîðûõ ñïðàâåäëèâû îáà óñëîâèÿ,

√
s≫ Q≫ ΛQCD, íàçûâàþò ïîëóæåñòêèìè.

Ïî îïðåäåëåíèþ ðåäæåâñêàÿ êèíåìàòèêà èìååò ìåñòî äëÿ ïðîöåññîâ ñ

äâóìÿ íà÷àëüíûìè è äâóìÿ êîíå÷íûìè ÷àñòèöàìè, êîãäà s ≫ |t|, ãäå t � ýòî

êâàäðàò ïåðåäà÷è èìïóëüñà, ÿâëÿþùèéñÿ ìàñøòàáîì ïîïåðå÷íûõ èìïóëüñîâ. Â
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ñòîëêíîâåíèÿõ ñ ó÷àñòèåì àäðîíîâ õàðàêòåðíûé ìàñøòàá ïîïåðå÷íûõ èìïóëü-

ñîâ Q ìîæåò çàäàâàòüñÿ íå òîëüêî ïåðåäà÷åé t, íî è âèðòóàëüíîñòüþ �îòîíà,

èíâàðèàíòíîé ìàññîé èëè ïîïåðå÷íûì èìïóëüñîì ðîæäåííîé àäðîííîé ñèñòå-

ìû. Ñå÷åíèÿ òàêèõ ïðîöåññîâ çàâèñÿò îò ïàðòîííûõ �óíêöèé ðàñïðåäåëåíèÿ,

ïðåæäå âñåãî, ãëþîííîé, òî åñòü �÷èñëà ãëþîíîâ â àäðîíå�, êîòîðîå âåëèêî ïðè

√
s ≫ Q. Â äàííîé äèññåðòàöèè ìû ãîâîðèì î ðåäæåâñêîì ïðåäåëå èìåííî â

ýòîì áîëåå øèðîêîì çíà÷åíèè, íå îãðàíè÷èâàÿñü óçêèìè ðàìêàìè ðåäæåâñêîé

êèíåìàòèêè.

Ñ ýêñïåðèìåíòàëüíîé òî÷êè çðåíèÿ ðåäæåâñêèé ðåæèì ðåàëèçóåòñÿ â òà-

êèõ ïðîöåññàõ êàê ãëóáîêî íåóïðóãîå ëåïòîí - àäðîííîå ðàññåÿíèå (�Í�) ïðè

áîëüøîé âèðòóàëüíîñòè �îòîíà è æåñòêàÿ äè�ðàêöèÿ â �Í�, ÷òî àêòóàëüíî

äëÿ óñòàíîâîê HERA, LeHC, EIC. Èçó÷åíèå ðåæèìà áîëüøèõ ãëþîííûõ ïëîò-

íîñòåé âõîäèò â �èçè÷åñêóþ ïðîãðàììó ïëàíèðóåìûõ óñêîðèòåëåé LeHC è EIC

êàê âàæíåéøàÿ íåîòúåìëåìàÿ ÷àñòü.

Íà àäðîííûõ êîëëàéäåðàõ ðåäæåâñêèé ðåæèì èìååò ìåñòî â öåíòðàëüíûõ

ñòîëêíîâåíèÿõ òÿæåëûõ èîíîâ è pp ñòîëêíîâåíèÿõ ñ áîëüøîé ìíîæåñòâåííî-

ñòüþ, òàê êàê õàðàêòåðíûå x = Q2

s äëÿ ðîæäåííûõ ÷àñòèö â öåíòðàëüíîé îáëà-

ñòè áûñòðîò ìàëû ( äî ∼ 10−4
äëÿ pp ñ

√
s = 14, íàïðèìåð). Âåëè÷èíû èìïóëü-

ñîâ ýòèõ ÷àñòèö ÷àñòî íåäîñòàòî÷íû äëÿ ïðèìåíèìîñòè òåîðèè âîçìóùåíèé.

Òèïè÷íûå íàáëþäàåìûå, äëÿ êîòîðûõ ìîæíî äåëàòü ðàñ÷åòû â ðàìêàõ òåîðèè

âîçìóùåíèé, � ýòî äè��åðåíöèàëüíûå ñå÷åíèÿ èíêëþçèâíîãî ðîæäåíèÿ ñòðóé

ñ áîëüøèì ïîïåðå÷íûì èìïóëüñîì ∼ Q â öåíòðàëüíîé îáëàñòè áûñòðîò è àçè-

ìóòàëüíàÿ óãëîâàÿ äåêîððåëÿöèÿ ñòðóé ñ ìàêñèìàëüíîé ðàçíîñòüþ áûñòðîò,

íàçûâàåìûõ ñòðóÿìè Ìþëëåðà - Íàâàëå. �åäæåâñêèé ðåæèì òàêæå äîñòèãàåò-

ñÿ â óëüòðàïåðè�åðè÷åñêèõ ñòîëêíîâåíèÿõ àäðîíîâ è ÿäåð, êîãäà îäíî èç ÿäåð

èñïóñêàåò êâàçèðåàëüíûé �îòîí, êîòîðûé âçàèìîäåéñòâóþò ñî âòîðûì ÿäðîì ñ

îáðàçîâàíèåì ñèñòåìû ñ æåñòêèì ìàñøòàáîì, íàïðèìåð ñòðóé, Υ èëè j/ψ, ÷òî

àêòóàëüíî äëÿ RHIC è LHC. Æåñòêèå ìàòðè÷íûå ýëåìåíòû äëÿ ýòèõ ïðîöåññîâ

ìîæíî âû÷èñëÿòü â ðàìêàõ òåîðèè âîçìóùåíèé.
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Èòàê, íà ëåïòîí - àäðîííûõ ìàøèíàõ íàáëþäàåìûå, ïîçâîëÿþùèå èçó-

÷àòü ÊÕÄ â ðåäæåâñêîì ðåæèìå, � ýòî äè��åðåíöèàëüíûå ñå÷åíèÿ ïî x è

Q2
(è ñëåäîâàòåëüíî ñòðóêòóðíûå �óíêöèè è �óíêöèè ðàñïðåäåëåíèÿ ïàðòî-

íîâ, ïðåæäå âñåãî ãëþîíà), äè�ðàêöèîííûå �óíêöèè ðàñïðåäåëåíèÿ, ñå÷åíèÿ

è óãëîâûå ðàñïðåäåëåíèÿ äè�ðàêöèîííîãî ðîæäåíèÿ ñòðóé è ìåçîíîâ. Â óëü-

òðàïåðè�åðè÷åñêèõ àäðîí - àäðîííûõ ñòîëêíîâåíèÿõ â ðåäæåâñêîé îáëàñòè èç-

ìåðÿþòñÿ ñå÷åíèÿ è óãëîâûå ðàñïðåäåëåíèÿ äè�ðàêöèîííîãî ðîæäåíèÿ ñòðóé

è ìåçîíîâ è äè�ðàêöèîííûå �óíêöèè ðàñïðåäåëåíèÿ. Â öåíòðàëüíûõ ñòîëêíî-

âåíèÿõ òèïè÷íûìè íàáëþäàåìûìè ÿâëÿþòñÿ ñå÷åíèÿ èíêëþçèâíîãî ðîæäåíèÿ

ñòðóé, óãëîâûå ñïêòðû äëÿ ñòðóé Ìþëëåðà - Íàâàëå, ðàñïðåäåëåíèÿ ðîæäåííûõ

÷àñòèö ïî áûñòðîòå, ýíåðãèè, ïîïåðå÷íîìó èìïóëüñó è ò.ä. Âñå ýòè íàáëþäàåìûå

ïîçâîëÿþò èçó÷àòü âîëíîâûå �óíêöèè àäðîíîâ äî âçàèìîäåéñòâèÿ.

Ñ òåîðåòè÷åñêîé òî÷êè çðåíèÿ ïðè �èêñèðîâàííîì Q ïðè óìåíüøåíèè

x ðàñòåò ïëîòíîñòü ãëþîíîâ â ïðîñòðàíñòâå ïîïåðå÷íîì îñè ñòîëêíîâåíèÿ, òî

åñòü îòíîøåíèå ÷èñëà ãëþîíîâ ñ ïîïåðå÷íûì èìïóëüñîì ìåíüøå Q è äîëåé x

ïðîäîëüíîãî èìïóëüñà èñõîäíîãî àäðîíà ê ïîïåðå÷íîé ïëîùàäè àäðîíà. Ïîêà

ïëîòíîñòü ÷èñëà ãëþîíîâ ñ ïîïåðå÷íûì èìïóëüñîì ìåíüøå Q ìíîãî ìåíüøå 1,

dN
dln 1

x

≪ 1, ýòîò ðîñò îïèñûâàåòñÿ ëèíåéíûì óðàâíåíèåì, òàê êàê íåîáõîäèìî

ó÷èòûâàòü òîëüêî ïðîöåññû ðàñùåïëåíèÿ ãëþîíà. À ïðè äîñòàòî÷íî áîëüøèõ

ïëîòíîñòÿõ óðàâíåíèÿ ñòàíîâÿòñÿ íåëèíåéíûìè è ðîñò ïðàêòè÷åñêè ïðåêðàùà-

åòñÿ. Â ýòîì ñëó÷àå ãîâîðÿò î äîñòèæåíèè ðåæèìà áîëüøèõ ãëþîííûõ ïëîòíî-

ñòåé â ðåäæåâñêîì ïðåäåëå.

Ïðåêðàùåíèå ðîñòà ãëþîííîé ïëîòíîñòè ïðè ìàëûõ x íàçûâàåòñÿ íàñû-

ùåíèåì. Ïðè ýòîì äèíàìè÷åñêè ãåíåðèðóåòñÿ ìàñøòàá � ìàñøòàá íàñûùåíèÿ

Qs(x)� õàðàêòåðíûé ïîïåðå÷íûé èìïóëüñ, ïðè êîòîðîì ïðîöåññû ñëèÿíèÿ ãëþ-

îíîâ â âîëíîâîé �óíêöèè àäðîíà ñòàíîâÿòñÿ îäíîãî ïîðÿäêà ñ ïðîöåññàìè ðàñ-

ùåïëåíèÿ ãëþîíà. Ïðè íàñûùåíèè õàðàêòåðíîå ìåæïàðòîííîå ðàññòîÿíèå ñòà-

íîâèòñÿ ïîðÿäêà ïîïåðå÷íîãî ðàçìåðà ïàðòîíà. Ïîýòîìó íåëüçÿ ïðåíåáðåãàòü

ïàðòîí - ïàðòîííûì âçàèìîäåéñòâèåì. Èìåííî ìàñøòàá íàñûùåíèÿ îïðåäåëÿ-
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åò ãëþîííóþ ïëîòíîñòü è, ñëåäîâàòåëüíî, íàáëþäàåìûå ïðè î÷åíü ìàëûõ x. Â

ðåçóëüòàòå ëþáûå íàáëþäàåìûå, çàâèñÿùèå îò îäíîãî ïîïåðå÷íîãî ìàñøòàáà,

îêàçûâàþòñÿ �óíêöèÿìè îòíîøåíèÿ ýòîãî ìàñøòàáà è ìàñøòàáà íàñûùåíèÿ.

Íàïðèìåð, ïîñëå âûäåëåíèÿ ðàçìåðíîãî ìíîæèòåëÿ ñå÷åíèå �Í� çàâèñèò îò

îòíîøåíèÿ

Q
Qs(x)

, à íå îò Q è x ïî-îòäåëüíîñòè: σ ∼ 1
Q2f(

Q
Qs(x)

). Òàêîå ïîâåäåíèå

íàçûâàåòñÿ ãåîìåòðè÷åñêèé ñêåéëèíã. Îíî íàáëþäàëîñü â ep, eA è pp ñòîëêíî-

âåíèÿõ.

Â íàñòîÿùåå âðåìÿ ñòàíîâèòñÿ àêòóàëüíûì èçó÷åíèå áîëåå ñëîæíûõ íà-

áëþäàåìûõ, çàâèñÿùèõ îò íåñêîëüêèõ ìàñøòàáîâ. Íàïðèìåð, ðàññìàòðèâàåòñÿ

ãëóáîêî âèðòóàëüíîå êîìïòîíîâñêîå ðàññåÿíèå, ãëóáîêî âèðòóàëüíîå ðîæäåíèå

ìåçîíîâ è ñòðóé ñ íåíóëåâîé ïåðåäà÷åé èìïóëüñà. Íàëè÷èå òðåòüåãî ìàñøòàáà,

ïåðåäà÷è èìïóëüñà, ïîçâîëÿåò âîññòàíîâèòü íå òîëüêî çàâèñèìîñòü àäðîííûõ

ìàòðè÷íûõ ýëåìåíòîâ îò x, òî åñòü èññëåäîâàòü ðàñïðåäåëåíèå ïàðòîíîâ ïî

ïðîäîëüíîìó èìïóëüñó, íî è èçó÷àòü ðàñïðåäåëåíèå ïàðòîíîâ ïî ïîïåðå÷íîìó

èìïóëüñó. Ñîîòâåòñòâóþùèå íàáëþäàåìûå � ýòî íåïðîèíòåãðèðîâàííûå ïàð-

òîííûå ðàñïðåäåëåíèÿ.

Îïèñàíèå ïðîöåññîâ â ðåäæåâñêîì ïðåäåëå âîçìîæíî â íåñêîëüêèõ ïîä-

õîäàõ: ïîäõîäå Áàëèöêîãî - Ôàäèíà - Êóðàåâà - Ëèïàòîâà (ÁÔÊË) [1℄�[4℄, ïîä-

õîäå êîíäåíñàòà öâåòíîãî ñòåêëà (ÊÖÑ) [5℄�[11℄, ïîäõîäå âèëüñîíîâñêèõ ëèíèé,

óäàðíûõ âîëí èëè âûñîêîýíåðãåòè÷åñêîãî îïåðàòîðíîãî ðàçëîæåíèÿ Áàëèöêîãî

(ÂÝÎ�) [12℄�[14℄. Â äàííîé äèññåðòàöèè èñïîëüçîâàíû ìåòîäû ÂÝÎ� è ÁÔÊË.

Ïîäõîä ÁÔÊË îñíîâàí íà ðåäæåçàöèè ãëþîíà. �îâîðÿò, ÷òî ÷àñòèöà ñ

ìàññîé m è ñïèíîì j ðåäæåçóåòñÿ, åñëè àìïëèòóäû ïðîöåññîâ ñ îáìåíîì â t-

êàíàëå êâàíòîâûìè ÷èñëàìè ýòîé ÷àñòèöû âåäóò ñåáÿ êàê sj(t), ïðè÷åì j
(

m2
)

=

j. Çäåñü j (t) � ýòî ðåäæåâñêàÿ òðàåêòîðèÿ ÷àñòèöû, m � åå ìàññà. �åäæåçà-

öèÿ ãëþîíà îïðåäåëÿåò àìïëèòóäû ñ îáìåíîì öâåòîâûì îêòåòîì â t-êàíàëå. Ñ

ïîìîùüþ ñîîòíîøåíèÿ óíèòàðíîñòè èç îêòåòíûõ àìïëèòóä ñòðîÿòñÿ àìïëèòó-

äû ñ îáìåíîì äðóãèìè öâåòîâûìè ïðåäñòàâëåíèÿìè. Íàèáîëåå âàæíàÿ èç ýòèõ

àìïëèòóä � àìïëèòóäà ñ âàêóóìíûìè êâàíòîâûìè ÷èñëàìè â t-êàíàëå. Îíà
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îïðåäåëÿåò çàâèñèìîñòü ïîëíûõ ñå÷åíèé îò s.

Ïîäõîä ÊÖÑ îñíîâàí íà áîëüøîì ðàçëè÷èè âî âðåìåíè æèçíè è äëèíå

âçàèìîäåéñòâèÿ áûñòðûõ è ìåäëåííûõ ïàðòîíîâ, ñîñòàâëÿþùèõ �îêîâñêîå ðàç-

ëîæåíèå âîëíîâîé �óíêöèè áûñòðî äâèæóùåéñÿ ÷àñòèöû. Ìÿãêèå ïàðòîíû âîñ-

ïðèíèìàþò æåñòêèå êàê �çàìîðîæåííûå� òî÷å÷íûå êëàññè÷åñêèå öâåòîâûå çà-

ðÿäû, êîòîðûå ÿâëÿþòñÿ èñòî÷íèêàìè äëÿ ìÿãêèõ êâàíòîâûõ ïîëåé. Äëÿ èñòî÷-

íèêîâ ââîäèòñÿ �óíêöèîíàë W , îïðåäåëÿþùèé âåðîÿòíîñòü íàõîæäåíèÿ êîí-

êðåòíîãî ðàñïðåäåëåíèÿ èñòî÷íèêîâ â àäðîíå. Íàáëþäàåìûå âåëè÷èíû âû÷èñ-

ëÿþòñÿ â 2 ýòàïà. Ñíà÷àëà äëÿ �èêñèðîâàííîãî ðàñïðåäåëåíèÿ èñòî÷íèêîâ îíè

âû÷èñëÿþòñÿ êàê �óíêöèè ãëþîííûõ ïîëåé ïðè íàëè÷èè èñòî÷íèêîâ. Çàòåì ïî-

ëó÷åííûå ðåçóëüòàòû óñðåäíÿþòñÿ 
 ïîìîùüþW . Ôóíêöèîíàë W ïîä÷èíÿåòñÿ

óðàâíåíèþ Äæàëèëèàí-Ìàðèàíà, ßíêó, ÌàêËåððàíà, Âåéãåðòà, Ëåîíèäîâà è

Êîâíåðà (JIMWLK) [5℄�[11℄.

Àëüòåðíàòèâíûé ïîäõîä îñíîâàí íà ìîäåëè öâåòîâûõ äèïîëåé [15℄�[18℄,

êîòîðàÿ �îðìóëèðóåòñÿ â êîîðäèíàòíîì ïðåäñòàâëåíèè. Â ðàìêàõ ýòîé ìîäåëè,

íàïðèìåð, ñå÷åíèå �Í� ïðåäñòàâëÿåòñÿ â âèäå ñâåðòêè èìïàêò �àêòîðà, îïè-

ñûâàþùåãî ïåðåõîä �îòîíà â êâàðê - àíòèêâàðêîâóþ ïàðó, è �óíêöèè �ðèíà

öâåòîâîãî äèïîëÿ, îïèñûâàþùåé ðàññåÿíèå ýòîé ïàðû íà ìèøåíè. Äèïîëüíàÿ

�óíêöèÿ �ðèíà ïîä÷èíÿåòñÿ ëèíåéíîìó óðàâíåíèþ ýâîëþöèè. Ïîäõîä ÂÝÎ�

ÿâëÿåòñÿ ðàçâèòèåì ýòîé èäåè. Îí îñíîâàí íà ýéêîíàëüíîì ïðèáëèæåíèè, â

ðàìêàõ êîòîðîãî âçàèìîäåéñòâèå áûñòðîé ÷àñòèöû ñ êëàññè÷åñêèì âíåøíèì

ïîëåì ñâîäèòñÿ ê âèëüñîíîâñêîé ëèíèè âäîëü òðàåêòîðèè áûñòðîé ÷àñòèöû â

ýòîì ïîëå. Ñõåìà ÂÝÎ� �îðìóëèðóåòñÿ â òåðìèíàõ �àêòîðèçàöèè ïî áûñòðîòå

η = ln 1
x (ñì. îáçîðû [19, 20℄).

Âî-ïåðâûõ, ââîäèòñÿ ïðîìåæóòî÷íàÿ �áûñòðîòà �àêòîðèçàöèè� η ìåæ-

äó áûñòðîòàìè íàëåòàþùåé ÷àñòèöû YP è ìèøåíè YT è âñå ïåòëåâûå �åéí-

ìàíîâñêèå èíòåãðàëû ïî ïðîäîëüíîìó èìïóëüñó (èëè áûñòðîòå) ðàçáèâàþòñÿ

íà äâå ÷àñòè: êîý��èöèåíòíûå �óíêöèè (íàçûâàåìûå èìïàêò �àêòîðàìè) ñ

Y > η è ìàòðè÷íûå ýëåìåíòû T -óïîðÿäî÷åííûõ îïåðàòîðîâ âèëüñîíîâñêèõ ëè-
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íèé ñ Y < η. Êàê óæå óïîìèíàëîñü âûøå, âçàèìîäåéñòâèå áûñòðûõ ÷àñòèö ñ

ìåäëåííûìè ìîæåò áûòü îïèñàíî â ýéêîíàëüíîì ïðèáëèæåíèè, ïîýòîìó ñîîò-

âåòñòâóþùèìè îïåðàòîðàìè ÿâëÿþòñÿ âèëüñîíîâñêèå ëèíèè. Èìïàêò-�àêòîðû

âûðàæàþòñÿ ÷åðåç âîëíîâûå �óíêöèè âõîäÿùèõ è èñõîäÿùèõ ÷àñòèö, êîòîðûå

îïèñûâàþò èõ ðàñùåïëåíèå íà êâàðêè è ãëþîíû, ðàñïðîñòðàíÿþùèåñÿ ÷åðåç

óäàðíóþ âîëíó, îáðàçîâàííóþ ÷àñòèöåé-ìèøåíüþ.

Âî-âòîðûõ, âûâîäÿòñÿ óðàâíåíèÿ ýâîëþöèè äëÿ T -óïîðÿäî÷åííûõ îïåðà-

òîðîâ âèëüñîíîâñêèõ ëèíèé îòíîñèòåëüíî ìàñøòàáà �àêòîðèçàöèè � áûñòðîòû

η.

Â-òðåòüèõ, ýòè óðàâíåíèÿ ðåøàþòñÿ è ðåøåíèÿ ïðîäîëæàþòñÿ äî áûñò-

ðîò ïîðÿäêà áûñòðîòû ìèøåíè, òàê ÷òî ýíåðãèè ãëþîíîâ â ñèñòåìå ìèøåíè

ñòàíîâÿòñÿ ïîðÿäêà íåñêîëüêèõ �ýÂ.

Äàëåå ðåçóëüòàò ýâîëþöèè ñâîðà÷èâàåòñÿ ñ íà÷àëüíûìè óñëîâèÿìè - èì-

ïàêò �àêòîðîì ìèøåíè. Åñëè ìèøåíü ìîæåò áûòü îïèñàíà â ïåðòóðáàòèâíîé

ÊÕÄ (êàê âèðòóàëüíûé �îòîí èëè ìåçîí èç òÿæåëûõ êâàðêîâ), ýòè íà÷àëü-

íûå óñëîâèÿ ìîãóò áûòü âû÷èñëåíû â ïåðòóðáàòèâíîé ÊÕÄ. Åñëè ìèøåíüþ

ÿâëÿåòñÿ ïðîòîí èëè ÿäðî, íà÷àëüíûå óñëîâèÿ ÷àñòî ñòðîÿòñÿ â ðàìêàõ ìîäåëè

Ìþëëåðà-�ëàóáåðà.

Òàêèì îáðàçîì, â ðàìêàõ ÂÝÎ� áàçèñ îïåðàòîðîâ, ïî êîòîðîìó ïðîâî-

äèòñÿ îïåðàòîðíîå ðàçëîæåíèå äëÿ �óíêöèé �ðèíà â ðåäæåâñêîì ïðåäåëå, ñî-

ñòàâëÿþò T -óïîðÿäî÷åííûå îïåðàòîðû âèëüñîíîâñêèõ ëèíèé.

Ìåòîä ÂÝÎ� ÿâëÿåòñÿ îáùèì, íî èçíà÷àëüíî îí áûë ïðèìåíåí ê ñëó-

÷àþ ãëóáîêî íåóïðóãîãî ðàññåÿíèÿ èëè ðàññåÿíèÿ ìåçîíîâ, ãäå ñîîòâåòñòâóþ-

ùèé îïåðàòîð, ïîñòðîåííûé èç âèëüñîíîâñêèõ ëèíèé, ÿâëÿåòñÿ öâåòîâûì äèïî-

ëåì. Ìàòðè÷íûé ýëåìåíò ýòîãî äèïîëüíîãî îïåðàòîðà ñîîòâåòñòâóåò äèïîëüíîé

�óíêöèè �ðèíà èç ïîäõîäà öâåòîâûõ äèïîëåé.

Â ïîäõîäå ÂÝÎ� ýâîëþöèÿ öâåòîâûõ äèïîëåé èçó÷àëàñü ß. Áàëèöêèì

â ãëàâíîì ëîãàðè�ìè÷åñêîì ïðèáëèæåíèè (�ËÏ) â ðàáîòå [12℄ è íåçàâèñèìî

Þ. Êîâ÷åãîâûì â ðàáîòå [13℄ äëÿ ðàññåÿíèÿ íà áîëüøèõ ÿäðàõ. Ïîëó÷åííîå
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íåëèíåéíîå óðàâíåíèå èçâåñòíî êàê óðàâíåíèå Áàëèöêîãî-Êîâ÷åãîâà (ÁÊ). Â

ëèíåéíîì 2-ãëþîííîì ïðèáëèæåíèè Ñ-÷åòíàÿ ÷àñòü ýòîãî óðàâíåíèÿ ïåðåõîäèò

â ñèíãëåòíîå óðàâíåíèå ÁÔÊË [1℄, [21℄, [4℄, îïèñûâàþùåå C-÷åòíîå t-êàíàëüíîå

ñîñòîÿíèå èçâåñòíîå êàê ïîìåðîí.

Ó÷åò áåãóùåé êîíñòàíòû ñâÿçè ïðè ýâîëþöèè öâåòîâîãî äèïîëÿ áûë ïî-

ëó÷åí â [22℄ è [23℄, à ïîëíîå ÿäðî â ñëåäóþùåì çà ãëàâíûì ïðèáëèæåíèè (Ñ�Ï)

áûëî íàéäåíî â [24℄, [25℄. �åøåíèÿ ÁÊ ñ ó÷åòîì èçìåíåíèÿ êîíñòàíòû ñâÿçè

ñåé÷àñ øèðîêî èñïîëüçóþòñÿ äëÿ îïèñàíèÿ ýêñïåðèìåíòîâ ñ ïðîòîíàìè è òÿæå-

ëûìè èîíàìè íà LHC è RHIC.

Íî ìíîãèå èíòåðåñíûå ïðîöåññû îïèñûâàþòñÿ ýâîëþöèåé áîëåå ñëîæíûõ

îïåðàòîðîâ, òàêèõ êàê �öâåòîâûå òðèïîëè� (ñëåä òðåõ âèëüñîíîâñêèõ ëèíèé â

êâàðêîâîì ïðåäñòàâëåíèè εi
′j′h′εijhU

i
1i′U

j
2j′U

h
3h′, èçâåñòíûé êàê áàðèîííàÿ èëè

òðåõêâàðêîâàÿ âèëüñîíîâñêàÿ ïåòëÿ) è �öâåòîâûå êâàäðóïîëè� (ñëåä ÷åòûðåõ

âèëüñîíîâñêèõ ëèíèé). Äëÿ îïèñàíèÿ ýâîëþöèè òàêèõ îïåðàòîðîâ óðàâíåíèå

ÁÊ â ñëåäóþùåì çà ãëàâíûì ëîãàðè�ìè÷åñêîì ïðèáëèæåíèè (Ñ�ËÏ) áûëî

îáîáùåíî íà ïîëíóþ èåðàðõèþ ýâîëþöèè âèëüñîíîâñêèõ ëèíèé â ðàáîòå [26℄.

Ñâÿçíûé âêëàä â óðàâíåíèå ýâîëþöèè äëÿ òðåõ âèëüñîíîâñêèõ ëèíèé, âîøåä-

øèé â èåðàðõèþ â Ñ�ËÏ [26℄, áûë âû÷èñëåí â ðàáîòå [27℄, âêëþ÷åííîé â äàííóþ

äèññåðòàöèþ. Àíàëîãè÷íîå âû÷èñëåíèå â ðàìêàõ ïîäõîäà ÊÖÑ ïðîäåëàíî â [28℄.

Îïåðàòîð áàðèîííîé âèëüñîíîâñêîé ïåòëè (ÁÂÏ) èìååò îñîáîå çíà÷åíèå,

òàê êàê ñ òî÷êè çðåíèÿ öâåòîâîé ãðóïïû îí îáëàäàåò ñèììåòðèåé ïðîòîíà è

ìîæåò ñëóæèòü ãëàâíûì îïåðàòîðîì â îïèñàíèè ïðîòîíà â ðàìêàõ ÂÝÎ�. Ñ

äðóãîé ñòîðîíû, â ëèíåéíîì ïðèáëèæåíèè, òàê æå êàê ìàòðè÷íûé ýëåìåíò äè-

ïîëüíîãî îïåðàòîðà îïèñûâàåò C-÷åòíûé ïîìåðîííûé îáìåí â t-êàíàëå, ìàò-

ðè÷íûé ýëåìåíò ÁÂÏ îïèñûâàåò îääåðîííûé C-íå÷åòíûé îáìåí â îáùåì âèäå.

Ýâîëþöèÿ ïî áûñòðîòå áàðèîííîé âèëüñîíîâñêîé ïåòëè â ëèíåàðèçîâàí-

íîì ãëàâíîì ïðèáëèæåíèè (�Ï) áûëà èçó÷åíà â C-íå÷åòíîì ñëó÷àå â �îðìàëèç-

ìå ÊÖÑ â [29℄. Â ýòîé ðàáîòå áûëî äîêàçàíî, ÷òî îíà ýêâèâàëåíòíà C-íå÷åòíîìó

óðàâíåíèþ Áàðòåëüñà - Êâè÷èíñêîãî - Ïðàøàëîâè÷à (ÁÊÏ) [30℄-[31℄. Ôóíêöèÿ
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�ðèíà, ïîä÷èíÿþùàÿñÿ óðàâíåíèþ ÁÊÏ, îïèñûâàåò C-íå÷åòíîå t -êàíàëüíîå

ñîñòîÿíèå èçâåñòíîå êàê îääåðîí. Àâòîðû [29℄ ïîêàçàëè, ÷òî ëèíåàðèçîâàííîå

óðàâíåíèå äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè â �Ï ìîæíî ñâåñòè ê óðàâíåíèþ

ÁÊÏ ïîñëå ïåðåõîäà îò êîîðäèíàòíîãî ïðîñòðàíñòâà ê èìïóëüñíîìó. Â èìïóëüñ-

íîì ïðåäñòàâëåíèè ýâîëþöèÿ áàðèîííîãî îïåðàòîðà âïåðâûå áûëà ðàññìîòðåíà

â [32℄, à íåëèíåéíîå óðàâíåíèå èçó÷àëîñü â [33℄. Â Ñ-íå÷åòíîì ñëó÷àå ëèíåéíîå

óðàâíåíèå ýâîëþöèè â Ñ�ËÏ äëÿ �óíêöèè �ðèíà îääåðîíà áûëî ïîëó÷åíî â [34℄

â ðàìêàõ ïîäõîäà ÁÔÊË. Îäíàêî âñå íåëèíåéíûå ïîïðàâêè ê óðàâíåíèþ ýâî-

ëþöèè ÁÂÏ â �ËÏ è Ñ�ËÏ áûëè âû÷èñëåíû â ðàáîòàõ, âîøåäøèõ â äàííóþ

äèññåðòàöèþ: ïîëíîå íåëèíåéíîå óðàâíåíèå ýâîëþöèè äëÿ äàííîãî îïåðàòîðà

â �ËÏ áûëî ïîëó÷åíî â ðàìêàõ ïîäõîäà ÂÝÎ� â [35℄, ñâÿçíûé âêëàä â ÿäðî

óðàâíåíèÿ â Ñ�ËÏ áûë ðàññ÷èòàí â [27℄, ïîëíîå íåëèíåéíîå óðàâíåíèå äëÿ ýòî-

ãî îïåðàòîðà â Ñ�ËÏ ïîëó÷åíî â [36℄. Àíàëîãè÷íûé ðàñ÷åò â ðàìêàõ ïîäõîäà

JIMWLK âûïîëíåí â [37℄.

Óðàâíåíèÿ ýâîëþöèè äëÿ êâàäðóïîëüíîãî è äâàæäû äèïîëüíîãî îïåðà-

òîðîâ áûëè âûâåäåíû â �ËÏ â [38℄ è [12℄. Êâàäðóïîëüíûé è äâàæäû äèïîëüíûé

îïåðàòîðû íåîáõîäèìû äëÿ îïèñàíèÿ ñå÷åíèÿ ðîæäåíèÿ äâóõ ñòðóé. Óðàâíåíèÿ

ýâîëþöèè äëÿ ýòèõ îïåðàòîðîâ â Ñ�ËÏ áûëè ïîëó÷åíû â ðàáîòå [39℄, âîøåäøåé

â äàííóþ äèññåðòàöèþ.

Ïîñòðîåíèå ðåøåíèé óðàâíåíèé ýâîëþöèè ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé.

Â �ËÏ ëèíåéíîå óðàâíåíèå äëÿ äèïîëüíîãî îïåðàòîðà ñîâïàäàåò ñ óðàâíåíèåì

ÁÔÊË. ßäðî ýòîãî óðàâíåíèÿ â ìåáèóñîâñêîé �îðìå êîí�îðìíî èíâàðèàíòíî,

÷òî ïîçâîëÿåò èñïîëüçîâàòü ñîáñòâåííûå �óíêöèè îïåðàòîðîâ Êàçèìèðà ãðóï-

ïû Ìåáèóñà êàê ñîáñòâåííûå �óíêöèè ÿäðà. Ñîáñòâåííûå çíà÷åíèÿ áîðíîâñêîãî

ÿäðà ÁÔÊË áûëè íàéäåíû â [40℄. Ïîïðàâêè Ñ�Ï äëÿ ÿäðà ÁÔÊË äëÿ ðàññå-

ÿíèÿ âïåðåä áûëè ðàññ÷èòàíû â [41℄. Îäíàêî èç-çà áåãóùåé êîíñòàíòû ñâÿçè

áîðíîâñêèå ñîáñòâåííûå �óíêöèè íå ÿâëÿþòñÿ ñîáñòâåííûìè �óíêöèÿìè ýòîãî

óðàâíåíèÿ â Ñ�ËÏ. Óðàâíåíèå ÁÔÊË â Ñ�ËÏ äëÿ ðàññåÿíèÿ âïåðåä è ðàç-

ëè÷íûå ïîäõîäû ê åãî ðåøåíèþ, äîïóñêàþùèå ý��åêòû èçìåíåíèÿ êîíñòàíòû
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ñâÿçè, àêòèâíî èçó÷àëèñü, íà÷èíàÿ ñ [42℄. Â [43℄ ýòî óðàâíåíèå áûëî ïåðåïèñàíî

êàê íåîäíîðîäíîå äè��åðåíöèàëüíîå óðàâíåíèå â ïðîñòðàíñòâå ñîáñòâåííûõ

�óíêöèé óðàâíåíèÿ ÁÔÊË â �Ï. Â [44℄ ðåøåíèå ñ áåãóùåé êîíñòàíòîé ñâÿ-

çè èçó÷àëîñü â ïðèáëèæåíèè ñåäëîâîé òî÷êè. Äåòàëüíîå îáñóæäåíèå ðåøåíèÿ

óðàâíåíèÿ ÁÔÊË îïèñàíî â ëåêöèÿõ [45℄ è ïðèâåäåííûõ òàì ññûëêàõ. �àç-

ëè÷íûå ìåòîäû ðåøåíèÿ íåëèíåéíûõ óðàâíåíèé îïèñàíû â ìîíîãðà�èè [46℄.

Â ðàáîòå [47℄ áûëè ïîñòðîåíû ñîáñòâåííûå �óíêöèè ÿäðà óðàâíåíèÿ ÁÔÊË â

Ñ�Ï äëÿ ðàññåÿíèÿ âïåðåä, êîòîðûå èñïîëüçîâàëèñü äëÿ ïîñòðîåíèÿ ðåøåíèÿ

óðàâíåíèÿ ÁÔÊË äëÿ ðàññåÿíèÿ âïåðåä. Â ðàáîòå [48℄, âîøåäøåé â äàííóþ

äèññåðòàöèþ, ïîêàçàíî, ÷òî ìîæíî ðåøèòü óðàâíåíèå ÁÔÊË â Ñ�Ï äëÿ ðàññå-

ÿíèÿ âïåðåä â ïðîñòðàíñòâå áîðíîâñêèõ ñîáñòâåííûõ �óíêöèé áåç ïîñòðîåíèÿ

ñîáñòâåííûõ �óíêöèé â Ñ�Ï, ñâåäÿ åãî ê óðàâíåíèþ â ÷àñòíûõ ïðîèçâîäíûõ.

Õîòÿ ïîäõîä ÁÔÊË èçíà÷àëüíî ðàçâèâàëñÿ â èìïóëüñíîì ïðåäñòàâëåíèè,

ìíîãî ëåò íàçàä áûëî îñîçíàííî, ÷òî åãî êîîðäèíàòíîå ïðåäñòàâëåíèå î÷åíü ïî-

ëåçíî, îñîáåííî â ïîìåðîííîì ñëó÷àå, êîòîðûé ÿâëÿåòñÿ íàèáîëåå âàæíûì äëÿ

�åíîìåíîëîãèè. Äåéñòâèòåëüíî, êîí�îðìíàÿ èíâàðèàíòíîñòü ñèíãëåòíîãî ÿäðà

ÁÔÊË â �ËÏ, ïîêàçàííàÿ â [40℄, áûëà ñ�îðìóëèðîâàíà â êîîðäèíàòíîì ïðåä-

ñòàâëåíèè. Ñðàâíåíèå ïîäõîäîâ ÁÔÊË è ÂÝÎ� òàêæå ïîòðåáîâàëî ïåðåõîäà îò

ïîëíîãî ê ìåáèóñîâñêîìó ïðåäñòàâëåíèþ ÿäðà ÁÔÊË.

Ïîëíûì ïðåäñòàâëåíèåì íàçûâàåòñÿ ïðåäñòàâëåíèå, ââåäåííîå â [49℄ â

ïîäõîäå ÁÔÊË, â êîòîðîì ÿäðî è èìïàêò �àêòîðû â Ñ�Ï îïðåäåëåíû â ïðî-

ñòðàíñòâå ïîïåðå÷íûõ èìïóëüñîâ äâóõ âçàèìîäåéñòâóþùèõ ðåäæåîíîâ. Ìåáè-

óñîâñêîå ïðåäñòàâëåíèå � ýòî ïðåäñòàâëåíèå íà �óíêöèÿõ îò äâóõ ïîïåðå÷íûõ

êîîðäèíàò ðåäæåîíîâ, êîòîðûå ðàâíû 0 ïðè ñîâïàäåíèè ýòèõ êîîðäèíàò. Ýòî

ñâîéñòâî îçíà÷àåò, ÷òî áåñöâåòíàÿ ìèøåíü íå âçàèìîäåéñòâóåò ñ ãëþîíàìè, äëè-

íà âîëíû êîòîðûõ ñóùåñòâåííî ïðåâûøàåò åå ðàçìåð. Ìåáèóñîâñêîå ïðåäñòàâëå-

íèå ÿâëÿåòñÿ åñòåñòâåííûì äëÿ ïîäõîäà ÂÝÎ�, â êîòîðîì äèïîëüíûé îïåðàòîð

ïðîïîðöèîíàëåí 1 − tr(Uz1
U †
z2
)

Nc
è èñ÷åçàåò ïðè ñîâïàäåíèè z1 è z2. Çäåñü âèëüñî-

íîâñêàÿ ëèíèÿ Uz ÿâëÿåòñÿ ýéêîíàëüíûì �àêòîðîì, ïðèîáðåòàåìûì áûñòðûì
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êâàðêîì ïðè äâèæåíèè ñêâîçü ìèøåíü.

Èçâåñòíî, ÷òî ÿäðî ÁÔÊË â Ñ�Ï â ìåáèóñîâñêîì ïðåäñòàâëåíèè ïîñëå

ïðåîáðàçîâàíèé ñîâïàäàåò ñ ëèíåàðèçîâàííûì ÿäðîì óðàâíåíèÿ Áàëèöêîãî -

Êîâ÷åãîâà (ÁÊ) â Ñ�Ï [50℄. Òàêæå èçâåñòíî ïðåîáðàçîâàíèå, ïðèâîäÿùåå ýòî

ÿäðî â Ñ�Ï ê êâàçèêîí�îðìíîìó âèäó [50℄.

Êâàçèêîí�îðìíûì íàçûâàåòñÿ òàêîé âèä óðàâíåíèÿ, ÿäðî êîòîðîãî èí-

âàðèàíòíî îòíîñèòåëüíî ãðóïïû äðîáíî ëèíåéíûõ ïðåîáðàçîâàíèé êîîðäèíàò ñ

òî÷íîñòüþ äî ÷ëåíîâ, ïðîïîðöèîíàëüíûõ β-�óíêöèè. Êâàçèêîí�îðìíûå ÿäðà

óðàâíåíèé îñîáåííî èíòåðåñíû, òàê êàê êîí�îðìíàÿ èíâàðèàíòíîñòü ïîìîãàåò

â ðåøåíèè óðàâíåíèé.

Ïåðåõîä îò ïîëíîãî ïðåäñòàâëåíèÿ ê ìåáèóñîâñêîìó çàêëþ÷àåòñÿ â ïðå-

îáðàçîâàíèè Ôóðüå èç èìïóëüñíîãî â êîîðäèíàòíîå ïðåäñòàâëåíèå è óïðîùåíèè

îïåðàòîðà òàêèì îáðàçîì, ÷òîáû ìàòðè÷íûå ýëåìåíòû, âû÷èñëåííûå ïî èìïàêò

�àêòîðàì, îáëàäàþùèì äèïîëüíûì ñâîéñòâîì, ñîâïàäàëè ñ èñõîäíûìè.

Çàäà÷à âîññòàíîâëåíèÿ ïîëíîãî îïåðàòîðà ïî åãî ìåáèóñîâñêîé �îðìå

ÿâëÿåòñÿ íåòðèâèàëüíîé, òàê êàê â ïðîöåññå óïðîùåíèÿ îòáðàñûâàþòñÿ ÷ëå-

íû ðàâíûå 0 ïðè ñâåðòêå ñ äèïîëüíûìè èìïàêò �àêòîðàìè. Ýòà çàäà÷à áûëà

ðåøåíà â [51℄, âîøåäøåé â äàííóþ äèññåðòàöèþ.

Èçó÷åíèå äè�ðàêöèîííûõ ïðîöåññîâ áûëî âàæíîé ÷àñòüþ �èçè÷åñêîé

ïðîãðàììû HERA [52℄. Îêàçàëîñü, ÷òî îêîëî 10 % ñîáûòèé �Í� γ∗p → X

èìåþò ïðîáåë ïî áûñòðîòå ìåæäó ïðîäóêòàìè ðàñïàäà ïðîòîíà Y è àäðîíà-

ìè â îáëàñòè �ðàãìåíòàöèè âèðòóàëüíîãî �îòîíà X. Ýòè ñîáûòèÿ íàçûâà-

þòñÿ ãëóáîêî íåóïðóãèì äè�ðàêöèîííûì ðàññåÿíèåì (�ÍÄ�) è âûãëÿäÿò òàê

γ∗p→ X Y [53, 54, 55, 56, 57, 58, 59, 60℄. Çäåñü Y � ýòî èëè ïðîòîí, èëè åãî âîç-

áóæäåííûå ñîñòîÿíèÿ, à X íàçûâàåòñÿ äè�ðàêöèîííûì êîíå÷íûì ñîñòîÿíèåì.

Èçó÷àëèñü êàê èíêëþçèâíàÿ äè�ðàêöèÿ, òàê è ýêñêëþçèâíûå íàáëþäàåìûå:

ðîæäåíèå ñòðóé è ìåçîíîâ.

Íàëè÷èå ïðîáåëà ïî áûñòðîòå ìåæäó X è Y è áåñöâåòíîñòü Y äåëàþò

åñòåñòâåííûì îïèñàíèå äè�ðàêöèîííûõ ïðîöåññîâ ñ ïîìîùüþ ïîìåðîííîãî îá-
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ìåíà. Â ðàìêàõ êîëëèíåàðíîãî ïîäõîäà áûëà äîêàçàíà òåîðåìà î �àêòîðèçà-

öèè [61℄, óòâåðæäàþùàÿ, ÷òî êàê â �Í� äëÿ äè�ðàêöèîííûõ ïðîöåññîâ ìîæ-

íî ââåñòè äè�ðàêöèîííûå ñòðóêòóðíûå �óíêöèè, êîòîðûå ïðåäñòàâèìû â âè-

äå ñâåðòîê êîý��èöèåíòíûõ �óíêöèé è äè�ðàêöèîííûõ ïàðòîííûõ �óíêöèé

ðàñïðåäåëåíèÿ. Äè�ðàêöèîííûå ïàðòîííûå �óíêöèè ðàñïðåäåëåíèÿ îïèñûâà-

þò ïàðòîííûé ñîñòàâ ïîìåðîíà, òàê æå êàê îáû÷íûå ïàðòîííûå ðàñïðåäåëåíèÿ

îïèñûâàþò ñîñòàâ ïðîòîíà. Òàêîå îïèñàíèå íàçûâàåòñÿ ìîäåëüþ �ðàçðåøåííî-

ãî� (resolved) ïîìåðîíà.

Â îáëàñòè âûñîêèõ ýíåðãèé åñòåñòâåííî îïèñûâàòü äè�ðàêöèîííûå ïðî-

öåññû ìîäåëüþ ïðÿìîãî (dire
t) ïîìåðîíà, â êîòîðîé ïîìåðîí íåïîñðåäñòâåííî

âçàèìîäåéñòâóåò ñ äè�ðàêöèîííûì ñîñòîÿíèåìX ìàññûM. Ïðè ìàëûõM , âX

îñíîâíîé âêëàä äàåò qq̄ ïàðà, à ïðè áîëüøèõ M, X = qq̄g. �àññìàòðèâàÿ ïîìå-

ðîí êàê äâóãëþîííûé îáìåí, áûëî ïîëó÷åíî õîðîøåå îïèñàíèå äàííûõ HERA

ïî �ÍÄ� [62℄. Â ýòîé ìîäåëè äè�ðàêöèîííîå ñîñòîÿíèå qq̄g èçó÷àëîñü â äâóõ

ïðåäåëàõ. Âî-ïåðâûõ, ïðè áîëüøèõ Q2
èñïîëüçîâàëîñü êîëëèíåàðíîå ïðèáëè-

æåíèå, â êîòîðîì ïîïåðå÷íûé èìïóëüñ ãëþîíà ñ÷èòàëñÿ ìàëûì ïî ñðàâíåíèþ

ñ Q2
[63, 64, 65℄. Âî-âòîðûõ, ïðè áîëüøèõ M2

ðàññìàòðèâàëèñü âêëàäû ñèëüíî

óïîðÿäî÷åííûå ïî ïðîäîëüíîìó èìïóëüñó [66, 67℄. Êîìáèíàöèÿ ýòèõ äâóõ ïðè-

áëèæåíèé áûëà ïðèìåíåíà äëÿ îïèñàíèÿ äàííûõ HERA â [68℄. Â ðàáîòàõ [69℄ è

[70℄, âîøåäøèõ â äàííóþ äèññåðòàöèþ, ïðèâåäåí ïîëíûé ðàñ÷åò èìïàêò �àêòî-

ðà äëÿ äè�ðàêöèîííîãî ðîæäåíèÿ ñòðóé â Ñ�Ï â ÂÝÎ� áåç ýòèõ ïðèáëèæåíèé.

Ýêñêëþçèâíîå äè�ðàêöèîííîå ðîæäåíèå ëåãêîãî âåêòîðíîãî ìåçîíà V

(ρ, φ, ω) [71, 72, 73, 74, 75℄, γ(∗)p → V p èññëåäîâàëîñü íà óñòàíîâêå HERA

êàê â ñëó÷àå ðàññåÿíèÿ âïåðåä [76, 77℄, òàê è ïðè áîëüøèõ t [78, 79, 80, 77℄.

Êàê áûëî ïîêàçàíî â [81, 82℄, ìîæíî îïèñàòü ýêñêëþçèâíîå ðîæäåíèå ìåçîíà

èç qq̄ ïàðû â ðàìêàõ êîëëèíåàðíîé �àêòîðèçàöèè: àìïëèòóäà ïðåäñòàâèìà â

âèäå ñâåðòêè îáîáùåííûõ ïàðòîííûõ ðàñïðåäåëåíèé ïðîòîíà, àìïëèòóäû ðàñ-

ïðåäåëåíèÿ äëÿ ëåãêîãî ìåçîíà è æåñòêîé àìïëèòóäû, âû÷èñëèìîé ïî òåîðèè

âîçìóùåíèé [83, 84℄. Àìïëèòóäà ðàñïðåäåëåíèÿ è îáîáùåííûå ïàðòîííûå ðàñ-
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ïðåäåëåíèÿ ïîä÷èíÿþòñÿ óðàâíåíèÿì ýâîëþöèè [85, 86, 87℄. Òàêàÿ �àêòîðèçà-

öèÿ äîêàçàíà òîëüêî äëÿ ïåðåõîäà ìåæäó ïðîäîëüíî ïîëÿðèçîâàííûì �îòîíîì

è ïðîäîëüíî ïîëÿðèçîâàííûì ìåçîíîì, â êîòîðûé îñíîâíîé âêëàä äàþò îïåðà-

òîðû òâèñòà 2 [83℄. ßâíîå íàðóøåíèå êîëëèíåàðíîé �àêòîðèçàöèè íà÷èíàåòñÿ

íà óðîâíå òâèñòà 3 â ýêñêëþçèâíîì ýëåêòðîðîæäåíèè ïîïåðå÷íûõ âåêòîðíûõ

ìåçîíîâ [88℄.

Â Ñ�Ï â èìïóëüñíîì ïðåäñòàâëåíèè â ðàìêàõ ïîäõîäà ÁÔÊË âû÷èñ-

ëåí èìïàêò �àêòîð ïåðåõîäà âèðòóàëüíîãî �îòîíà â ëåãêèé ïðîäîëüíî ïîëÿ-

ðèçîâàííûé âåêòîðíûé ìåçîí äëÿ ðàññåÿíèÿ âïåðåä â [89℄, [90℄. Â ðàáîòå [91℄,

âîøåäøåé â äàííóþ äèññåðòàöèþ, ýòîò ðåçóëüòàò áûë îáîáùåí. Òàì ìåòîäîì

ÂÝÎ� áûë âû÷èñëåí èìïàêò �àêòîð ïåðåõîäà ïðîèçâîëüíî ïîëÿðèçîâàííîãî

âèðòóàëüíîãî �îòîíà â ëåãêèé ïðîäîëüíî ïîëÿðèçîâàííûé âåêòîðíûé ìåçîí

äëÿ ðàññåÿíèÿ íà ïðîèçâîëüíûé óãîë.

Èòàê, äëÿ îïèñàíèÿ ýêñïåðèìåíòîâ íåîáõîäèìî âû÷èñëÿòü èìïàêò �àêòî-

ðû, âûâîäèòü è ðåøàòü óðàâíåíèÿ ýâîëþöèè è âû÷èñëÿòü ñâåðòêè èìïàêò �àê-

òîðîâ è ìàòðè÷íûõ ýëåìåíòîâ �óíêöèé �ðèíà. Äèññåðòàöèÿ ïîñâÿùåíà âñåì

ýòèì ýòàïàì. Â äàííîé ðàáîòå ïðåäñòàâëåí âûâîä óðàâíåíèé ýâîëþöèè ïî x

äëÿ ðàçëè÷íûõ �óíêöèé �ðèíà â ðàìêàõ ÂÝÎ�, îáñóæäàåòñÿ ñâÿçü ñ ïîäõî-

äîì ÁÔÊË, íàéäåíî ðåøåíèå ëèíåàðèçîâàííîãî óðàâíåíèÿ è âû÷èñëåíû èì-

ïàêò �àêòîðû äè�ðàêöèîííîãî �îòîðîæäåíèÿ 2 è 3 ñòðóé, ëåãêîãî âåêòîðíîãî

ìåçîíà.

Äèññåðòàöèÿ ñîñòîèò èç òðåõ ãëàâ. Â ïåðâîé ãëàâå äàí âûâîä óðàâíå-

íèÿ ýâîëþöèè äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè â ãëàâíîì è ñëåäóþùåì çà

ãëàâíûì ëîãàðè�ìè÷åñêèõ ïðèáëèæåíèÿõ, ïîëó÷åíû êâàçèêîí�îðìíîå è ëè-

íåàðèçîâàííîå ÿäðà ýòîãî óðàâíåíèÿ, ïîñòðîåíî ðåøåíèå ëèíåéíîãî óðàâíåíèÿ

ýâîëþöèè äëÿ ðàññåÿíèÿ âïåðåä â Ñ�ËÏ. Äëÿ êâàäðóïîëüíîãî îïåðàòîðà è äâà-

æäû äèïîëüíîãî îïåðàòîðà ïîëó÷åíû ÿäðà óðàâíåíèé ýâîëþöèè â Ñ�ËÏ è ñî-

îòâåòñòâóþùèå êâàçèêîí�îðìíûå ÿäðà.

Ñíà÷àëà ïðåäñòàâëåí âûâîä óðàâíåíèÿ ýâîëþöèè äëÿ ÁÂÏ â �Ï, â êîòî-



17

ðîì èçìåíåíèå ÁÂÏ ñ áûñòðîòîé âûðàæàåòñÿ òîëüêî ÷åðåç îäíó ÁÂÏ è ïðîèç-

âåäåíèÿ äâóõ ÁÂÏ è íå çàâèñèò îò äðóãèõ îïåðàòîðîâ. Òàêîé âèä ïîëíîñòüþ

àíàëîãè÷åí óðàâíåíèþ Áàëèöêîãî - Êîâ÷åãîâà. Â ïðåäåëå áîëüøèõ Nc äëÿ ðàñ-

ñåÿíèÿ íà áîëüøîì ÿäðå îí ïîçâîëÿåò ñ òî÷íîñòüþ ∼ 1
N2

c
ïðèâåñòè ýòî óðàâíåíèå

ê çàìêíóòîìó âèäó, òî åñòü ê óðàâíåíèþ, ñîäåðæàùåìó òîëüêî ìàòðè÷íûé ýëå-

ìåíò îäíîé ÁÂÏ, çàìåíÿÿ ìàòðè÷íûé ýëåìåíò ïðîèçâåäåíèÿ áåñöâåòíûõ îïåðà-

òîðîâ íà ïðîèçâåäåíèå èõ ìàòðè÷íûõ ýëåìåíòîâ. Ïîïûòêè íàïèñàòü óðàâíåíèå

äëÿ ÁÂÏ â çàìêíóòîì âèäå ïðåäïðèíèìàëèñü è ðàíåå, íî ýòî âïåðâûå óäàëîñü

â äàííîé ðàáîòå.

Äàëåå ïðîèçâåäåí ðàñ÷åò ñâÿçíîé ÷àñòè ÿäðà óðàâíåíèÿ ýâîëþöèè äëÿ

ÁÂÏ. Äèàãðàììû, äàþùèå âêëàä â ýòó ÷àñòü, íå âñòðå÷àþòñÿ ïðè âû÷èñëåíèè

ÿäðà äëÿ äèïîëüíîãî îïåðàòîðà. Èñïîëüçóÿ ýòó ÷àñòü ÿäðà è äèïîëüíîå ÿäðî â

Ñ�ËÏ, áûëî ïîñòðîåíî óðàâíåíèå ýâîëþöèè äëÿ ÁÂÏ â Ñ�ËÏ. Ýòî óðàâíåíèå

áûëî ïðèâåäåíî ê êâàçèêîí�îðìíîìó âèäó è ëèíåàðèçîâàíî.

Èñïîëüçóÿ ïîëó÷åííûå ðåçóëüòàòû, òàêæå áûëè ïîñòðîåíû è ïðèâåäåíû

ê êâàçèêîí�îðìíîìó âèäó óðàâíåíèÿ ýâîëþöèè äëÿ êâàäðóïîëüíîãî îïåðàòîðà

è îïåðàòîðà äâîéíîãî äèïîëÿ â Ñ�ËÏ.

Íàêîíåö, áûëî ïîñòðîåíî îáùåå ðåøåíèå ëèíåéíîãî óðàâíåíèÿ äëÿ äè-

ïîëüíîãî îïåðàòîðà - óðàâíåíèÿ ÁÔÊË â Ñ�ËÏ äëÿ ðàññåÿíèÿ âïåðåä â ïðî-

ñòðàíñòâå ñîáñòâåííûõ �óíêöèé áîðíîâñêîãî ÿäðà.

Âî âòîðîé ãëàâå âû÷èñëåíû èìïàêò �àêòîðû äëÿ ýêñêëþçèâíîãî äè�ðàê-

öèîííîãî �îòîðîæäåíèÿ ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà â ãëàâ-

íîì è ñëåäóþùåì çà ãëàâíûì ïðèáëèæåíèÿõ, äâóõ ñòðóé â �Ï è Ñ�Ï, òðåõ

ñòðóé â �Ï.

Ñíà÷àëà ïðèâåäåí ðàñ÷åò èìïàêò �àêòîðà äëÿ äè�ðàêöèîííîãî �îòî-

ðîæäåíèÿ äâóõ ñòðóé â �Ï è Ñ�Ï è òðåõ ñòðóé ñ �Ï â ðàìêàõ ÂÝÎ�. Äàëåå

áûë âû÷èñëåí èìïàêò �àêòîð �îòîðîæäåíèÿ ïðîäîëüíî ïîëÿðèçîâàííîãî âåê-

òîðíîãî ìåçîíà â Ñ�Ï â âèäå ñâåðòêè èìïàêò �àêòîðà �îòîðîæäåíèÿ êîëëè-

íåàðíîé êâàðê àíòèêâàðêîâîé ïàðû â Ñ�Ï ñ àìïëèòóäîé ðàñïðåäåëåíèÿ (À�)
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äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà.

Â òðåòüåé ãëàâå ïðåäñòàâëåí ìåòîä ïåðåõîäà ìåæäó îïåðàòîðàìè â ïîë-

íîì è ìåáèóñîâñêîì ïðåäñòàâëåíèÿõ, îòâå÷àþùèõ ïîäõîäàì ÁÔÊË è ÂÝÎ�

ñîîòâåòñòâåííî. Ïîêàçàíî, ÷òî äëÿ êàëèáðîâî÷íî èíâàðèàíòíûõ îïåðàòîðîâ ñó-

ùåñòâóåò ïðîöåäóðà âîññòàíîâëåíèÿ ïîëíîé �îðìû ïî ìåáèóñîâñêîé è ýòà ïðî-

öåäóðà ïðîâåäåíà äëÿ îïåðàòîðà, ïðèâîäÿùåãî ïîëíîå ÿäðî ÁÔÊË â Ñ�Ï ê

êâàçèêîí�îðìíîìó âèäó. Íàõîæäåíèå òàêîé ïðîöåäóðû ÿâëÿåòñÿ àêòóàëüíîé

çàäà÷åé, òàê êàê îíà ïîçâîëÿåò ñðàâíèâàòü âåëè÷èíû, ïîëó÷åííûå â ïîäõîäàõ

ÁÔÊË è ÂÝÎ�.

Íà çàùèòó âûíîñÿòñÿ ñëåäóþùèå îñíîâíûå ðåçóëüòàòû è ïîëîæåíèÿ:

1. Óðàâíåíèå ýâîëþöèè äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè â �ËÏ è Ñ�ËÏ.

2. Óðàâíåíèå ýâîëþöèè äëÿ êâàäðóïîëüíîãî è äâàæäû äèïîëüíîãî îïåðàòî-

ðîâ â Ñ�ËÏ.

3. �åøåíèå óðàâíåíèÿ ÁÔÊË â Ñ�ËÏ äëÿ ðàññåÿíèÿ âïåðåä.

4. Èìïàêò �àêòîð ýêñêëþçèâíîãî äè�ðàêöèîííîãî �îòîðîæäåíèÿ äâóõ ñòðóé

â Ñ�Ï.

5. Èìïàêò �àêòîð ýêñêëþçèâíîãî äè�ðàêöèîííîãî �îòîðîæäåíèÿ òðåõ ñòðóé

â �Ï.

6. Èìïàêò �àêòîð ýêñêëþçèâíîãî äè�ðàêöèîííîãî �îòîðîæäåíèÿ ëåãêîãî

ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà â Ñ�Ï.

7. Àëãîðèòì ïîëó÷åíèÿ ïîëíîé �îðìû êàëèáðîâî÷íî èíâàðèàíòíûõ îïåðà-

òîðîâ ïî èõ ìåáèóñîâñêîé �îðìå.

8. Ïîëíàÿ è ìåáèóñîâñêàÿ �îðìû îïåðàòîðà, ïðèâîäÿùåãî ïîëíîå ÿäðî ÁÔ-

ÊË â Ñ�Ï ê êâàçèêîí�îðìíîìó âèäó.
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�ëàâà 1. Óðàâíåíèÿ ýâîëþöèè

1.1 Îïðåäåëåíèÿ

Ââåäåì âåêòîðû íà ñâåòîâîì êîíóñå n1 è n2

n1 = (1, 0⊥, 1) , n2 =
1

2
(1, 0⊥,−1) , n+1 = n−2 = n1n2 = 1, (1.1)

äëÿ ëþáîãî âåêòîðà p èìååì

p+ = p− = pn2 =
1

2

(

p0 + p3
)

, p+ = p− = pn1 = p0 − p3, (1.2)

p = p+n1 + p−n2 + p⊥, p2 = 2p+p− − ~p 2 = 2p+p− + p 2
⊥, (1.3)

p k = pµkµ = p+k− + p−k+ − ~p~k = p+k− + p−k+ + (pk)⊥. (1.4)

∂± = ∂∓ =
∂

∂x±
=

∂

∂x∓
, ∂i = −∂i = ∂

∂xi
= − ∂

∂xi
, gµν = nµ1n

ν
2 + nν1n

µ
2 + gµν⊥ .

(1.5)

Â äàëüíåéøåì èñïîëüçóåòñÿ êàëèáðîâêà An2 = 0. Â ýòîé êàëèáðîâêå ñâîáîäíûé

ïðîïàãàòîð èìååò âèä

Gµν
0 (p) =

−idµν (p)
p2 + i0

, (1.6)

ãäå

dµν (p) = gµν − pµnν2 + pνnµ2
pn2

= gµν⊥ − pµ⊥n
ν
2 + pν⊥n

µ
2

p+
− 2

nµ2n
ν
2p

−

p+
,

dµν (p) = dµν0 (p)− nµ2n
ν
2p

2

(p+)2
, dµν0 (p) = gµν⊥ − pµ⊥n

ν
2 + pν⊥n

µ
2

p+
+
nµ2n

ν
2p

2
⊥

(p+)2
. (1.7)

Â ñìåøàííîì ïðåäñòàâëåíèè

Gµν
0 (x+, p+, ~p) =

∫

dp−

2π
e−ip

−x+Gµν
0 (p)

=

∫

dp−

2π
e−ip

−x+
{ −idµν0 (p)

2p+p− + p 2
⊥ + i0

+ i
nµ2n

ν
2

(p+)2

}
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=
−dµν0 (p+, p⊥)

2p+
e
i
(p 2

⊥
+i0)x+

2p+
(

θ(x+)θ(p+)− θ(−x+)θ(−p+)
)

+ iδ
(

x+
) nµ2n

ν
2

(p+)2
. (1.8)

Ñâîáîäíûé �åðìèîííûé ïðîïàãàòîð èìååò âèä

G0 (p) =
i(p̂+m)

p2 −m2 + i0
, (1.9)

G0(x
+, p+, ~p) =

e
i x+

2p+
(p 2

⊥−m2+i0)

2p+

[

γ−p+ − γ+
p 2
⊥ −m2

2p+
+ p̂⊥ +m

]

(1.10)

×
(

θ(x+)θ(p+)− θ(−x+)θ(−p+)
)

+ γ+
iδ (x+)

2p+
. (1.11)

Òàêæå áóäóò íåîáõîäèìû SU(3)-òîæäåñòâà

U ba = 2tr(tbUtaU †), (ta)ji (t
a)lk =

1

2
δliδ

j
k −

1

2Nc
δji δ

l
k. (1.12)

Çäåñü U ba
� ýòî ìàòðèöà èç ãðóïïû SU(3) â ïðèñîåäèíåííîì, à U � â �óíäà-

ìåíòàëüíîì ïðåäñòàâëåíèÿõ.

1.2 Ôàêòîðèçàöèÿ ïî áûñòðîòå

�àññìîòðèì ðàññåÿíèå íà àäðîííîé ìèøåíè. Âî-ïåðâûõ, ïðåäïîëîæèì,

÷òî èç-çà íàñûùåíèÿ õàðàêòåðíûå ïîïåðå÷íûå èìïóëüñû îáìåíèâàåìûõ è ðîæ-

äåííûõ ãëþîíîâ îòíîñèòåëüíî âûñîêè (Qs ∼ 2 − 3 �ýÂ äëÿ ðàññåÿíèÿ pA íà

LHC), è ïîýòîìó ïðèìåíåíèå òåîðèè âîçìóùåíèé îïðàâäàíî.

Åñëè ïåðòóðáàòèâíàÿ ÊÕÄ ïðèìåíèìà, â ñîîòâåòñòâèè ñ îáùåé ëîãèêîé

ÂÝÎ� âñå àìïëèòóäû �àêòîðèçóþòñÿ ïî áûñòðîòå. Äëÿ ýòîãî ââîäèòñÿ ïîðîã

áûñòðîòû η, êîòîðûé îòäåëÿåò �áûñòðûå�ãëþîíû îò �ìåäëåííûõ�. Óäîáíî èñ-

ïîëüçîâàòü �îðìàëèçì �îíîâîãî ïîëÿ: ìû èíòåãðèðóåì ïî ãëþîíàì ñ ïðîäîëü-

íûìè èìïóëüñàìè p+ > eηp+
íàëåòàþùåé

÷àñòèöû

(η < 0). Ñîîòâåòñòâóþùèå èíòåãðàëû îá-

ðàçóþò èìïàêò �àêòîðû. �ëþîíû ñ p+ < eηp+
íàëåòàþùåé

÷àñòèöû

îñòàâëÿåì êàê �îíîâîå
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ïîëå, ÷òîáû ïðîèíòåãðèðîâàòü ïî íèì ïîçæå. Áëàãîäàðÿ ðåëÿòèâèñòñêîìó ñæà-

òèþ, �îíîâîå ïîëå ìîæíî âçÿòü â âèäå óäàðíîé âîëíû, ñîñðåäîòî÷åííîé ïðè

z+ = 0

bµ (z) = b−(z+, ~z)nµ2 = δ(z+)B (~z)nµ2 . (1.13)

Çäåñü èñïîëüçîâàíà ñâåòîêîíóñíàÿ êàëèáðîâêà (bn2) = 0. ×òîáû âûâåñòè âûðà-

æåíèå äëÿ ïðîïàãàòîðà êâàðêà (èëè ãëþîíà) íà �îíå óäàðíîé âîëíû, ìû ïðåä-

ñòàâëÿåì ïðîïàãàòîð êàê êîíòèíóàëüíûé èíòåãðàë ïî ðàçëè÷íûì òðàåêòîðèÿì,

êàæäàÿ èç êîòîðûõ âçâåøåíà ñ êàëèáðîâî÷íûì ìíîæèòåëåì Pexp(ig
∫

dxµA
µ),

óïîðÿäî÷åííûì âäîëü ïóòè ðàñïðîñòðàíåíèÿ. Ïîñêîëüêó óäàðíàÿ âîëíà î÷åíü

òîíêàÿ, ó êâàðêà (èëè ãëþîíà) íåò âðåìåíè íà îòêëîíåíèå â ïîïåðå÷íîì íàïðàâ-

ëåíèè. Ïîýòîìó åãî òðàåêòîðèþ âíóòðè óäàðíîé âîëíû ìîæíî àïïðîêñèìèðî-

âàòü îòðåçêîì ïðÿìîé. Êðîìå òîãî, òàê êàê âíå óäàðíîé âîëíû íåò âíåøíåãî

ïîëÿ, èíòåãðàë ïî ýòîìó îòðåçêó ïðÿìîé ìîæåò áûòü �îðìàëüíî ðàñøèðåí äî

±∞ ïðåäåëîâ, ÷òî äàåò êàëèáðîâî÷íûé ìíîæèòåëü � âèëüñîíîâñêóþ ëèíèþ

Ur = U (~r, η) = Peigµ
ǫ
∫ +∞

−∞
b−η (r

+, ~r)dr+ , (1.14)

ãäå b−η � ïîëå âíåøíåé óäàðíîé âîëíû, ïîñòðîåííîå òîëüêî èç ìåäëåííûõ ãëþ-

îíîâ,

b−η =

∫

d4p

(2π)4
e−i(pr)b− (p) θ(eη − | p+

p+
íàëåòàþùåé

÷àñòèöû

|). (1.15)

Òîãäà ðàñïðîñòðàíåíèå êâàðêà (èëè ãëþîíà) íà �îíå óäàðíîé âîëíû îïèñûâà-

åòñÿ ñâîáîäíûì ðàñïðîñòðàíåíèåì äî òî÷êè âçàèìîäåéñòâèÿ ñ óäàðíîé âîëíîé,

âèëüñîíîâñêîé ëèíèåé U â òî÷êå âçàèìîäåéñòâèÿ è ñâîáîäíûì ðàñïðîñòðàíåíè-

åì äî êîíå÷íîé òî÷êè.

Òàêèì îáðàçîì, èíòåãðèðîâàíèå ïî áûñòðîòàì Y > η äàåò èìïàêò �àê-

òîð íàëåòàþùåé ÷àñòèöû, ïðîïîðöèîíàëüíûé ïðîèçâåäåíèþ âîëíîâûõ �óíêöèé

ýòîé ÷àñòèöû äî è ïîñëå âçàèìîäåéñòâèÿ ñ �îíîâûì ïîëåì. Ýòîò èìïàêò �àêòîð

óìíîæàåòñÿ íà îïåðàòîð, ñîñòàâëåííûé èç âèëüñîíîâñêèõ ëèíèé ñ áûñòðîòàìè

äî η. Êàê îáñóæäàåòñÿ â [12, 26℄, äëÿ áåñöâåòíûõ íà÷àëüíûõ è êîíå÷íûõ ñîñòîÿ-
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íèé ýòè âèëüñîíîâñêèå ëèíèè äîëæíû áûòü ñâÿçàíû ïîäõîäÿùèìè êàëèáðîâî÷-

íûìè ãðóïïîâûìè ìíîæèòåëÿìè íà r+ = ±∞ è îáðàçîâûâàòü êàëèáðîâî÷íûé

èíâàðèàíò.

Ôàêòè÷åñêè, �àêòîðèçàöèÿ ïðîèñõîäèò íà óðîâíå âûâîäà ïðîïàãàòîðîâ

áûñòðûõ ÷àñòèö â �îíîâîì ïîëå ìåäëåííûõ ãëþîíîâ. Ýòè ïðîïàãàòîðû áûëè

âûâåäåíû â [12℄. Â ïðîñòðàíñòâå ðàçìåðíîñòè D ≡ 2 + d ≡ 4 + 2ǫ äëÿ êâàðêà,

àíòèêâàðêà è ãëþîíà îíè èìåþò âèä

Ĝ(y, x)|y+>0>x+ =

∫

dp+1 d
D−2p1⊥

(2π)D−1

∫

dp+2 d
D−2p2⊥

(2π)D−1
e−iy

−p+2 −i(p2⊥y⊥)eix
−p+1 +i(p1⊥x⊥)

× 2πδ(p+12)θ(p
+
2 )θ(−x+)θ(y+)e

iy+
p22⊥−m2+i0

2p+2 e
−ix+ p21⊥−m2+i0

2p+1

× γ−p+2 + p̂2⊥ +m

2p+2
γ+U(p21⊥)

γ−p+1 + p̂1⊥ +m

2p+1
, (1.16)

Ĝ(x, y)|y+>0>x+ = −
∫

dp+1 d
D−2p1⊥

(2π)D−1

∫

dp+2 d
D−2p2⊥

(2π)D−1
e−iy

−p+2 −i(p2⊥y⊥)

× eix
−p+1 +i(p1⊥x⊥)2πδ(p+12)θ(p

+
2 )θ(−x+)θ(y+)e

iy+
p22⊥−m2+i0

2p+2 e
−ix+ p21⊥−m2+i0

2p+1

× γ−p+1 + p̂1⊥ −m

2p+1
γ+U †(p12⊥)

γ−p+2 + p̂2⊥ −m

2p+2
, (1.17)

Gµν(x, y)|x+>0>y+ = −
∫

dp+1 d
D−2p1⊥

(2π)D−1

∫

dp+2 d
D−2p2⊥

(2π)D−1
e−ip

+
2 x

−+ip+1 y
−

×πe−i(p2⊥x⊥)+i(p1⊥y⊥)δ(p
+
12)θ(p

+
2 )

p+1
e
i
p22⊥+i0

2p+2

x+−i p
2
1⊥+i0

2p+1

y+

×d0µα(p+2 , p2⊥)U(p21⊥)gαδ⊥ d0δν(p+1 , p1⊥) . (1.18)

Çäåñü pij = pi−pj. Äëÿ ðîæäåíèÿ ñâîáîäíûõ ÷àñòèö óäîáíî òàêæå èñïîëüçîâàòü
âíåøíèå ëèíèè â �îíîâîì ïîëå óäàðíîé âîëíû. Îíè áûëè âûâåäåíû â [70℄. Äëÿ

êâàðêà, àíòèêâàðêà è ãëþîíà îíè èìåþò âèä

u(p, y)|0>y+ =
θ(p+)√
2p+

eip
+y−
∫

dpD−2
2⊥

(2π)D−2
e
i(p2⊥y⊥)−i y+

2p+
(p 2

2⊥−m2+i0)

× upγ
+U(p⊥ − p2⊥)

[γ−p+ + p̂2⊥ +m]

2p+
, (1.19)
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v(p, y)|0>y+ =
θ(p+)√
2p+

eip
+y−
∫

dpD−2
2⊥

(2π)D−2
e
i(p2⊥y⊥)−i y+

2p+
(p 2

2⊥−m2+i0)

× [γ−p+ + p̂2⊥ −m]

2p+
U †(p2⊥ − p⊥)γ

+vp , (1.20)

ǫ∗ν (p, y)|0>y+ =
θ (p+)√
2p+

eip
+y−
∫

dD−2p2⊥

(2π)D−2
e
i(p2⊥y⊥)−i y+

2p+ (p
2
2⊥+i0)

× ǫ∗p⊥σ

[

gσ⊥ν −
pσ2⊥
p+

n2ν

]

U (p⊥ − p2⊥) . (1.21)

Çäåñü âíåøíèå ëèíèè âûõîäÿò èç òî÷êè y ñ èìïóëüñîì p, è

U(p⊥) =

∫

dD−2x⊥e
i(px)⊥Ux⊥, U †(p⊥) =

∫

dD−2x⊥e
−i(px)⊥U †

x⊥
. (1.22)

1.3 Óðàâíåíèå ýâîëþöèè äëÿ áàðèîííîé âèëüñîíîâñêîé

ïåòëè

Ìû õîòåëè áû íàïèñàòü óðàâíåíèå ýâîëþöèè äëÿ îïåðàòîðà òðåõêâàðêî-

âîé (èëè áàðèîííîé) âèëüñîíîâñêîé ïåòëè

Bη
123 = εi

′j′h′εijhU (~z1, η)
i
i′ U (~z2, η)

j
j′ U (~z3, η)

h
h′ , (1.23)

îïèñûâàþùåé ðàññåÿíèå áàðèîíîâ â ïîëå óäàðíîé âîëíû. Â äàëüíåéøåì äëÿ

òàêèõ ñâåðòîê ìû áóäåì èñïîëüçîâàòü ñëåäóþùåå îáîçíà÷åíèå:

εi
′j′h′εijhU

i
1i′U

j
2j′U

h
3h′ = U1 · U2 · U3. (1.24)

Âíåøíåå ïîëå â âèäå óäàðíîé âîëíû ñîñðåäîòî÷åíî â îáëàñòè z+ = 0. Ïîýòîìó

òðè ëèíèè â (1.23) ìîæíî ñîåäèíèòü â îäíîé òî÷êå x ïðè z+ = +∞ è â îäíîé

òî÷êå y ïðè z+ = −∞. Òîãäà î÷åâèäíî, ÷òî îïåðàòîð Bη
123 êàëèáðîâî÷íî èíâà-

ðèàíòåí, òàê êàê ïðè êàëèáðîâî÷íîì âðàùåíèè âèëüñîíîâñêèå ëèíèè ìåíÿþòñÿ

ñëåäóþùèì îáðàçîì:

U (~z1, η)
i
i′ → V (x)ikU (~z1, η)

k
k′ V (y)k

′

i′ , V ∈ SU(3). (1.25)
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×òîáû ïîëó÷èòü óðàâíåíèå ýâîëþöèè, ìû äîëæíû âûïîëíèòü çàìåíó η → η +

∆η

b−η1 = b−η2 + b
−
∆η, b−∆η(z

+, ~z) =

∫

d4p

(2π)4
e−ipzb− (p) θ(eη1 − p+

P+
)θ(

p+

P+
−eη2). (1.26)

Çäåñü P+
îáîçíà÷àåò ïðîäîëüíûé èìïóëüñ íàëåòàþùåãî áàðèîíà. Òî åñòü ìû

äîëæíû âêëþ÷èòü ãëþîíû ñ η1 > ln p+

P+ > η2 â âèëüñîíîâñêèå ëèíèè, à èìåííî

〈Bη1
123〉 = Bη2

123 +
〈sw|T (B∆η

123e
i
∫

L(z)dz)|sw〉
〈sw|T (ei

∫

L(z)dz)|sw〉
. (1.27)

Äðóãèìè ñëîâàìè, ÷òîáû ïîëó÷èòü óðàâíåíèå ýâîëþöèè, íóæíî âû÷èñëèòü îïå-

ðàòîð Bη
123 â ïîëå óäàðíîé âîëíû, ÷òî ÷àñòî îáîçíà÷àåòñÿ ñêîáêàìè 〈〉. Òîãäà

óðàâíåíèå ýâîëþöèè ñõåìàòè÷íî ìîæíî çàïèñàòü òàê

∂

∂η
〈Bη

123〉 = 〈KLO ⊗ Bη
123〉, (1.28)

ãäå KLO - ýòî áîðíîâñêîå ÿäðî, à ⊗ îáîçíà÷àåò ñâåðòêó ïî ïîïåðå÷íûì êîîð-

äèíàòàì. Â ýòîé ñåêöèè äëÿ óïðîùåíèÿ îáîçíà÷åíèé ñêîáêè 〈〉 áóäóò îïóùåíû.
Ïî îïðåäåëåíèþ âèëüñîíîâñêîé ëèíèè,

U(~z, η) = ...
(

1 + igb−η (z
+ +∆z+, ~z)∆z+

)

×
(

1 + igb−η (z
+, ~z)∆z+

) (

1 + igb−η (z
+ −∆z+, ~z)∆z+

)

..., (1.29)

ìû ïîëó÷àåì

Bη1
123 = Bη2

123 +∆Br +∆Bv. (1.30)

Ìîæíî íàéòè ðåàëüíûé âêëàä ∆Br ñ ïîìîùüþ (1.18) and (1.29):

∆Br =
∆ηαs
π2

∫

d~z5U
ab(~z5, η2)

[

1

~z 2
51

(

taU η2
~z1
tb
)

· U η2
~z2

· U η2
~z3

+ (1 ↔ 2) + (1 ↔ 3)

+
~z51~z52
~z 2
51~z

2
52

(

(taU η2
~z1
) · (U η2

~z2
tb) + (U η2

~z1
tb) ·

(

taU η2
~z2

))

·U η2
~z3

+(1 ↔ 3) + (2 ↔ 3)
]

, (1.31)

(i ↔ j) îáîçíà÷àåò ïåðåñòàíîâêó. Âèðòóàëüíûé âêëàä ëåã÷å íàéòè èç òðåáî-

âàíèÿ, ÷òî áåç óäàðíîé âîëíû íå ñóùåñòâóåò ýâîëþöèè ïî η. Â äàëüíåéøåì
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ìû áóäåì ÿâíî ïèñàòü Nc = 3, òàê êàê �îðìà ïîëíîñòüþ àíòèñèììåòðè÷íîãî

òåíçîðà çàâèñèò îò Nc. Ñ ó÷åòîì

εijhεijh = 6, tata =
4

3
, εi

′j′h′εijh(t
a)ii′ (t

a)jj′ = −2

3
εi

′j′h′εijhδ
i
i′δ

j
j′, (1.32)

εi
′j′h′εijh

(

taU η2
~z1

)i

i′

(

taU η2
~z2

)j

j′
= −2

3
εi

′j′h′εijh(U
η2
~z1
)ii′(U

η2
~z2
)jj′, (1.33)

ìû íàõîäèì

∆Bv = −∆ηαs
π2

2

3

∫

d~z5

[

~z 2
12

~z 2
51~z

2
52

+
~z 2
13

~z 2
51~z

2
53

+
~z 2
23

~z 2
52~z

2
53

]

U η2
~z1

· U η2
~z2

· U η2
~z3
. (1.34)

Ïîñêîëüêó

Uab(~z5, η2) = 2tr(taU η2
~z5
tb(U η2

~z5
)†), (1.35)

ìû èìååì

Uab(~z5, η2)
(

taU η2
~z1
tb
)i

i′
=

1

2
tr(U η2

~z1
(U η2

~z5
)†)(U η2

~z5
)ii′ −

1

6
(U η2

~z1
)ii′, (1.36)

Uab(~z5, η2)
(

taU η2
~z1

)i

i′

(

U η2
~z2
tb
)j

j′
=

1

2

(

U η2
~z2
(U η2

~z5
)†U η2

~z1

)j

i′
(U η2

~z5
)ij′−

1

6
(U η2

~z1
)ii′(U

η2
~z2
)jj′. (1.37)

Ñëåäîâàòåëüíî, óðàâíåíèå ýâîëþöèè çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

∂Bη
123

∂η
=

αs
2π2

∫

d~z5

[{

C1

~z 2
51

+ (1 ↔ 2) + (1 ↔ 3)

}

+

{

~z51~z52
~z 2
51~z

2
52

C12 + (1 ↔ 3) + (2 ↔ 3)

}]

, (1.38)

ãäå

C1 = tr(U η
~z1
U η
~z5
†)Bη

523 − 3Bη
123, (1.39)

C12 = 2Bη
123 − (U η

~z2
U η
~z5
†U η

~z1
+ U η

~z1
U η
~z5
†U η

~z2
) · U η

~z5
· U η

~z3
. (1.40)

Äëÿ êðàòêîñòè ìû áóäåì â äàëüíåéøåì óïðîùàòü îáîçíà÷åíèÿ U (~z1, η) = U η
~z1
≡

U1. Âèëüñîíîâñêèå ëèíèè ÿâëÿþòñÿ ýëåìåíòàìè SU(3). Ñëåäîâàòåëüíî,

εi
′j′h′U i

i′U
j
j′U

h
h′ = εijh, (1.41)

εijhε
i′j′h′U i

i′U
j
j′ = 2(U †)h

′

h , εijhε
i′j′h′(U †)ii′(U

†)jj′ = 2Uh′

h , (1.42)
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Ui · Uj · Uk = (UiU
†
l ) · (UjU

†
l ) · (UkU

†
l ). (1.43)

Bη
iij = Ui · Ui · Uj = 2tr(UjU

†
i ). (1.44)

Íà ñàìîì äåëå, ïîñëåäíåå òîæäåñòâî óòâåðæäàåò, ÷òî êâàðê-äèêâàðêîâûå è

êâàðê-àíòèêâàðêîâûå ñèñòåìû îïèñûâàþòñÿ îäíèì è òåì æå îïåðàòîðîì. Â ðå-

çóëüòàòå,

C1 =
1

2
Bη

155B
η
523 − 3Bη

123; (1.45)

C12 = 2Bη
123 −

(

U2U
†
5U1 + U1U

†
5U2

)

· U5 · U3

= 3Bη
123 −

1

2
(Bη

155B
η
325 + Bη

255B
η
315 −Bη

355B
η
215). (1.46)

Ýòî òîæäåñòâî ïðÿìî ñëåäóåò èç (1.43-1.44), êàê ïîêàçàíî â ïðèëîæåíèè A.

Íàêîíåö, ïîëó÷àåòñÿ ñëåäóþùåå óðàâíåíèå ýâîëþöèè:

∂Bη
123

∂η
=
αs3

4π2

∫

d~z5

[

~z 2
12

~z 2
51~z

2
52

(−Bη
123 +

1

6
(Bη

155B
η
325 +Bη

255B
η
315 − Bη

355B
η
215))

+ (1 ↔ 3) + (2 ↔ 3)
]

. (1.47)

Óðàâíåíèå (1.47) èìååò íåñêîëüêî âàæíûõ ñâîéñòâ. Âî-ïåðâûõ, ó íåãî íåò îñî-

áåííîñòåé ïðè ~z5 = ~z1,2,3. Äàëåå, ýòî óðàâíåíèå ïåðåõîäèò â óðàâíåíèå ÁK, åñëè

ñîâïàäàþò äâå èç òðåõ êâàðêîâûõ êîîðäèíàò. Ýòî ìîæíî ïðîâåðèòü íàïðÿìóþ

(1.44). Ýòî îçíà÷àåò, ÷òî ñèñòåìû qq̄ è q-äèêâàðê ïîä÷èíÿþòñÿ îäíîìó è òîìó

æå óðàâíåíèþ.

1.3.1 C-÷åòíûé îáìåí

×òîáû ðàçäåëèòü C-íå÷åòíûå è C-÷åòíûå âêëàäû, ìû äîëæíû çàïèñàòü

óðàâíåíèå ýâîëþöèè äëÿ Bη
1̄2̄3̄
, ò.å. îïåðàòîðà 3-àíòèêâàðêîâîé (àíòèáàðèîííîé)

âèëüñîíîâñêîé ïåòëè

Bη
1̄2̄3̄

= U †
1 · U †

2 · U †
3 , (1.48)
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îïèñûâàþùåå ðàññåÿíèå àíòèáàðèîíîâ íà óäàðíîé âîëíå. Òàêîå óðàâíåíèå ìîæ-

íî ïîëó÷èòü èç óðàâíåíèÿ äëÿ Bη
123, çàìåíèâ âñå âèëüñîíîâñêèå ëèíèè íà ñîïðÿ-

æåííûå Ui ↔ U †
i . C-÷åòíàÿ �óíêöèÿ �ðèíà èìååò ñëåäóþùèé âèä

B+
123 = Bη

123 +Bη
1̄2̄3̄

− 12, (1.49)

à îïåðàòîð

B−
123 = Bη

123 −Bη
1̄2̄3̄

(1.50)

ìåíÿåò çíàê ïðè C-ïðåîáðàçîâàíèè, ïîýòîìó îí îïèñûâàåò C-íå÷åòíóþ �óíê-

öèþ �ðèíà. Ïåðåïèñûâàÿ óðàâíåíèÿ ýâîëþöèè (1.47) ÷åðåç (1.49) è (1.50), ìû

èìååì

∂B+
123

∂η
=
αs3

4π2

∫

d~z5
~z 2
12

~z 2
15~z

2
52

[

B+
155 +B+

255 − B+
355

+B+
135 + B+

235 − B+
123 −B+

125 +
1

12

(

B+
155B

+
325 +B+

255B
+
315 − B+

355B
+
215

)

+
1

12

(

B−
155B

−
325 + B−

255B
−
315 −B−

355B
−
215

)

]

+ (2 ↔ 3) + (1 ↔ 3). (1.51)

Îáìåí ïîìåðîíîì íà÷èíàåòñÿ ñ 2-ãëþîííîãî îáìåíà. Ìîæíî ïîêàçàòü, ÷òî

B+
123 =

1

2
(B+

133 +B+
211 + B+

322) + B̃+
123. (1.52)

ãäå B̃+
123íà÷èíàåò ðàáîòàòü ñ 4-ãëþîííîãî îáìåíà. Äåéñòâèòåëüíî, â 2- è 3-ãëþîííûõ

ïðèáëèæåíèÿõ ñïðàâåäëèâî ðàâåíñòâî

0 = (U1 − U2) · (U2 − U3) · (U3 − U2) + (U †
1 − U †

2) · (U †
2 − U †

3) · (U †
3 − U †

2) =

= 2B+
123 − B+

122 −B+
133 − B+

223, (1.53)

÷òî î÷åâèäíî â 2-ãëþîííîì ïðèáëèæåíèè, à â 3-ãëþîííîì ïðèáëèæåíèè ñëåäóåò

èç

(U1 − U2) · (U2 − U3) · (U3 − U2)

= U †
1(U1 − U2)U

†
2 · U †

2(U2 − U3)U
†
3 · U †

3(U3 − U2)U
†
2

= (U †
2 − U †

1) · (U †
3 − U †

2) · (U †
2 − U †

3). (1.54)
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Â ðåçóëüòàòå, ìîæíî çàïèñàòü ëèíåéíîå óðàâíåíèå â 2- è 3-ãëþîííûõ ïðèáëè-

æåíèÿõ äëÿ B+
123

∂B+
123

∂η
=

1

2

∂

∂η
(B+

133 + B+
211 +B+

322)

=
αs3

4π2

∫

d~z5

[

~z 2
12

~z 2
15~z

2
52

(

B+
155 +B+

255 − B+
122

)

+ (2 ↔ 3) + (1 ↔ 3)

]

, (1.55)

÷òî ïðåäñòàâëÿåò ñîáîé ñóììó òðåõ íåçàâèñèìûõ óðàâíåíèé ÁÔÊË.

Â äàëüíåéøèõ ïðèáëèæåíèÿõ ñëåäóåò ó÷èòûâàòü B̃+
ijk. Ýòî ïðèâîäèò íàñ

ê ñëåäóþùåìó óðàâíåíèþ ýâîëþöèè:

∂B+
123

∂η
=

1

2

∂

∂η
(B+

133 + B+
211 +B+

322) +
∂B̃+

123

∂η

=
αs3

4π2

∫

d~z5
~z 2
12

~z 2
15~z

2
52

[

(

B+
155 + B+

255 −B+
122

)

+ (B̃+
135 + B̃+

235 − B̃+
123 − B̃+

125)

+
1

24

(

B+
155B

+
322 + 2B+

155B
+
225 + B+

255B
+
311 −B+

355B
+
211

)

+
1

12

(

B+
155B̃

+
325 + B+

255B̃
+
315 −B+

355B̃
+
215

)

+
1

12

(

B−
155B

−
325 + B−

255B
−
315 −B−

355B
−
215

)

]

+ (2 ↔ 3) + (1 ↔ 3). (1.56)

Äèïîëüíîå óðàâíåíèå ÁK èìååò ñëåäóþùèé âèä:

∂tr(U1U
†
2)

∂η
=

αs
2π2

∫

d~z5
~z 2
12

~z 2
15~z

2
52

[

tr(U1U
†
5)tr(U5U

†
2)−Nctr(U1U

†
2)
]

. (1.57)

Äëÿ C-÷åòíûõ îáìåíîâ åãî ìîæíî ïåðåïèñàòü â íàøèõ îáîçíà÷åíèÿõ,

∂

∂η

B+
211

2
=
αsNc

4π2

∫

d~z5~z
2
12

~z 2
15~z

2
52

[

B+
155 + B+

255 − B+
122 +

B+
155B

+
522 + B−

155B
−
522

4Nc

]

. (1.58)

Ïðèíèìàÿ Nc = 3 è âû÷èòàÿ 3 óðàâíåíèÿ ÁK èç (1.56), ïîëó÷àåì óðàâíåíèå

ýâîëþöèè äëÿ B̃+
ijk

∂B̃+
123

∂η
=
αs3

4π2

∫

d~z5
~z 2
12

~z 2
15~z

2
52

[

(B̃+
135 + B̃+

235 − B̃+
123 − B̃+

125)

+
1

24

(

B+
155B

+
322 + B+

255B
+
311 −B+

355B
+
211

)

+
1

12
(B+

155B̃
+
325 +B+

255B̃
+
315 − B+

355B̃
+
215)

+
1

12

(

B−
155B

−
325 + B−

255B
−
315 −B−

355B
−
215 − B−

155B
−
522

)

]

+(2 ↔ 3)+ (1 ↔ 3). (1.59)
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1.3.2 C-íå÷åòíûé îáìåí

Óðàâíåíèå ýâîëþöèè (1.47) äëÿ îääåðîííîãî îáìåíà çàïèñûâàåòñÿ ñëåäó-

þùèì îáðàçîì:

∂B−
123

∂η
=
αs3

4π2

∫

d~z5
~z 2
12

~z 2
15~z

2
52

[

B−
523 +B−

153 − B−
123

−B−
125 − B−

553 + B−
525 +B−

155 +
1

12

(

B+
155B

−
325 +B+

255B
−
315 − B+

355B
−
215

)

+
1

12

(

B−
155B

+
325 + B−

255B
+
315 −B−

355B
+
215

)

]

+ (2 ↔ 3) + (1 ↔ 3). (1.60)

Çäåñü, êàê è â ñëó÷àå ïîìåðîíîâ, ìîæíî âûðàçèòü C-÷åòíûå �óíêöèè �ðèíà

áàðèîíîâ ÷åðåç 2- è 4-ðåäæåîííûå ïîìåðîíû:

∂B−
123

∂η
=
αs3

4π2

∫

d~z5
~z 2
12

~z 2
15~z

2
52

[

B−
523 + B−

153 −B−
123 −B−

125 − B−
553 + B−

525 +B−
155

+
1

12

(

B+
155B

−
325 +B+

255B
−
315 − B+

355B
−
215

)

− 1

24
B−

355(B
+
211 + B+

115 + B+
225)

+
1

24

(

B−
155(B

+
322 +B+

225 +B+
335) + B−

255(B
+
311 +B+

355 +B+
115)
)

+
1

12

(

B−
155B̃

+
325 + B−

255B̃
+
315 −B−

355B̃
+
215

)

]

+ (2 ↔ 3) + (1 ↔ 3). (1.61)

Ëèíåéíàÿ ÷àñòü ýòîãî óðàâíåíèÿ ñîâïàäàåò ñ ðåçóëüòàòîì [29℄, ïîëó÷åííûì â

ïîäõîäå JIMWLK. Â ýòîé ñòàòüå òàêæå áûëî ïîêàçàíî, ÷òî ëèíåéíàÿ ÷àñòü ýòîãî

óðàâíåíèÿ ýêâèâàëåíòíà óðàâíåíèþ ÁÊÏ â èìïóëüñíîì ïðåäñòàâëåíèè.
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1.4 Ñâÿçíûé âêëàä â óðàâíåíèå äëÿ áàðèîííîé

âèëüñîíîâñêîé ïåòëè

1.4.1 Âêëàä âòîðîé èòåðàöèè áîðíîâñêîãî ÿäðà

Â Ñ�Ï óðàâíåíèå (1.28) èçìåíÿåòñÿ íà

∂

∂η
〈Bη

123〉 = 〈KLO ⊗Bη
123〉+ 〈KNLO ⊗ Bη

123〉. (1.62)

Ñëåäîâàòåëüíî,

∂

∂η
〈Bη

123〉 − 〈KLO ⊗ Bη
123〉 = 〈KNLO ⊗ Bη

123〉. (1.63)

Ñâÿçíàÿ ÷àñòü ÿäðà â Ñ�Ï ïîëó÷àåòñÿ èç äèàãðàìì, ãäå ýâîëþöèÿ âñåõ

òðåõ âèëüñîíîâñêèõ ëèíèé íåòðèâèàëüíà. Ïåðâàÿ ãðóïïà òàêèõ äèàãðàìì èçîá-

ðàæåíà íà �èñóíêå 1. Ýòè äèàãðàììû è äèàãðàììû, â êîòîðûå îíè ïåðåõîäÿò

ïîñëå îòðàæåíèÿ îòíîñèòåëüíî óäàðíîé âîëíû è ïîñëå âñåõ âîçìîæíûõ ïåðåñòà-

4

5 6

1

2

3

1 2 3

�èñ. 1: Äèàãðàììû, ïðîïîðöèîíàëüíûå êâàäðàòó áîðíîâñêîãî ÿäðà. Ïóíêòèð-

íûå ëèíèè îáîçíà÷àþò âèëüñîíîâñêèå ëèíèè ñ z− = 0 è ~z1,2,3 âäîëü îñè z
+
îò

z+ = −∞ ñëåâà äî z+ = +∞ ñïðàâà. Ñåðûé ýëëèïñ îáîçíà÷àåò óäàðíóþ âîëíó

z+ = 0.
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íîâîê U1, U2, U3, ÿâëÿþòñÿ âòîðîé èòåðàöèåé ÿäðà â �Ï. Äåéñòâèòåëüíî, ïåðâàÿ

äèàãðàììà çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

〈Bη
123〉|1 = g4(U1t

a) · (tb′U2t
b) · (U3t

a)

×
∫ 0

−∞
dz+1

∫ 0

−∞
dz+3 G

−−
0 (z3, z1)

∫ 0

−∞
dz′+2

∫ ∞

0

dz+2 G
−−(z2, z

′
2)
b′b

= −α
2
s

π4
(U1t

a) · (tb′U2t
b) · (U3t

a)

∫ σ

σ1

dp+

p+

∫ σ

σ1

dk+

k+

∫

d~z5
~z 2
52

U b′b
5

∫

d~z0
(~z01~z03)

~z 2
01~z

2
03

. (1.64)

Çäåñü σ = eη > p+

P+ > σ1, ãäå σ1 ≪ σ � íèæíÿÿ ãðàíèöà, çàäàâàåìàÿ ìèøåíüþ.

Ñëåäîâàòåëüíî,

∂

∂η
〈Bη

123〉|1 = −2 ln
σ

σ1

α2
s

π4
(U1t

a) · (tb′U2t
b) · (U3t

a)

∫

d~z5
~z 2
52

U b′b
5

∫

d~z0
(~z01~z03)

~z 2
01~z

2
03

. (1.65)

Ìîæíî ïîëó÷èòü 〈KLO ⊗ Bη
123〉, ïðèìåíèâ óðàâíåíèå â �Ï ê âèëüñîíîâñêèì

ëèíèÿì â ïðàâîé ÷àñòè óðàâíåíèÿ ýâîëþöèè â �Ï (1.38). Ñðåäè ïðî÷åãî, îíî

ñîäåðæèò ñëåäóþùèå äâà ÷ëåíà:

αs
π2

∫

d~z5

[

1

~z 2
52

U ba
5 U1 · (tbU2t

a) · U3 −
(~z51~z53)

~z 2
51~z

2
53

(U1t
a) · U2 · (U3t

a) + . . .

]

. (1.66)

Åñëè âû÷èñëèòü ýòè ÷ëåíû íà �îíå óäàðíîé âîëíû â �Ï, ó íàñ áóäåò ñðåäè

ïðî÷åãî âêëàä, â êîòîðîì ïðîýâîëþöèîíèðîâàíû âèëüñîíîâñêèå ëèíèè U1 è U3

îò ïåðâîãî ÷ëåíà è U2 îò âòîðîãî ÷ëåíà:

〈KLO ⊗Bη
123〉|1 =

α2
s

π4

∫ σ

σ1

dp+

p+

∫

d~z0

∫

d~z5

[

− 1

~z 2
52

(~z01~z03)

~z 2
01~z

2
03

U ba
5 (U1t

c) · (tbU2t
a)

·(U3t
c)− (~z51~z53)

~z 2
51~z

2
53

1

~z 2
02

(U1t
a) · (Udc

0 t
dU2t

c) · (U3t
a)

]

=
∂

∂η
〈Bη

123〉|1. (1.67)

Â ðåçóëüòàòå, ýòà äèàãðàììà íå äàåò âêëàä â ÿäðî â Ñ�Ï. Òî æå ñàìîå âåðíî

äëÿ âñåõ äèàãðàìì íà �èñóíêå 1.

1.4.2 Äèàãðàììû ñ äâóìÿ ãëþîíàìè, ïåðåñåêàþùèìè óäàðíóþ

âîëíó

Äàëåå ìû ðàññìîòðèì äèàãðàììû ñ äâóìÿ ãëþîíàìè, ïåðåñåêàþùèìè

óäàðíóþ âîëíó, èçîáðàæåííûå íà �èñóíêå 2. Îíè íå ñâîäÿòñÿ êî âòîðîé èòåðà-
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a

c

b

~p~k

~q

87

�èñ. 2: Äèàãðàììû ñ äâóìÿ ãëþîíàìè, ïåðåñåêàþùèìè óäàðíóþ âîëíó.

öèè áîðíîâñêîãî ÿäðà. Äèàãðàììà 7 çàïèñûâàåòñÿ òàê:

〈Bη
123〉|7 = 4g4(U1t

a) · (tb′ta′U2) · (U3t
b)

∫

(~z20~z10)

~z022~z012
Ua′a
0

d~z0

(2π)3

∫

(~z25~z35)

~z352
U b′b
5

d~z5

(2π)3

×
∫ σ

σ1

dp+

p+

∫ σ

σ1

dk+

k+~z252 + ~z022p+
. (1.68)

Ñîîòâåòñòâóþùèé ÷ëåí â 〈KLO ⊗Bη
123〉 âîçíèêàåò èç ñëåäóþùåãî ÷ëåíà â óðàâ-

íåíèè ýâîëþöèè â �Ï: (1.38)

αs
π2

∫

d~z5
(~z53~z52)

~z 2
53~z

2
52

U ba
5 (U3t

a) · (tbU2) · U1. (1.69)

Åñëè ìû ïðîýâîëþöèîíèðóåì U1 è U2 â ýòîì âûðàæåíèè, ìû ïîëó÷èì îäèí èç

âêëàäîâ, êîòîðûé äåéñòâóåò êàê âû÷èòàòåëüíûé ÷ëåí â äèàãðàììå 7:

〈KLO ⊗ Bη
123〉|7 =

α2
s

π4

∫ σ

σ1

dp+

p+

∫

d~z0U
cd
0

(~z01~z02)

~z 2
01~z

2
02

×
∫

d~z5U
ba
5

(~z53~z52)

~z 2
53~z

2
52

(U1t
d) · (tbtcU2) · (U3t

a). (1.70)

Òîãäà

〈KNLO ⊗ Bη
123〉|7 =

∂

∂η
〈Bη

123〉|7 − 〈KLO ⊗ Bη
123〉|7

=
α2
s

π4
(U1t

a) · (tb′ta′U2) · (U3t
b)

∫

d~z0
(~z20~z10)

~z022~z012
Ua′a
0

∫

d~z5
(~z25~z35)

~z 2
52~z35

2
U b′b
5 ln

~z 2
52

~z 2
02

. (1.71)
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Âêëàä ÷åòûðåõ äèàãðàìì: 7, 7(1 ↔ 3) è èõ çåðêàëüíûõ îòðàæåíèé îòíîñèòåëüíî

óäàðíîé âîëíû èìååò âèä:

〈KNLO ⊗ Bη
123〉|7+7(1↔3)+7m+7(1↔3)m =

α2
s

π4

∫

d~z0
(~z20~z10)

~z022~z012
Ua′a
0

∫

d~z5
(~z25~z35)

~z 2
25~z35

2
U c′c
5

× ln
~z 2
52

~z 2
02

i
{

f a
′bc′(U1t

a) · (tbU2) · (U3t
c)− f abc(ta

′

U1) · (U2t
b) · (tc′U3)

}

. (1.72)

Ïåðåéäåì ê äèàãðàììå 8. Îíà èìååò ñëåäóþùèé âèä:

〈Bη
123〉|8 = −g4f a′b′c′(U1t

a) · (tbU2) · (U3t
c)

∫ 0

−∞
dz+1

∫ 0

−∞
dz+3

∫ ∞

0

dz+2

∫

θ(x+)d4x

×
{

∂Ga′a(x, z1)
−

j

∂xµ

[

Gbb′

0 (z2, x)
−µGc′c(x, z3)

j− −Gbb′

0 (z2, x)
−jGc′c(x, z3)

µ−
]

+
∂Gbb′

0 (z2, x)
−
j

∂xµ

[

Ga′a(x, z1)
j−Gc′c(x, z3)

µ− −Ga′a(x, z1)
µ−Gc′c(x, z3)

j−
]

+
∂Gc′c(x, z3)

−
j

∂xµ

[

Ga′a(x, z1)
µ−Gbb′

0 (z2, x)
−j −Ga′a(x, z1)

j−Gbb′

0 (z2, x)
−µ
]

}

.

(1.73)

Âû÷èñëÿÿ èíòåãðàëû, ïîëó÷àåì

〈Bη
123〉|8 = −2g4if a

′bc′(U1t
a) · (tbU2) · (U3t

c)

∫

Ua′a
0

d~z0
~z 2
10

∫

U c′c
5

d~z5
~z 2
35

×
∫ σ

σ1

dp+

(2π)3

∫ p+−σ1

σ1

dk+

(2π)3
2

~z 2
05((p

+ − k+) ~z 2
52 + k+ ~z 2

02)

×
[

(~z10~z35)
[

~z 2
25 − ~z 2

02

]

2p+
+

(~z10~z50)(~z25~z35)

k+
− (~z05~z35)(~z10~z20)

p+ − k+

]

. (1.74)

Ñëåäîâàòåëüíî,

∂

∂η
〈Bη

123〉|8 = −2g4if a
′bc′(U1t

a) · (tbU2) · (U3t
c)

∫

Ua′a
0

d~z0
~z 2
10

∫

U c′c
5

d~z5
~z 2
35

×
∫ σ−σ1

σ1

dk+

(2π)6
2σ

~z 2
05((σ − k+) ~z 2

52 + k+ ~z 2
02)

×
[

(~z10~z35)
[

~z 2
25 − ~z 2

02

]

2σ
+

(~z10~z50)(~z25~z35)

k+
− (~z05~z35)(~z10~z20)

σ − k+

]

. (1.75)
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Ñîîòâåòñòâóþùèé âû÷èòàòåëüíûé ÷ëåí âîçíèêàåò èç ñëåäóþùèõ ÷ëåíîâ â ÿäðå

â �Ï: (1.38)

αs
π2

∫

d~z5U
ba
5

{

(~z51~z52)

~z 2
51~z

2
52

(U1t
a) · (tbU2) · U3 +

(~z53~z52)

~z 2
53~z

2
52

U1 · (tbU2) · (U3t
a)

}

. (1.76)

Ïåðåïèñûâàÿ U ba
5 êàê ñëåä âèëüñîíîâñêèõ ëèíèé â �óíäàìåíòàëüíîì ïðåäñòàâ-

ëåíèè (1.12) è ýâîëþöèîíèðóÿ U5, U
†
5 è U3 ëè U1, ìû ïîëó÷àåì, â ÷àñòíîñòè,

〈KLO ⊗Bη
123〉|8 =

α2
s

π4
if bc

′a′(U1t
a) · (tbU2) · (U3t

c)

∫ σ

σ1

dp+

p+

∫

d~z5U
c′c
5

∫

d~z0U
a′a
0

×
{

(~z50~z53)

~z 2
05~z

2
53

(~z01~z02)

~z 2
01~z

2
02

− (~z53~z52)

~z 2
53~z

2
52

(~z05~z01)

~z 2
05~z

2
01

}

. (1.77)

Òîãäà

〈KNLO ⊗ Bη
123〉|8 =

∂

∂η
〈Bη

123〉|8 − 〈KLO ⊗ Bη
123〉|8

= −α
2
s

π4
if a

′bc′(U1t
a) · (tbU2) · (U3t

c)

∫

Ua′a
0

d~z0
~z 2
10

∫

U c′c
5

d~z5
~z 2
35

∫ σ

0

dk+

~z 2
05

×
[

(~z10~z35)
[

~z 2
25 − ~z 2

02

]

2((σ − k+) ~z 2
52 + k+ ~z 2

02)
+

(~z10~z50)(~z25~z35)

k+

{

σ

(σ − k+) ~z 2
52 + k+ ~z 2

02

− 1

~z 2
52

}

−(~z05~z35)(~z10~z20)

(σ − k+)

{

σ

(σ − k+) ~z 2
52 + k+ ~z 2

02

− 1

~z 2
02

}]

. (1.78)

Òàêèì îáðàçîì, ìû ïîëó÷àåì âêëàä â Ñ�Ï äèàãðàììû 8:

〈KNLO ⊗Bη
123〉|8 =

α2
s

π4
if a

′bc′(U1t
a) · (tbU2) · (U3t

c)

∫

Ua′a
0 d~z0

∫

U c′c
5 d~z5

×
[

1

2~z 2
05

(~z10~z35)

~z 2
10~z

2
35

+
(~z10~z50)

~z 2
10~z

2
50

(~z25~z35)

~z 2
25~z

2
35

+
(~z05~z35)

~z 2
05~z

2
35

(~z10~z20)

~z 2
10~z

2
20

]

ln
~z 2
02

~z 2
25

. (1.79)

Äîáàâëÿÿ âêëàä äèàãðàììû, ïîëó÷àþùåéñÿ èç 8 îòðàæåíèåì îòíîñèòåëüíî óäàð-

íîé âîëíû, ïîëó÷àåì

〈KNLO ⊗ Bη
123〉|8+8m =

α2
s

π4

∫

Ua′a
0 d~z0

∫

U c′c
5 d~z5

×
[

1

2~z 2
05

(~z10~z35)

~z 2
10~z

2
35

+
(~z10~z50)

~z 2
10~z

2
50

(~z25~z35)

~z 2
25~z

2
35

+
(~z05~z35)

~z 2
05~z

2
35

(~z10~z20)

~z 2
10~z

2
20

]

ln
~z 2
02

~z 2
25

× i
{

f a
′bc′(U1t

a) · (tbU2) · (U3t
c)− f abc(ta

′

U1) · (U2t
b) · (tc′U3)

}

. (1.80)
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Îáúåäèíèâ ýòîò ðåçóëüòàò ñ âêëàäîì äèàãðàììû 7 è âñåõ äèàãðàìì, ïîëó÷åí-

íûõ èç íåå (1.72), ìû èìååì ïîëíûé âêëàä âñåõ äèàãðàìì ñ äâóìÿ ãëþîíàìè,

ïåðåñåêàþùèìè óäàðíóþ âîëíó, â ñâÿçàííóþ ÷àñòü ÿäðà â Ñ�Ï:

〈Kconn
NLO ⊗ Bη

123〉|2g =
{

f a
′bc′(U1t

a) · (tbU2) · (U3t
c)− f abc(ta

′

U1) · (U2t
b) · (tc′U3)

}

×α
2
s

π4
i

∫

d~z0U
a′a
0

∫

d~z5U
c′c
5

×
[

1

2~z 2
05

(~z10~z35)

~z 2
10~z

2
35

+
(~z10~z50)

~z 2
10~z

2
50

(~z25~z35)

~z 2
25~z

2
35

+
(~z05~z35)

~z 2
05~z

2
35

(~z10~z20)

~z 2
10~z

2
20

− (~z20~z10)

~z022~z012
(~z25~z35)

~z 2
25~z35

2

]

ln
~z 2
02

~z 2
25

+ (2 ↔ 1) + (2 ↔ 3). (1.81)

Ñ ïîìîùüþ (1.12) ýòî ìîæíî ïåðåïèñàòü êàê

〈Kconn
NLO ⊗Bη

123〉|2g =
α2
s

4π4

∫

d~z0

∫

d~z5

{

(U2U
†
0U1) · U5 · (U0U

†
5U3)

+(U3U
†
5U0) · U5 · (U1U

†
0U2)− (1 ↔ 3, 0 ↔ 5)

}

×
[

1

2~z 2
05

(~z10~z35)

~z 2
10~z

2
35

+
(~z10~z50)

~z 2
10~z

2
50

(~z25~z35)

~z 2
25~z

2
35

+
(~z05~z35)

~z 2
05~z

2
35

(~z10~z20)

~z 2
10~z

2
20

− (~z20~z10)

~z022~z012
(~z25~z35)

~z 2
25~z35

2

]

ln
~z 2
02

~z 2
25

+ (2 ↔ 1) + (2 ↔ 3). (1.82)

1.4.3 Äèàãðàììû ñ îäíèì ãëþîíîì, ïåðåñåêàþùèì óäàðíóþ âîëíó

Ïåðåéäåì ê äèàãðàììàì íà �èñóíêå 3. Â äàëüíåéøåì ìû íå áóäåì çàïè-

ñûâàòü ÷ëåíû âû÷èòàíèÿ â �Ï â ÿâíîì âèäå. Âìåñòî ýòîãî ìû ïîëîæèì σ1 = 0

a

c

~p~k

~q

z1

z2

z3

9 10 11

b

�èñ. 3: Äèàãðàììû ñ îäíèì ãëþîíîì, ïåðåñåêàþùèì óäàðíóþ âîëíó.
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è áóäåì ïðè íåîáõîäèìîñòè èñïîëüçîâàòü çàïèñè

[

1
p+

]

+
è

[

1
σ−p+

]

+
.

∫ σ

0

dp+f(p+)

[

1

p+

]

+

=

∫ σ

0

dp+
f(p+)− f(0)

p+
, (1.83)

∫ σ

0

dp+f(p+)

[

1

σ − p+

]

+

=

∫ σ

0

dp+
f(p+)− f(σ)

σ − p+
. (1.84)

Äèàãðàììà 9 çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

〈Bη
123〉|9 = g4(U1t

a) · (tb′U2) · (U3t
bta

′

)

×
∫ 0

−∞
dz+1

∫ ∞

0

dz+2

∫ 0

−∞
dz+3

∫ 0

z+3

dz′+3 G
−−(z2, z

′
3)
b′bG−−(z3, z1)

a′a. (1.85)

Èñïîëüçóÿ èìïóëüñíîå ïðåäñòàâëåíèå ïðîïàãàòîðà (1.18) è èíòåãðèðóÿ ñíà÷àëà

ïî z+1 , z
+
3 è çàòåì ïî k− è ïî z′+3 , ïîëó÷àåì

〈KNLO ⊗Bη
123〉|9 = 4ig4(U1t

a) · (tb′U2) · (U3t
bta) (1.86)

×
∫

(z20)
α
⊥

(2π)7 ~z 2
20

U b′b
0 d~z0

∫

d~pei~p~z03+i
~k ~z31

∫

d~k

~k 2

p⊥α
~p 2

ln
~p 2

~k 2
.

Òåïåðü ðàññìîòðèì äèàãðàììó 10. Îíà èìååò âèä:

〈Bη
123〉|10 = g4(U1t

a) · (tb′U2) · (U3t
a′tb)

×
∫ 0

−∞
dz+1

∫ ∞

0

dz+2

∫ 0

−∞
dz′+3

∫ 0

z′+3

dz+3 G
−−(z2, z

′
3)
b′bG−−(z3, z1)

a′a. (1.87)

Âûïîëíÿÿ òå æå øàãè, ÷òî è äëÿ äèàãðàììû 9, ïîëó÷àåì

〈KNLO ⊗ Bη
123〉|10 = 4ig4(U1t

a) · (tb′U2) · (U3t
atb)

×
∫

(z20)
α
⊥

(2π)7 ~z 2
20

U b′b
0 d~z0

∫

d~k

~k 2

∫

d~pei
~k ~z31+i~p~z03

p⊥α
~p 2

ln
~k2

~p 2
. (1.88)

Òîãäà âêëàä îáåèõ äèàãðàìì è äèàãðàìì ñ çàìåíîé âèëüñîíîâñêèõ ëèíèé 3 ↔ 1

èìååò ñëåäóþùèé âèä:

〈KNLO ⊗Bη
123〉|9+10+(9+10)(3↔1) = 4f abcg4(U1t

a) · (tb′U2) · (U3t
c)

∫

(z20)
α
⊥

(2π)7 ~z 2
20

U b′b
0 d~z0

×
∫

d~p

∫

d~k

~k 2

p⊥α
~p 2

ln
~p 2

~k 2

(

ei~p~z03+i
~k ~z31 − ei~p~z01−i

~k ~z31
)

. (1.89)
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Ïåðåéäåì ê äèàãðàììå 11.

〈Bη
123〉|11 = −g4f a′b′c′(U1t

a) · (tbU2) · (U3t
c)

∫ 0

−∞
dz+1

∫ 0

−∞
dz+3

∫ ∞

0

dz+2

∫

θ(−x+)

d4x

×
{

∂Ga′a
0 (x, z1)

−
j

∂xµ

[

Gbb′(z2, x)
−µGc′c

0 (x, z3)
j− −Gbb′(z2, x)

−jGc′c
0 (x, z3)

µ−
]

+
∂Gbb′(z2, x)

−
j

∂xµ

[

Ga′a
0 (x, z1)

j−Gc′c
0 (x, z3)

µ− −Ga′a
0 (x, z1)

µ−Gc′c
0 (x, z3)

j−
]

+
∂Gc′c

0 (x, z3)
−

j

∂xµ

[

Ga′a
0 (x, z1)

µ−Gbb′(z2, x)
−j −Ga′a

0 (x, z1)
j−Gbb′(z2, x)

−µ
]

}

.

(1.90)

Çäåñü ìû ñóììèðóåì ïî j = 1, 2 è µ = −, 1, 2. Óäîáíî ðàçáèòü ýòî âûðàæåíèå
íà äâå ÷àñòè.

〈Bη
123〉|11 = 〈Bη

123〉|111 + 〈Bη
123〉|112. (1.91)

〈Bη
123〉|111 = −g4f a′b′c′(U1t

a) · (tbU2) · (U3t
c)

∫ 0

−∞
dz+1

∫ 0

−∞
dz+3

∫ ∞

0

dz+2

∫

θ(−x+)

d4x

×
{

Gc′c
0 (x, z3)

−−

[

Ga′a
0 (x, z1)

j−∂G
bb′(z2, x)

−
j

∂x−
−Gbb′(z2, x)

−j∂G
a′a
0 (x, z1)

−
j

∂x−

]

+Ga′a
0 (x, z1)

−−
[

Gbb′(z2, x)
−j∂G

c′c
0 (x, z3)

−
j

∂x−
−Gc′c

0 (x, z3)
j−∂G

bb′(z2, x)
−
j

∂x−

]}

.

(1.92)

Èíòåãðèðóÿ ïî p+, èìååì

〈KNLO ⊗ Bη
123〉|111 = −2g4f ab

′c(U1t
a) · (tbU2) · (U3t

c)

∫

d~z0

(2π)7
U bb′

0

(z20)
α
⊥

~z 2
20

×
∫

d~k

∫

d~qe−i
~k ~z10−i ~q ~z30

[

qα⊥
~q 2

1

~k 2 − (~q + ~k)2
ln

~k 2

(~q + ~k)2

−kα⊥
~k2

1

~q 2 − (~q + ~k)2
ln

~q 2

(~q + ~k)2
+

2

~q 2

kα⊥
~k2

ln
~q 2

(~q + ~k)2
− 2

~k 2
ln

~k 2

(~q + ~k)2

qα⊥
~q 2

]

.

(1.93)
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Äîáàâëåíèå ýòîãî âêëàäà ê âêëàäó äèàãðàìì 9 è 10 (1.89), äàåò:

〈KNLO ⊗Bη
123〉|111+9+10+(9+10)(3↔1) = −2f abcg4(U1t

a) · (tb′U2) · (U3t
c)

×
∫

(z20)
α
⊥

(2π)7 ~z 2
20

U b′b
0 d~z0

∫

d~k

∫

d~q

×
[

2
1

~q 2

k⊥α
~k2

{

e−i
~k ~z10−i ~q ~z30 ln

~q 2

(~q + ~k)2
+ e−i

~k~z10−i ~q ~z31 ln
~k2

~q 2

}

+ e−i
~k ~z10−i ~q ~z30

×
{

−kα⊥
~k2

1

~q 2 − (~q + ~k)2
ln

~q 2

(~q + ~k)2
+
qα⊥
~q2

1

~k 2 − (~q + ~k)2
ln

~k 2

(~q + ~k)2

}

+2
qα⊥
~q2

1

~k 2

{

−e−i~k ~z10−i ~q ~z30 ln
~k 2

(~q + ~k)2
− e−i~q~z30+i

~k ~z31 ln
~q 2

~k 2

}]

. (1.94)

Âòîðîé âêëàä â äèàãðàììó 11 çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

〈Bη
123〉|112 = −g4f a′b′c′(U1t

a) · (tbU2) · (U3t
c)

∫ 0

−∞
dz+1

∫ 0

−∞
dz+3

∫ ∞

0

dz+2

∫

θ(−x+)

d4x

×
{

Gbb′(z2, x)
−−
[

∂Ga′a
0 (x, z1)

−
j

∂x−
Gc′c

0 (x, z3)
j− −Ga′a

0 (x, z1)
j−∂G

c′c
0 (x, z3)

−
j

∂x−

]

+
∂Ga′a

0 (x, z1)
−

j

∂xl

[

Gbb′(z2, x)
−lGc′c

0 (x, z3)
j− −Gbb′(z2, x)

−jGc′c
0 (x, z3)

l−
]

+
∂Gbb′(z2, x)

−
j

∂xl

[

Ga′a
0 (x, z1)

j−Gc′c
0 (x, z3)

l− −Ga′a
0 (x, z1)

l−Gc′c
0 (x, z3)

j−
]

+
∂Gc′c

0 (x, z3)
−

j

∂xl

[

Ga′a
0 (x, z1)

l−Gbb′(z2, x)
−j −Ga′a

0 (x, z1)
j−Gbb′(z2, x)

−l
]

}

.

(1.95)

Ïîäñòàâëÿÿ ïðîïàãàòîðû è èíòåãðèðóÿ ïî z+2 è ïî ~x, ~p, z+1x, x
+, x−, èñïîëüçóÿ

çàêîí ñîõðàíåíèÿ èìïóëüñà, ïîëó÷àåì,

〈KNLO ⊗ Bη
123〉|112 = 2g4f a

′b′c′(U1t
a) · (tbU2) · (U3t

c)

∫

d~z0U
bb′

0

(z20)
α
⊥

(2π)7 ~z 2
20

∫

d~kd~q

×ei(~q~z03+~k~z01)
(

−kα⊥
(~q 2 − (~q + ~k)2)~k2

ln
~q 2

(~q + ~k)2
+

qα⊥

(~k2 − (~q + ~k)2)~q 2
ln

~k2

(~q + ~k)2
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− qα⊥

~q 2~k 2
ln

~q 2

(~q + ~k)2
+

kα⊥

~q 2~k 2
ln

~k2

(~q + ~k)2
−2(~q~k)(k + q)α⊥

~q 2~k 2(~q + ~k)2
ln
~k2

~q 2

)

. (1.96)

Äîáàâèâ ê ýòîìó âûðàæåíèþ ïåðâûé âêëàä äèàãðàììû 11 è äèàãðàìì 9 è 10

ñ ñîîòâåòñòâóþùåé ñèììåòðèçàöèåé (1↔3) (1.94), âûïîëíÿåì ïðåîáðàçîâàíèå

Ôóðüå ýòîãî âûðàæåíèÿ ñ ïîìîùüþ èíòåãðàëîâ èç ïðèëîæåíèé A è B â [92℄. Â

ðåçóëüòàòå,

〈KNLO ⊗ Bη
123〉|11+9+10+(9+10)(3↔1) = if abcg4(U1t

a) · (tb′U2) · (U3t
c)

∫

U b′b
0 d~z0

(2π)6 ~z 2
20

×
[

2

∫

d~x

{

(~z1x~z20)

~z 2
x1

1

~zx02
ln
~z 2
x3

~z 2
03

− 2
(~z0x~z20)

~z 2
0x

(~zx3~zx1)

~z 2
x3~z

2
x1

ln~z 2
x3

}

+2π
(~z10~z20)

~z 2
01

ln
~z 2
03

~z 2
13

ln
~z 4
10

~z 2
03~z

2
13

− (1 ↔ 3)

]

. (1.97)

Ýòîò èíòåãðàë ìîæíî âû÷èñëèòü, çàìåíèâ ïåðåìåííûå íà ρ = |~zx3| , t = eiφ~zx3 è

èíòåãðèðóÿ ïî t âû÷åòàìè. Ïîñëå ýòîãî ïîëó÷àþòñÿ äèëîãàðè�ìè÷åñêèå èíòå-

ãðàëû, êîòîðûå ìîæíî îáúåäèíèòü ñ

〈KNLO ⊗Bη
123〉|11+9+10+(9+10)(3↔1) = if abcg4(U1t

a) · (tb′U2) · (U3t
c)

∫

U b′b
0 d~z0

(2π)5

×
[

(~z10~z20)

~z 2
10~z

2
20

− (~z30~z20)

~z 2
30~z

2
20

]

ln
~z 2
30

~z 2
31

ln
~z 2
10

~z 2
31

. (1.98)

Ñóììà ýòèõ äèàãðàìì è äèàãðàìì, ÿâëÿþùèõñÿ èõ çåðêàëüíûì îòðàæåíèåì

îòíîñèòåëüíî óäàðíîé âîëíû, çàïèñûâàåòñÿ â ñëåäóþùåì âèäå:

〈Kconn
NLO ⊗ Bη

123〉|1g =
{

f abc(U1t
a) · (tb′U2) · (U3t

c)− f ab
′c(taU1) · (U2t

b) · (tcU3)
}

× ig4
∫

U b′b
0 d~z0

(2π)5

[

(~z10~z20)

~z 2
10~z

2
20

− (~z30~z20)

~z 2
30~z

2
20

]

ln
~z 2
30

~z 2
31

ln
~z 2
10

~z 2
31

. (1.99)

Âûïîëíÿÿ ñâåðòêó, ïîëó÷àåì

〈Kconn
NLO ⊗Bη

123〉|1g =
α2
s

8π3

∫

d~z0

[

(~z10~z20)

~z 2
10~z

2
20

− (~z30~z20)

~z 2
30~z

2
20

]

ln
~z 2
30

~z 2
31

ln
~z 2
10

~z 2
31

× (B100B320 −B300B210) + (2 ↔ 1) + (2 ↔ 3). (1.100)
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Èç (1.99) ìîæíî íàéòè âêëàä íåñâÿçíûõ äèàãðàìì, êîòîðûå îòëè÷àþòñÿ îò äèà-

ãðàìì íà �èñóíêå 3 ïðèñîåäèíåíèåì ãëþîíà â ïðàâîé ÷àñòè äèàãðàìì, è äèà-

ãðàìì, â êîòîðûå îíè ïåðåõîäÿò ïîñëå çåðêàëüíîãî îòðàæåíèÿ îòíîñèòåëüíî

óäàðíîé âîëíû. Ïîëó÷àåì äëÿ ñóììû (1.100) è âñåõ òàêèõ äèàãðàìì

〈K̃NLO ⊗Bη
123〉|1g =

g4

4

∫

d~z0

(2π)5

[

(~z10~z20)

~z 2
10~z

2
20

− (~z30~z20)

~z 2
30~z

2
20

]

ln
~z 2
30

~z 2
31

ln
~z 2
10

~z 2
31

× (B100B320 − B300B210)

+
g4

4

∫

d~z0

(2π)5

[

1

~z 2
10

− (~z30~z10)

~z 2
30~z

2
10

]

ln
~z 2
30

~z 2
31

ln
~z 2
10

~z 2
31

×
(

B123 −
1

2
[3B100B320 +B300B120 − B200B130]

)

+
g4

4

∫

d~z0

(2π)5

[

(~z10~z30)

~z 2
10~z

2
30

− 1

~z 2
30

]

ln
~z 2
30

~z 2
31

ln
~z 2
10

~z 2
31

×
(

1

2
[3B300B120 + B100B320 − B200B130]− B123

)

+ (2 ↔ 1) + (2 ↔ 3). (1.101)

Åñëè ìû ïîëîæèì çäåñü ~z3 = ~z2, ìû ïîëó÷èì ñîîòâåòñòâóþùèé âêëàä â ÿäðî

öâåòîâîãî äèïîëÿ (ñì. âûðàæåíèå (99) â [24℄).

1.5 Ýâîëþöèÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè â Ñ�ËÏ

1.5.1 Ýâîëþöèÿ âèëüñîíîâñêèõ ëèíèé

ßñíî, ÷òî â Ñ�ËÏ ýâîëþöèîííîå óðàâíåíèå äëÿ îïåðàòîðà èç òðåõ âèëüñî-

íîâñêèõ ëèíèé ìîæåò áûòü âîññòàíîâëåíî èç ýâîëþöèè äâóõ ëèíèé, îäíîé ëèíèè

è ñâÿçíîãî âêëàäà, âû÷èñëåííîãî â ïðåäûäóùåé ÷àñòè ([27℄). Äëÿ äèàãðàìì ñà-

ìîäåéñòâèÿ è ïîïàðíîãî âçàèìîäåéñòâèÿ ìîæíî èñïîëüçîâàòü ðåçóëüòàòû [26℄.
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Çäåñü ìû îáúåäèíÿåì ýòè ðåçóëüòàòû.

∂ (U1)
j
i

∂η
=
α2
s

4π4

∫

d~r5d~r0

{

Udd′

5 (U ee′

0 − U ee′

5 )
(

G9[if
ade(taU1{td

′

te
′})ji

− if ad
′e′({tdte}U1t

a)ji ] + 2G3f
adef bd

′e′(taU1t
b)ji

)

+
4nf
~r054

{

(~r15~r01)

~r152 − ~r012
ln

(

~r15
2

~r012

)

+ 1

}

(taU1t
b)ji tr(t

aU5t
b(U †

0 − U †
5))

}

+
α2
sNc

4π3

∫

d~r5
~r154

(Uab
5 − Uab

1 )(taU1t
b)ji

×
{

11

3
ln

(

~r 2
15µ

2

4e2ψ(1)

)

+
67

9
− π2

3
− nf
Nc

[

2

3
ln

(

~r 2
15µ

2

4e2ψ(1)

)

+
10

9

]}

, (1.102)

Çäåñü è äàëåå îïðåäåëåíèÿ �óíêöèé Gi è Hi äàíû â ïðèëîæåíèè Á: îïðåäåëå-

íèå G3 äàíî â (Á.3), à îïðåäåëåíèå G9 äàíî â (Á.8); nf � êîëè÷åñòâî àðîìàòîâ

êâàðêîâ, µ2 � ìàñøòàá ïåðåíîðìèðîâêè â MS ñõåìå.

∂ (U1)
j
i (U2)

l
k

∂η
=

α2
s

8π4

∫

d~r5d~r0 (A1 +A2 +A3) +
α2
s

8π3

∫

d~r5 (B1 +NcB2) . (1.103)

A1 =[(taU1)
j
i(U2t

b)lk + (taU2)
l
k(U1t

b)ji ]
[

(f adef bd
′e′Udd′

5 (U ee′

0 − U ee′

5 )

× 4(H3 +H4 + (1 ↔ 2))) + tr(taU5t
b(U †

0 − U †
5))

× 4nf

(

1

~r054

{

(~r15~r01)

~r152 − ~r012
ln

(

~r15
2

~r012

)

+ 1

}

+
Lq12
2

+ (1 ↔ 2)

)]

, (1.104)

ãäå îïðåäåëåíèå H3 äàíî â (Á.11), îïðåäåëåíèå H4 äàíî â (Á.12) è

Lq12 =
1

~r054

{

~r02
2~r15

2 + ~r01
2~r25

2 − ~r05
2~r12

2

2(~r022~r152 − ~r012~r252)
ln

(

~r02
2~r15

2

~r012~r252

)

− 1

}

. (1.105)

A2 =8(U5 − U1)
dd′(U0 − U2)

ee′
{

i[f ad
′e′(tdU1t

a)ji (t
eU2)

l
k − f ade(taU1t

d′)ji (U2t
e′)lk]

× (H3 −H2)− (H2(1 ↔ 2) +H3(1 ↔ 2))

× i[f ad
′e′(tdU1)

j
i (t

eU2t
a)lk − f ade(U1t

d′)ji (t
aU2t

e′)lk]
}

, (1.106)

ãäå îïðåäåëåíèå H2 äàíî â (Á.10), è Hi(1 ↔ 2) ≡ Hi|~r1↔~r2.

A3 =8Udd′

5

{

i[f ad
′e′(U1t

a)ji (t
dteU2)

l
k − f ade(taU1)

j
i (U2t

e′td
′

)lk](H1 +H3(1 ↔ 2))

× (U0 − U2)
ee′ + (U0 − U1)

ee′(H1(1 ↔ 2) +H3)

× i[f ad
′e′(tdteU1)

j
i(U2t

a)lk − f ade(U1t
e′td

′

)ji (t
aU2)

l
k]
}

, (1.107)



42

ãäå îïðåäåëåíèå H1 äàíî â (Á.9).

B1 = 2 ln

(

~r 2
15

~r 2
12

)

ln

(

~r 2
25

~r 2
12

)

×
{

(U5 − U1)
abi[f bde(taU1t

d)ji(U2t
e)lk + f ade(teU1t

b)ji (t
dU2)

l
k]

(

(~r15~r25)

~r 2
15~r

2
25

− 1

~r 2
15

)

+ (U5 − U2)
abi[f bde(U1t

e)ji (t
aU2t

d)lk + f ade(tdU1)
j
i(t

eU2t
b)lk]

(

(~r15~r25)

~r 2
15~r

2
25

− 1

~r 2
25

)}

.

(1.108)

B2 =(2U5 − U1 − U2)
ab [(taU1)

j
i (U2t

b)lk + (U1t
b)ji (t

aU2)
l
k]

×
{

(~r15~r25)

~r 2
15~r

2
25

[(

11

3
− 2

3

nf
Nc

)

ln

(

~r 2
12µ

2

4e2ψ(1)

)

+
67

9
− π2

3
− 10

9

nf
Nc

]

+

(

11

3
− 2

3

nf
Nc

)(

1

2~r 2
15

ln

(

~r 2
25

~r 2
12

)

+
1

2~r 2
25

ln

(

~r 2
25

~r 2
12

))}

, (1.109)

ãäå nf � ÷èñëî àðîìàòîâ êâàðêîâ, à µ
2
� ìàñøòàá ïåðåíîðìèðîâêè â MS ñõåìå.

∂ (U1)
j
i (U2)

l
k (U3)

n
m

∂η

=i
α2
s

π4

∫

d~r5d~r0

{

f cde[(taU1)
j
i

(

tbU2

)l

k
(U3t

c)nm (U5 − U1)
ad(U0 − U2)

be

− (U1t
a)ji
(

U2t
b
)l

k
(tcU3)

n
m (U5 − U1)

da(U0 − U2)
eb](H5(1 ↔ 3) +H6(1 ↔ 3))

+f ade[(U1t
a)ji
(

tbU2

)l

k
(tcU3)

n
m (U5 − U3)

cd(U0 − U2)
be

− (taU1)
j
i

(

U2t
b
)l

k
(U3t

c)nm (U5 − U3)
dc(U0 − U2)

eb](H5 +H6)

+f bde[(taU1)
j
i

(

U2t
b
)l

k
(tcU3)

n
m (U5 − U1)

ad(U0 − U3)
ce

− (U1t
a)ji
(

tbU2

)l

k
(U3t

c)nm (U5 − U1)
da(U0 − U3)

ec]

×(H5(1 → 2 → 3 → 1) +H6(1 → 2 → 3 → 1)), (1.110)

ãäå îïðåäåëåíèå H5 äàíî â (Á.13), îïðåäåëåíèå H6 äàíî â (Á.14) à Hi(1 → 2 →
3 → 1) ≡ Hi|~r1→~r2,~r2→~r3,~r3→~r1.

Î÷åâèäíî, ÷òî âûðàæåíèÿ (1.102)�(1.110) íå èìåþò óëüòðà�èîëåòîâûõ

ñèíãóëÿðíîñòåé (ÓÔ), ïîñêîëüêó îíè ñîäåðæàò ðàçíîñòè òèïà U5−Ui è U0−Ui,

êîòîðûå äåëàþò èõ ñõîäÿùèìèñÿ. ×òîáû ïîñòðîèòü óðàâíåíèå ýâîëþöèè áàðè-

îííîãî îïåðàòîðà, íàì íàäî ñâåðíóòü èíäåêñû â (1.102)�(1.110) ñ èíäåêñàìè
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íåâçàèìîäåéñòâóþùèõ âèëüñîíîâñêèõ ëèíèé è óïðîñòèòü ðåçóëüòàò. Îêîí÷à-

òåëüíîå óðàâíåíèå ýâîëþöèè áóäåò ñîñòîÿòü èç 3 ÷àñòåé: ÷àñòü ñ 2 èíòåãðèðî-

âàíèÿìè ïî ~r0 è ~r5, ÷àñòü ñ îäíèì èíòåãðèðîâàíèåì ïî ~r0 è ÷èñòî âèðòóàëüíàÿ

÷àñòü. Ñòðóêòóðà âèëüñîíîâñêîé ëèíèè â ïîñëåäíåé ÷àñòè íå çàâèñèò íè îò ~r0,

íè îò ~r5. Ïîýòîìó êàæåòñÿ, ÷òî ìû ìîæåì âçÿòü ïî íåé îáà èíòåãðàëà. Îäíàêî

ìû íå ìîæåì ýòîãî ñäåëàòü, ïîñêîëüêó ýòà ÷àñòü óíè÷òîæàåò ÓÔ-ñèíãóëÿðíîñòè

â ïåðâûõ äâóõ ÷àñòÿõ. Íà ñàìîì äåëå, ÷èñòî âèðòóàëüíàÿ ÷àñòü îäíîçíà÷íî

îïðåäåëÿåòñÿ ïåðâûìè äâóìÿ ÷àñòÿìè. Äåéñòâèòåëüíî, îíà ìîæåò áûòü ïðîïîð-

öèîíàëüíà òîëüêî îäíîé öâåòîâîé ñòðóêòóðå B123 è äîëæíà óñòðàíÿòü äðóãèå

÷àñòè, åñëè ìû îòêëþ÷èì óäàðíóþ âîëíó, ò. å. êîãäà Ui = 1. Ïîýòîìó ìû áó-

äåì âû÷èñëÿòü òîëüêî ïåðâûå äâå ÷àñòè óðàâíåíèÿ ýâîëþöèè, âîçíèêàþùèå èç

äèàãðàìì ñ îäíèì è äâóìÿ ïåðåñå÷åíèÿìè ãëþîíàìè óäàðíîé âîëíû, à çàòåì

ìû âîññòàíàâëèâàåì âèðòóàëüíóþ ÷àñòü èç âûøåóêàçàííûõ óñëîâèé. Ïðè ïî-

ñòðîåíèè ìû ðàáîòàåì ñ ÷àñòÿìè ÿäåð (ïîäûíòåãðàëüíûìè âûðàæåíèÿìè), è

íå èíòåãðèðóåì ïî ~r0 è ~r5. Ïîýòîìó íàì íå íàäî, ÷òîáû ýòè ÷àñòè áûëè ÓÔ-

êîíå÷íûìè. Ïîñòðîèâ èõ âñå, ìû âîññòàíàâëèâàåì âèðòóàëüíóþ ÷àñòü, êîòîðàÿ

àâòîìàòè÷åñêè äåëàåò âñå ÿäðî ÓÔ-ñõîäÿùèìñÿ.

Íà÷íåì ñ ñàìîäåéñòâèé è ïàðíûõ âçàèìîäåéñòâèé. Ïðè Nc = 3 ìîæíî

èñïîëüçîâàòü SU(3)-òîæäåñòâà (1.12) ÷òîáû ïåðåïèñàòü (1.102)�(1.110) èñêëþ-

÷èòåëüíî ÷åðåç âèëüñîíîâñêèå ëèíèè â �óíäàìåíòàëüíîì ïðåäñòàâëåíèè. �àñ-

ñìîòðèì òåïåðü ãëþîííóþ ÷àñòü áåç âû÷èòàíèÿ. Äëÿ âêëàäà ñîñòîÿíèé ñ 2 ãëþ-

îíàìè, ïåðåñåêàþùèìè óäàðíóþ âîëíó, îíà çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

〈KNLO ⊗ (U1)
i3
i1
(U2)

j3
j1
〉|2g = − α2

s

8π4

∫

d~r0d~r5 G12, (1.111)

ãäå

G12 = G1{(U1U
†
0U5)

i3
i1
(U0U

†
5U2)

j3
j1
+ (U5U

†
0U1)

i3
i1
(U2U

†
5U0)

j3
j1
}

+G2(U1)
i3
i1
{(U0U

†
5U2U

†
0U5)

j3
j1
+ (U5U

†
0U2U

†
5U0)

j3
j1
}



44

+G3(U2)
j3
j1
{(U0U

†
5U1U

†
0U5)

i3
i1
+ (U5U

†
0U1U

†
5U0)

i3
i1
}

+G4{(U5)
i3
j1
(U1U

†
0U2)

j3
i1
+ (U5)

j3
i1
(U2U

†
0U1)

i3
j1
}tr(U0U

†
5)

+G5(U2)
j3
j1
(U5)

i3
i1
tr(U0U

†
5)tr(U

†
0U1)

+G6

(

(U0)
i3
i1
{(U5U

†
0U1U

†
5U2)

j3
j1
+ (U2U

†
5U1U

†
0U5)

j3
j1
}

− {(U5)
i3
j1
(U0U

†
5U2)

j3
i1
+ (U5)

j3
i1
(U2U

†
5U0)

i3
j1
}tr(U †

0U1)
)

+G7(U1)
i3
i1
(U5)

j3
j1
tr(U0U

†
5)tr(U

†
0U2)

+G8

(

(U5)
j3
j1
{(U0U

†
5U2U

†
0U1)

i3
i1
+ (U1U

†
0U2U

†
5U0)

i3
i1
}

− {(U0)
j3
i1
(U5U

†
0U1)

i3
j1
+ (U0)

i3
j1
(U1U

†
0U5)

j3
i1
}tr(U †

5U2)
)

. (1.112)

Çàìåòèì, ÷òî, êàê îáñóæäàëîñü âûøå è â [26℄, íåêîòîðûå ÷ëåíû ñ îäíèì ïåðå-

ñå÷åíèåì ìîæíî ïðåäñòàâèòü â �îðìå ñ äâóìÿ ïåðåñå÷åíèÿìè ñ äîïîëíèòåëü-

íûì èíòåãðèðîâàíèåì ïî ~r5 (1.103). Ïðè ýòîì íåêîòîðûå ìíîæèòåëè U5 è U0 â

(1.112) çàìåíÿþòñÿ íà U5 − Ui è U0 − Ui (i = 1, 2, 3). Òàêèå âû÷èòàíèÿ äåëàþò

ýòîò âêëàä ÿâíî ñõîäÿùèìñÿ ïðè ~r0,5 = ~ri. Ìû íå çàïèñûâàåì çäåñü ýòè âû÷èòà-

íèÿ, òàê êàê ïðîùå ñäåëàòü âû÷èòàíèå ïîñëå öâåòîâîé ñâåðòêè. Ïîñëå ñâåðòêè ñ

εi1j1hεi3j3h′(U3)
h′

h , (1.112) äàåò âêëàä 2-ãëþîííûõ ñîñòîÿíèé â ýâîëþöèþ áàðèîí-

íîãî îïåðàòîðà U1 ·U2 ·U3, îïèñûâàþùèé îáùåå âçàèìîäåéñòâèå âèëüñîíîâñêèõ

ëèíèé 1 è 2 è íå çàòðàãèâàþùèé âèëüñîíîâñêóþ ëèíèþ 3.

G12ε
i1j1hεi3j3h′(U3)

h′

h = −G4tr
(

U0U5
†)
(

U1U0
†U2 + U2U0

†U1

)

· U3 · U5

+G1

(

(

U0U5
†U2

)

·
(

U1U0
†U5

)

+
(

U2U5
†U0

)

·
(

U5U0
†U1

)

)

· U3

+
[

G2

(

U0U5
†U2U0

†U5 + U5U0
†U2U5

†U0

)

· U1 · U3 + (1 ↔ 2)
]

+
[

G5 U2 · U3 · U5 tr
(

U0
†U1

)

tr
(

U0U5
†)+ (1 ↔ 2)

]

+
[

G6

(

tr
(

U0
†U1

)

(

U0U5
†U2 + U2U5

†U0

)

· U3 · U5

+
(

U2U5
†U1U0

†U5 + U5U0
†U1U5

†U2

)

· U0 · U3

)

+ (1 ↔ 2, 0 ↔ 5)
]

. (1.113)
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Ìîæíî òàêæå íàïèñàòü

〈KNLO ⊗ (U †
1)
j3
j1
〉|2g = − α2

s

8π4

∫

d~r0d~r5 G1†, (1.114)

ãäå

G1† =G3

(

U5
†U0U1

†U5U0
† + U0

†U5U1
†U0U5

†

− tr
(

U1
†U5

)

tr
(

U5
†U0

)

U0
† − tr

(

U0
†U5

)

tr
(

U1
†U0

)

U5
†
)j3

j1

+G9

(

tr
(

U1
†U5

)

tr
(

U5
†U0

)

U0
† − tr

(

U0
†U5

)

tr
(

U1
†U0

)

U5
†
)j3

j1
, (1.115)

à çàòåì âûïîëíèòü ñâåðòêó:

G〈1†〉3 = G1† (U3)
j1
j3
= G3

(

tr
(

U0
†U3U5

†U0U1
†U5

)

+ tr
(

U0
†U5U1

†U0U5
†U3

)

− tr
(

U0
†U3

)

tr
(

U1
†U5

)

tr
(

U5
†U0

)

− tr
(

U0
†U5

)

tr
(

U1
†U0

)

tr
(

U5
†U3

)

)

+G9

(

tr
(

U0
†U3

)

tr
(

U1
†U5

)

tr
(

U5
†U0

)

− tr
(

U0
†U5

)

tr
(

U1
†U0

)

tr
(

U5
†U3

)

)

.

(1.116)

Äëÿ ýëåìåíòîâ ãðóïïû SU(3) ñóùåñòâóåò òîæäåñòâî

εijhεi′j′h′(U1)
i′

i (U1)
j′

j = 2(U †
1)
h
h′, U1 · U1 · U3 = 2tr(U †

1U3), (1.117)

Áåðÿ ~r2 = ~r1 â (1.113), ìîæíî ïðîâåðèòü, ÷òî ýòî îòíîñèòñÿ ê (1.116), èñïîëüçóÿ

òîæäåñòâî âûøå âìåñòå ñ (1.43) è (1.46). Âûïîëíèâ ñîïðÿæåíèå G1†, ïîëó÷àåì

〈KNLO ⊗ (U1)
j′

j 〉|2g = − α2
s

8π4

∫

d~r0d~r5 G1, (1.118)

ãäå

G1 =G3

(

U5U
†
0U1U

†
5U0 + U0U

†
5U1U

†
0U5

− tr(U1U
†
5)tr(U5U

†
0)U0 − tr(U0U

†
5)tr(U1U

†
0)U5

)j′

j

+G9

(

tr(U1U
†
5)tr(U5U

†
0)U0 − tr(U0U

†
5)tr(U1U

†
0)U5

)j′

j
. (1.119)
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Âêëàä ýâîëþöèè îäíîé ëèíèè U1 â ýâîëþöèþ áàðèîííîãî îïåðàòîðà äëÿ äèà-

ãðàìì ñ äâóìÿ ãëþîíàìè, ïåðåñåêàþùèìè óäàðíóþ âîëíó, çàïèñûâàåòñÿ ñëåäó-

þùèì îáðàçîì:

G〈1〉23 = G1ε
ijhεi′j′h′ (U2)

i′

i (U3)
h′

h = G3

(

U5U0
†U1U5

†U0 + U0U
†
5U1U

†
0U5

− tr(U1U
†
5)tr(U5U

†
0)U0 − tr

(

U0
†U1

)

tr
(

U5
†U0

)

U5

)

· U2 · U3

+G9

(

tr(U1U
†
5)tr(U5U

†
0)U0 − tr

(

U0
†U1

)

tr
(

U5
†U0

)

U5

)

· U2 · U3. (1.120)

Ñâÿçíûé âêëàä ýâîëþöèè ëèíèé 1 è 2 èìååò âèä

G〈12〉3 =
1

2
[H1 − (1 ↔ 2)]

×
[(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 −
(

U0U5
†U1

)

·
(

U2U0
†U5

)

· U3 − (5 ↔ 0)
]

+H2

[

tr
(

U0
†U1

) (

U0U5
†U2 + U2U5

†U0

)

· U3 · U5

−
(

U2U0
†U1U5

†U0 + U0U5
†U1U0

†U2

)

· U3 · U5 − (5 ↔ 0)
]

+H3

[

tr
(

U0
†U1

) (

U0U5
†U2 + U2U5

†U0

)

· U3 · U5

+
(

U2U0
†U1U5

†U0 + U0U5
†U1U0

†U2

)

· U3 · U5 + (5 ↔ 0)
]

+H4[tr
(

U0U5
†) (U1U0

†U2 + U2U0
†U1

)

· U3 · U5

+
(

U0U5
†U1

)

·
(

U2U0
†U5

)

· U3 +
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + (5 ↔ 0)]

+H1[tr
(

U5U0
†) (U1U5

†U2 + U2U5
†U1

)

· U0 · U3 − (5 ↔ 0)] + (1 ↔ 2).

(1.121)

Çäåñü âûðàæåíèÿ äëÿ Hi äàíû â ïðèëîæåíèè Á (Á.9�Á.12). Ïîëíîñòüþ ñâÿçíûé

òðîéíîé âêëàä ìîæíî íàéòè â (1.110) èëè [27℄è ïðåîáðàçîâàòü â ñëåäóþùóþ

�îðìó:

G〈123〉 =H5

[(

U0U5
†U3

)

·
(

U1U0
†U2

)

· U5 −
(

U0U5
†U2

)

·
(

U1U0
†U3

)

· U5

+
(

U2U0
†U1

)

·
(

U3U5
†U0

)

· U5 −
(

U2U0
†U5

)

·
(

U3U5
†U1

)

· U0 + (5 ↔ 0)
]

+H6[
(

U0U5
†U2

)

·
(

U1U0
†U3

)

· U5 +
(

U0U5
†U3

)

·
(

U1U0
†U2

)

· U5

+
(

U2U0
†U1

)

·
(

U3U5
†U0

)

· U5 −
(

U2U0
†U5

)

·
(

U3U5
†U1

)

· U0 − (5 ↔ 0)]

+(1 ↔ 2) + (1 ↔ 3), (1.122)
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ãäå âûðàæåíèÿ äëÿ Hi äàíû â ïðèëîæåíèè Á 3.5 (Á.13�Á.14).

1.5.2 Ïîñòðîåíèå ÿäðà: ãëþîííàÿ ÷àñòü

Âçÿâ âêëàäû ñàìîäåéñòâèÿ âèëüñîíîâñêèõ ëèíèé (1.120) âìåñòå ñ �ïàðíû-

ìè� (1.121) è �òðîéíûìè� (1.122) ñâÿçíûìè âêëàäàìè èç ïðåäûäóùåãî ðàçäåëà,

ìîæíî çàïèñàòü ïîëíûé âêëàä â ýâîëþöèþ ÁÂÏ ñ äâóìÿ ãëþîíàìè, ïåðåñåêà-

þùèìè óäàðíóþ âîëíó, â ñëåäóþùåé �îðìå:

〈KNLO ⊗B123〉|2g = 〈KNLO ⊗ U1 · U2 · U3〉|2g = − α2
s

8π4

∫

d~r0d~r5 G, (1.123)

ãäå

G = G〈1〉23+G1〈2〉3+G12〈3〉+G〈12〉3+G1〈23〉+G〈13〉2+G〈123〉. (1.124)

Çäåñü óãëîâûå ñêîáêè 〈. . . 〉 îáîçíà÷àþò ñâÿçíûé âêëàä, òî åñòü, G〈1〉23 äàåò

âêëàä ýâîëþöèè ëèíèè 1 (1.120), ïðè÷åì ëèíèè 2 è 3 ÿâëÿþòñÿ íàáëþäàòåëÿìè,

äðóãèìè ñëîâàìè, íå ó÷àñòâóþò âî âçàèìîäåéñòâèè. G〈12〉3 ñîîòâåòñòâóåò ñâÿç-

íîìó âêëàäó â ýâîëþöèþ ëèíèé 1 è 2 (1.121), ïðè÷åì ëèíèÿ 3 íå çàòðàãèâàåòñÿ,

à G〈123〉 îçíà÷àåò ïîëíîñòüþ ñâÿçíûé âêëàä (1.122). Âñå îñòàëüíîå ìîæíî ïîëó-

÷èòü èç íèõ ñ ïîìîùüþ ïðåîáðàçîâàíèÿ 1 ↔ 2 ↔ 3, ò.å. ÷åðåç âñå 5 âîçìîæíûõ

ïåðåñòàíîâîê ~r1, ~r2, ~r3, ÷òî ïðåäïîëàãàåò òàê æå ïåðåñòàíîâêè U1 ≡ U(~r1), U2,

U3.

Ñóùåñòâóåò íåñêîëüêî ïîëåçíûõ SU(3)-òîæäåñòâ, êîòîðûå ïîìîãàþò ñî-

êðàòèòü ÷èñëî öâåòîâûõ ñòðóêòóð. Îíè ïåðå÷èñëåíû â ïðèëîæåíèè À. Ñíà÷àëà

ìû èñïîëüçóåì (À.5), ÷òîáû èçáàâèòüñÿ îò ñòðóêòóðû

(

U0U5
†U3U0

†U5

)

· U1 · U2 + (0 ↔ 5) (1.125)

è äâóõ äðóãèõ ñòðóêòóð, â êîòîðûå

(

U0U5
†U3U0

†U5

)

· U1 · U2 âõîäèò ïîñëå ïðå-

îáðàçîâàíèé 1 ↔ 2 ↔ 3. È îïÿòü i ↔ j îáîçíà÷àåò ïåðåñòàíîâêó. Ýòî îçíà÷àåò,
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÷òî ìû äîëæíû ñäåëàòü çàìåíû ~ri ↔ ~rj è Ui ↔ Uj. Âî-âòîðûõ, ìû èñïîëüçó-

åì (À.6), ÷òîáû èñêëþ÷èòü 6 òàêèõ âêëàäîâ àíòèñèììåòðè÷íûõ îòíîñèòåëüíî

çàìåíû 0 ↔ 5:

(

U2U0
†U1U5

†U0 + U0U5
†U1U0

†U2

)

· U3 · U5 − (5 ↔ 0). (1.126)

Çàòåì ìû èñïîëüçóåì (À.7), ÷òîáû âûðàçèòü 6 ñòðóêòóð ïîäîáíûõ

(

U2U5
†U1U0

†U5 + U5U0
†U1U5

†U2

)

· U0 · U3 (1.127)

è ñèììåòðè÷íûå èì ïî çàìåíå 0 ↔ 5 ÷åðåç äðóãèå ñòðóêòóðû. Ïîñëå ýòîãî ìû

ìîæåì ñîêðàòèòü 3 ñòðóêòóðû âèäà

U2 · U3 · U5 tr
(

U0
†U1

)

tr
(

U0U5
†)− U2 · U3 · U0 tr

(

U5
†U1

)

tr
(

U5U0
†) , (1.128)

èñïîëüçóÿ(À.8), è ïîñðåäñòâîì (À.9) óáðàòü 3 íåêîí�îðìíûõ ÷ëåíà ïðîïîðöè-

îíàëüíûõ

tr
(

U0U5
†) (U1U0

†U2 + U2U0
†U1

)

· U3 · U5 − (5 ↔ 0) (1.129)

è 2 ñòðóêòóðû, â êîòîðûå îíè âõîäÿò ïîñëå ïðåîáðàçîâàíèé 1 ↔ 2 ↔ 3. Íàêî-

íåö, ìû ïîëó÷àåì

G= {(L12 + L̃12)
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+ L12tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5 + (M13 −M12 −M23 +M13
2 )

×
[(

U0U5
†U3

)

·
(

U2U0
†U1

)

+
(

U1U0
†U2

)

·
(

U3U5
†U0

)]

· U5

+ ( âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)}+ (0 ↔ 5). (1.130)

Çäåñü

Lij ≡ L(~ri, ~rj), L̃ij ≡ L̃(~ri, ~rj), Mij ≡ M(~ri, ~rj), M jk
i ≡M(~ri, ~rj, ~rk),

(1.131)

L12 = H3 +H4 −
1

2
G3 + (1 ↔ 2)

=
1

2~r054
+ ln

(

~r01
2~r25

2

~r152~r022

)[

~r12
2

8~r052

(

1

~r022~r152
− 1

~r012~r252

)

+
1

~r012~r252 − ~r022~r152

×
(

−~r12
4

8

(

1

~r012~r252
+

1

~r022~r152

)

+
~r12

2

~r052
− ~r02

2~r15
2 + ~r01

2~r25
2

4~r054

)]

. (1.132)
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È çäåñü i↔ j îáîçíà÷àåò ïåðåñòàíîâêó. Ýòî çíà÷èò, ÷òî ìû äîëæíû âûïîëíèòü

çàìåíû ~ri ↔ ~rj è Ui ↔ Uj.

L̃12 = H1 +H2 −
1

2
G9 − (1 ↔ 2) (1.133)

=
~r12

2

8

[

~r12
2

~r012~r022~r152~r252
− 1

~r012~r052~r252
− 1

~r022~r052~r152

]

ln

(

~r01
2~r25

2

~r152~r022

)

.

M12 =
1

2

{

H1 +H2 −
1

2
G9 + (1 ↔ 2)

}

(1.134)

=
~r12

2

16

[

~r12
2

~r012~r022~r152~r252
− 1

~r012~r052~r252
− 1

~r022~r052~r152

]

ln

(

~r01
2~r02

2

~r152~r252

)

.

M13
2 = H2(1 ↔ 2) +H2(1 → 2 → 3 → 1) +H3(1 → 2 → 3 → 1)

−H3(1 ↔ 2) +H5(1 ↔ 2) +H6(1 ↔ 2)−G9(1 ↔ 2) =
1

4
ln

(

~r02
2

~r252

)

×
(

~r12
2~r23

2

~r012~r022~r252~r352
− ~r15

2~r23
2

~r012~r052~r252~r352
− ~r03

2~r12
2

~r012~r022~r052~r352
+

~r13
2

~r012~r052~r352

)

.

(1.135)

Çäåñü Hi(1 → 2 → 3 → 1) ≡ Hi|~r1→~r2,~r2→~r3,~r3→~r1.

Åäèíñòâåííûé ÓÔ-ðàñõîäÿùèéñÿ ÷ëåí â (1.130) � ÷ëåí, ïðîïîðöèîíàëü-

íûé L12. Ó íåãî òà æå ñòðóêòóðà êîîðäèíàò, ÷òî è ó ñîîòâåòñòâóþùåãî ÷ëåíà

â äèïîëüíîì ÿäðå. Ïîýòîìó ìû ìîæåì âûïîëíèòü òî æå âû÷èòàíèå, ÷òî è â

ñëó÷àå äèïîëÿ. Ñ ïîìîùüþ (1.46), ìû ïîëó÷àåì

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5 + (2 ↔ 1)|~r0→~r5

= 3[tr
(

U1U5
†)U2 · U3 + tr

(

U2U5
†)U1 · U3 − tr

(

U3U5
†)U1 · U2] · U5

− U1 · U2 · U3 =
3

2
[B155B235 +B255B135 − B355B125]− B123, (1.136)

Ïîýòîìó ìû ìîæåì ðàçäåëèòü ðåçóëüòàò íà ÓÔ-êîíå÷íûå è ÓÔ-ðàñõîäÿùèåñÿ

÷àñòè:

〈KNLO ⊗ B123〉|2g = − α2
s

8π4

∫

d~r0d~r5 Gfinite −
α2
s

8π3

∫

d~r0 GUV , (1.137)
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ãäå

Gfinite={L̃12

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+L12

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 +B255B135 − B355B125] +

1

2
B123

]

+ (M13 −M12 −M23 +M13
2 )

×
[(

U0U5
†U3

)

·
(

U2U0
†U1

)

+
(

U1U0
†U2

)

·
(

U3U5
†U0

)]

· U5

+( âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)}+ (0 ↔ 5). (1.138)

È GUV âêëþ÷åí â ÷ëåí, îïèñûâàþùèé âêëàä â ÿäðî ñ îäíèì ãëþîíîì, ïåðåñå-

êàþùèì óäàðíóþ âîëíó [26℄, êîòîðûé ïðîïîðöèîíàëåí ïåðâîìó êîý��èöèåíòó

ïðè β-�óíêöèè. Ìû âîçüìåì ýòîò âêëàä èç (1.102) è (1.109). Äëÿ ÷èñòî ãëþîí-

íîãî ïîëÿ β0 =
11
3

〈K̃NLO ⊗B123〉|β1g =
[ −α2

s

(2π)3
11

2

∫

d~r0

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2g

)

+
1

~r 2
02

ln

(

~r 2
02

µ̃2g

)

+
1

~r 2
01

ln

(

~r 2
01

µ̃2g

)]

×
(

U0 · U3 · (U2U
†
0U1) + U0 · U3 · (U1U

†
0U2) +

2

3
U1 · U2 · U3

)

+(1 ↔ 3) + (2 ↔ 3)] +

[

α2
s

(2π)3
11

∫

d~r0
~r 2
01

ln

(

~r 2
01

µ̃2g

)

+

(

U0 · U2 · U3tr(U1U
†
0)−

1

3
U1 · U2 · U3

)

+ (1 ↔ 3) + (1 ↔ 2)

]

, (1.139)

ãäå

11

3
ln

1

µ̃2g
=

11

3
ln

(

µ2

4e2ψ(1)

)

+
67

9
− π2

3
, (1.140)

ãäå èñïîëüçóåòñÿ ñõåìà MS. Ïîñëå àëãåáðàè÷åñêèõ ïðåîáðàçîâàíèé ïîëó÷àåì

〈K̃NLO ⊗B123〉|β1g

=− α2
s

(2π)3
11

6

∫

d~r0

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2g

)]

×
(

3

2
(B100B230 +B200B130 − B300B210)− B123

)

+ (1 ↔ 3) + (2 ↔ 3). (1.141)
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Ñóùåñòâóþò òàêæå äèàãðàììû ñ îäíèì ãëþîíîì, ïåðåñåêàþùèì óäàðíóþ

âîëíó, êîòîðûå íå ïðîïîðöèîíàëüíû β �óíêöèè. Èõ ìîæíî íàéòè èç (1.102)�

(1.110). Îäíàêî îíè óæå áûëè âû÷èñëåíû â ïðåäûäóùåì ðàçäåëå (1.101) ([27℄).

Òàêèì îáðàçîì, âåùåñòâåííàÿ ÷àñòü âñåãî ÿäðà çàïèñûâàåòñÿ ñëåäóþùèì

îáðàçîì:

〈KNLO ⊗ B123〉|real = − α2
s

8π4

∫

d~r0d~r5 Gfinite −
α2
s

8π3

∫

d~r0 Greal, (1.142)

ãäå

Greal=−1

2

[

(~r10~r20)

~r 2
10~r

2
20

− (~r30~r20)

~r 230~r
2

20

]

ln
~r 2
30

~r 2
31

ln
~r 2
10

~r 2
31

(B100B320 − B300B210)

−
[

1

~r 2
10

− (~r30~r10)

~r 230~r
2

10

]

ln
~r 2
30

~r 2
31

ln
~r 2
10

~r 2
31

(

B123 −
1

2
[3B100B320 + B300B120 −B200B130]

)

+
11

12

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2g

)]

×
(

3

2
(B100B230 +B200B130 −B300B210)−B123

)

+( âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3), (1.143)

è îïðåäåëåíèå Gfinite äàíî â (1.138). Åñëè çäåñü ìû ïîëîæèì ~r2 = ~r3, ìû ïî-

ëó÷èì äèïîëüíûé ðåçóëüòàò (ñì. (100) â [24℄). Íàêîíåö, èç óñëîâèé, ÷òî áåç

óäàðíîé âîëíû ÿäðî äîëæíî îáðàùàòüñÿ â íóëü (åñëè âñå B = 6) è ÷òî âèðòó-

àëüíûé âêëàä ïðîïîðöèîíàëåí B123, ìû ïîëó÷àåì ïîëíîå ÿäðî

〈KNLO ⊗B123〉 = − α2
s

8π4

∫

d~r0d~r5 Gfinite −
α2
s

8π3

∫

d~r0 G
′, (1.144)

ãäå îïðåäåëåíèå Gfinite äàíî â (1.138) è

G
′=

1

2

[

~r 2
13

~r 2
10~r

2
30

− ~r 232
~r 230~r

2
20

]

ln
~r 2
20

~r 2
21

ln
~r 2
10

~r 2
21

(B100B320 − B200B310)

− ~r 212
~r 210~r

2
20

ln
~r 2
10

~r 2
12

ln
~r 2
20

~r 2
12

(

9B123 −
1

2
[2 (B100B320 +B200B130)−B300B120]

)

+
11

6

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2g

)]

×
(

3

2
(B100B230 + B200B130 −B300B210)− 9B123

)

+ (1 ↔ 3) + (2 ↔ 3). (1.145)
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Ýòî âûðàæåíèå îòëè÷àåòñÿ îò (1.143) êîý��èöèåíòàìè ïðè B123, êîòîðûå ïðå-

âðàùàþòñÿ â ¾äåâÿòêè¿, ÷òîáû âûïîëíÿëîñü óñëîâèå, ÷òî áåç óäàðíîé âîëíû

ÿäðî ðàâíî 0.

1.5.3 Ïîñòðîåíèå ÿäðà: êâàðêîâàÿ ÷àñòü

Êâàðêîâûé âêëàä â ýâîëþöèþ áàðèîííîé âèëüñîíîâñêîé ïåòëè â Ñ�Ï

ìîæíî ïîëó÷èòü èç (1.102)�(1.103). Âêëàä ñ 2 êâàðêàìè, ïåðåñåêàþùèìè óäàð-

íóþ âîëíó, áåç âû÷èòàíèÿ çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

〈KNLO ⊗B123〉|q2g = −α
2
snf
8π4

∫

d~r0d~r5 G
q. (1.146)

Çäåñü

G
q =

[(

(U1U0
†U5 + U5U0

†U1) · U2 · U3 − 3U2 · U3 · U5tr(U0
†U1)

−1

3
U1 · U2 · U3tr(U0

†U5)

)

× 2

3

1

~r054

{

(~r15~r01)

~r152 − ~r012
ln

(

~r15
2

~r012

)

+ 1

}

+ (1 ↔ 2) + (1 ↔ 3)

]

+

[(

1

3
(U1U0

†U5 + U5U0
†U1) · U2 · U3 −

1

9
U1 · U2 · U3tr(U0

†U5)

+ (U1U0
†U2) · U3 · U5 + (1 ↔ 2)

)

×
(

1

~r054

{

(~r15~r01)

~r152 − ~r012
ln

(

~r15
2

~r012

)

+ 1

}

+
Lq12
2

+ (1 ↔ 2)

)

+ (1 ↔ 3) + (2 ↔ 3)
]

, (1.147)

ãäå îïðåäåëåíèå Lq12 äàíî â (1.105). Èñïîëüçóÿ òîæäåñòâî (À.15), ìîæíî óâèäåòü,

÷òî ýòîò âêëàä äåéñòâèòåëüíî êîí�îðìíî èíâàðèàíòåí:

G
q =

1

2

{(

1

3
(U1U0

†U5 + U5U0
†U1) · U2 · U3 −

1

9
U1 · U2 · U3tr(U0

†U5)

+ (U1U0
†U2) · U3 · U5 + (1 ↔ 2)

)

+ (0 ↔ 5)
}

Lq12 + (1 ↔ 3) + (2 ↔ 3).

(1.148)
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Â äèïîëüíîì ïðåäåëå ~r3 → ~r2 èìååì óäâîåííóþ ñîîòâåòñòâóþùóþ ÷àñòü ÿäðà

ÁK [22℄. Ïîýòîìó ìîæíî ñäåëàòü òî æå âû÷èòàíèå, ÷òî è â ñëó÷àå ÁK

G
q = G

q
finite +G

q
UV , (1.149)

ãäå

G
q
finite =

1

2

{(

1

3
(U1U0

†U5 + U5U0
†U1) · U2 · U3 −

1

9
B123tr(U0

†U5)

+ (U1U0
†U2) · U3 · U5 +

1

6
B123 −

1

4
(B013B002 +B001B023 − B012B003)

+ (1 ↔ 2)
)

+ (0 ↔ 5)
}

Lq12 + (1 ↔ 3) + (2 ↔ 3). (1.150)

Àíàëîãè÷íî ãëþîííîìó ñëó÷àþ ìîæíî âçÿòü âêëàä G
q
UV ñ îäíèì ãëþîíîì, ïå-

ðåñåêàþùèì óäàðíóþ âîëíó èç ÷ëåíîâ, ïðîïîðöèîíàëüíûõ β-�óíêöèè â (1.102)

è (1.109). Ìîæíî âîññòàíîâèòü ýòîò âêëàä èç ãëþîííîé ÷àñòè ñ ïîìîùüþ çàìåí

11

3
→β =

(

11

3
− 2

3

nf
3

)

, (1.151)

11

3
ln

1

µ̃2g
=

11

3
ln

(

µ2

4e2ψ(1)

)

+
67

9
− π2

3
→β ln

1

µ̃2
, (1.152)

ãäå

β ln
1

µ̃2
=

(

11

3
− 2

3

nf
3

)

ln

(

µ2

4e2ψ(1)

)

+
67

9
− π2

3
− 10

9

nf
3
. (1.153)

Â ðåçóëüòàòå, ïîëíîå ÿäðî â ÊÕÄ çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

〈KNLO ⊗B123〉 = − α2
s

8π4

∫

d~r0d~r5

(

Gfinite + nfG
q
finite

)

− α2
s

8π3

∫

d~r0 G
q′, (1.154)

ãäå nf � êîëè÷åñòâî êâàðêîâûõ àðîìàòîâ,

G
q′=

1

2

[

~r 2
13

~r 2
10~r

2
30

− ~r 232
~r 230~r

2
20

]

ln
~r 2
20

~r 2
21

ln
~r 2
10

~r 2
21

(B100B320 −B200B310)

− ~r 212
~r 210~r

2
20

ln
~r 2
10

~r 2
12

ln
~r 2
20

~r 2
12

(

9B123 −
1

2
[2 (B100B320 + B200B130)− B300B120]

)

+
β

2

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

×
(

3

2
(B100B230 +B200B130 − B300B210)− 9B123

)

+ (1 ↔ 3) + (2 ↔ 3).

(1.155)

Îïðåäåëåíèå Gfinite äàíî â (1.138) è îïðåäåëåíèå G
q
finite äàíî â (1.150).
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1.5.4 Óðàâíåíèå ýâîëþöèè äëÿ ñîñòàâíîãî îïåðàòîðà

Â ýòîì ðàçäåëå ìû ðàññìàòðèâàåì òîëüêî ãëþîííóþ ÷àñòü ÿäðà, òàê êàê

êâàðêîâàÿ ÷àñòü êâàçèêîí�îðìíà. Äëÿ ïîñòðîåíèÿ ñîñòàâíûõ êîí�îðìíûõ îïå-

ðàòîðîâ áóäåì èñïîëüçîâàòü ðåöåïò èç [25℄ (ñì. òàêæå [93℄)

Oconf = O +
1

2

∂O

∂η

∣

∣

∣

∣

∣

~r 2
mn

~r 2
im

~r 2
in

→ ~r 2
mn

~r 2
im

~r 2
in

ln

(

~r 2
mna

~r 2
im

~r 2
in

) , (1.156)

ãäå a � ïðîèçâîëüíàÿ ïîñòîÿííàÿ. Äëÿ êîí�îðìíîãî îïåðàòîðà áàðèîííîé âèëü-

ñîíîâñêîé ïåòëè ìû èìååì ñëåäóþùèé àíçàö:

Bconf
123 = B123 +

αs3

8π2

∫

d~r5

[

~r 2
12

~r 2
51~r

2
52

ln

(

a~r 2
12

~r 2
51~r

2
52

)

(1.157)

× (−B123 +
1

6
(B155B325 + B255B315 − B355B215)) + (1 ↔ 3) + (2 ↔ 3)

]

.

Åñëè ìû ïîëîæèì ~r2 = ~r3, ïîëó÷èì ñîñòàâíîé äèïîëüíûé îïåðàòîð èç [25℄.

Èñïîëüçóÿ SU(3)-òîæäåñòâî (1.46), ìîæíî ïåðåïèñàòü (1.157) êàê

Bconf
123 = B123 +

αs
8π2

∫

d~r5

[

~r 2
12

~r 2
51~r

2
52

ln

(

a~r 2
12

~r 2
51~r

2
52

)

(1.158)

×((U2U
†
5U1 + U1U

†
5U2) · U5 · U3 − 2B123) + (1 ↔ 3) + (2 ↔ 3)

]

.

Äëÿ îïåðàòîðà (−B123 +
1
6(B155B325 +B255B315 − B355B215)) ìû ïîëó÷àåì

(−3B123 +
1

2
(B155B325 + B255B315 −B355B215))

conf

=(−3B123 +
1

2
(B155B325 + B255B315 −B355B215))

+
αs
8π2

∫

d~r0

(

A35
~r 2
35

~r 2
03~r

2
05

ln

(

~r 2
35a

~r 2
03~r

2
05

)

+A13
~r 213
~r 2
03~r

2
01

ln

(

~r 213a

~r 2
03~r

2
01

)

+A23
~r 2
23

~r 2
03~r

2
02

ln

(

~r 2
23a

~r 2
03~r

2
02

)

+ A25
~r 2
25

~r 2
02~z

2
05

ln

(

~r 2
25a

~r 2
02~z

2
05

)

+ A15
~r 2
15

~r 2
01~r

2
05

ln

(

~r 2
15a

~r 2
01~r

2
05

)

+ A12
~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12a

~r 2
01~r

2
02

))

, (1.159)
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ãäå �óíêöèè A âû÷èñëåíû â ïðèëîæåíèè Â (Â.3�Â.7) â ñîîòâåòñòâèè ñ àíçàöåì

(1.156). Â ðåçóëüòàòå, óðàâíåíèå ýâîëþöèè äëÿ Bconf
123 ïðåâðàùàåòñÿ â

∂Bconf
123

∂η
=
αs3

4π2

∫

d~r5

[

~r 2
12

~r 2
51~r

2
52

(−B123 +
1

6
(B155B325 + B255B315 − B355B215))

conf

+ (1 ↔ 3) + (2 ↔ 3)
]

− α2
s

8π4

∫

d~r0d~r5 Gfinite −
α2
s

8π3

∫

d~r0 G
′

− α2
s

32π4

∫

d~r5d~r0

[

~r 2
12

~r 2
51~r

2
52

(

A35
~r 2
35

~r 2
03~r

2
05

ln

(

~r 2
35~r

2
51~r

2
52

~r 2
03~r

2
05~r

2
12

)

+A23
~r 2
23

~r 2
03~r

2
02

ln

(

~r 2
23~r

2
51~r

2
52

~r 2
03~r

2
02~r

2
12

)

+A13
~r 213
~r 2
03~r

2
01

ln

(

~r 213~r
2
51~r

2
52

~r 2
03~r

2
01~r

2
12

)

+A15
~r 2
15

~r 2
01~r

2
05

ln

(

~r 4
15~r

2
52

~r 2
01~r

2
05~r

2
12

)

+A12
~r 2
12

~r 2
01~z

2
02

ln

(

~r 2
51~r

2
52

~r 2
01~r

2
02

)

+ A25
~r 2
25

~r 2
02~r

2
05

ln

(

~r 4
25~r

2
51

~r 2
02~r

2
05~r

2
12

))

+ (1 ↔ 3) + (2 ↔ 3)

]

. (1.160)

Òåïåðü ìû ìîæåì ñèììåòðèçîâàòü ïîñëåäíèå 3 ñòðîêè ýòîãî âûðàæåíèÿ îòíî-

ñèòåëüíî ïðåîáðàçîâàíèÿ 0 ↔ 5, ò.å.,

AijF (~r...) → [AijF (~r...)]
sym =

[Aij + Aij (0 ↔ 5)] [F + F (0 ↔ 5)]

4

+
[Aij − Aij (0 ↔ 5)] [F − F (0 ↔ 5)]

4
. (1.161)

Çäåñü i↔ j îáîçíà÷àåò ïåðåñòàíîâêó. Ýòî îçíà÷àåò, ÷òî ìû äîëæíû âûïîëíèòü

çàìåíû ~ri ↔ ~rj è Ui ↔ Uj. Çàòåì ìîæíî èñïîëüçîâàòü (À.9), ÷òîáû ïîêàçàòü,

÷òî ó âñåõ íåêîí�îðìíûõ ÷ëåíîâ SU(3)-êîý��èöèåíòû íå çàâèñÿò îò ~r5 èëè îò

~r0.

×òîáû èçáàâèòüñÿ îò íåêîí�îðìíûõ ÷ëåíîâ, ñíà÷àëà äîáàâèì ñèììåò-

ðèçîâàííûå ïîñëåäíèå 3 ëèíèè (1.160) ê íåêîí�îðìíîé ÷àñòè Gfinite (1.138),

ðåçóëüòàò îïðåäåëèì êàê G̃ (1.162) è áóäåì ðàáîòàòü ñ íèì, ÷òîáû èçáåæàòü ïå-

ðåïèñûâàíèÿ êîí�îðìíî-èíâàðèàíòíûõ ÷àñòåé (1.160). Ñ ó÷åòîì (1.46), (À.9) è

(À.13) ìû ìîæåì çàïèñàòü ðåçóëüòàò êàê

− α2
s

8π4

∫

d~r0d~r5G̃

= − α2
s

8π4

∫

d~r0d~r5

{(

~r12
4

8~r012~r022~r152~r252
ln

(

~r15
2~r25

2

~r012~r022

)

(
1

2
B003B012 − 2B001B023)
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+
~r12

2

8~r012~r022

(

~r13
2

~r152~r352
ln

(

~r12
2~r15

2~r35
2

~r012~r022~r132

)

+
~r03

2

~r052~r352
ln

(

~r01
2~r02

2~r03
2

~r052~r122~r352

))

× (B003B012 −B001B023) +
~r12

2

8~r022~r052~r152

×
[

ln

(

~r01
4~r02

2

~r052~r122~r152

)

(2B003B012 − 2B002B013 − 3B001B023 + 4B123)

+ ln

(

~r05
2~r12

2

~r012~r252

)

(

−tr
(

U0
†U5

) (

U1U5
†U2 + U2U5

†U1

)

· U0 · U3

+ 2
(

U1 · U2 · U3 −
(

U0U5
†U1

)

·
(

U2U0
†U5

)

· U3

))

+ ln

(

~r01
4~r02

2~r35
4

~r034~r052~r122~r152

)

(

tr(U5
†U1)

(

(U2U0
†U5) · U0 · U3 + (U5U0

†U2) · U0 · U3

)

+
(

U0U5
†U1U0

†U2

)

· U3 · U5 +
(

U2U0
†U1U5

†U0

)

· U3 · U5

)]

+
~r12

2

~r012~r022

(

~r13
2

16~r152~r352
ln

(

~r01
2~r12

2~r35
2

~r022~r132~r152

)

+
~r03

2

8~r052~r352
ln

(

~r02
2~r03

2~r15
4

~r012~r052~r122~r352

))

×
((

U0U5
†U3

)

·
(

U1U0
†U2

)

· U5 +
(

U2U0
†U1

)

·
(

U3U5
†U0

)

· U5

−
(

U2U0
†U5

)

·
(

U3U5
†U1

)

· U0 −
(

U1U5
†U3

)

·
(

U5U0
†U2

)

· U0

)

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
)

+ (0 ↔ 5)
}

. (1.162)

Â ýòîì âûðàæåíèè ó âñåõ íåêîí�îðìíûõ ÷ëåíîâ SU(3)-êîý��èöèåíòû íå çà-

âèñÿò îò ~r5 èëè îò ~r0. Â ïðèíöèïå, ìîæíî ïðîèíòåãðèðîâàòü èõ ïî ~r5 èëè ~r0 è

äîáàâèòü ê (1.145). Îäíàêî ëåã÷å ïðåîáðàçîâàòü (1.145) ñ ïîìîùüþ èíòåãðàëà

(116) â [25℄ â ñèììåòðè÷íóþ �îðìó:

~r 212
~r 210~r

2
20

ln
~r 2
10

~r 2
12

ln
~r 2
20

~r 2
12

= 2πζ (3) (δ (~r10) + δ (~r20))

+
~r 212
~r 210~r

2
20

∫

d~r5
2π

(

~r 220
~r 205~r

2
25

+
~r 210
~r 205~r

2
15

− ~r 212
~r 225~r

2
15

)

ln

(

~r 210~r
2
20

~r 215~r
2
25

)

. (1.163)

Òîãäà ìû ïîëó÷àåì

G
′=

1

2

[

~r 2
13~r

2
20

~r 2
30~r

2
12

− ~r 232~r
2
10

~r 230~r
2
12

]

~r 212
~r 210~r

2
20

∫

d~r5
2π

(

~r 220
~r 205~r

2
25

+
~r 210
~r 205~r

2
15

− ~r 212
~r 225~r

2
15

)

× ln

(

~r 210~r
2
20

~r 215~r
2
25

)

(B100B320 −B200B310)
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− ~r 212
~r 210~r

2
20

∫

d~r5
2π

(

~r 220
~r 205~r

2
25

+
~r 210
~r 205~r

2
15

− ~r 212
~r 225~r

2
15

)

ln

(

~r 210~r
2
20

~r 215~r
2
25

)

×
(

9B123 −
1

2
[2 (B100B320 + B200B130)− B300B120]

)

+
11

6

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

×
(

3

2
(B100B230 + B200B130 −B300B210)− 9B123

)

+ (1 ↔ 3) + (2 ↔ 3). (1.164)

Çàòåì ìû ñèììåòðèçóåì ïðåäûäóùåå âûðàæåíèå îòíîñèòåëüíî îáìåíà 0 ↔ 5

è îáúåäèíÿåì åãî ñ (1.138), (1.160) è (1.162) äëÿ ïîëó÷åíèÿ ÿäðà â Ñ�Ï äëÿ

ñîñòàâíîãî îïåðàòîðà Bconf
123

〈KNLO ⊗ Bconf
123 〉 = − α2

s

8π3

∫

d~r0G
′ − α2

s

8π4

∫

d~r0d~r5G̃

− α2
s

8π4

∫

d~r0d~r5

({

L̃12

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+L12

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 + B255B135 −B355B125] +

1

2
B123

]

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
}

+ (0 ↔ 5)
)

. (1.165)

Èñïîëüçóÿ (À.9), ÷òîáû èçáàâèòüñÿ îò ÷ëåíîâ ïîäîáíûõ

(

U0U5
†U1U0

†U2

)

· U3 · U5 +
(

U2U0
†U1U5

†U0

)

· U3 · U5, (1.166)

ÿäðî ìîæíî ïðåîáðàçîâàòü â

〈KNLO ⊗ Bconf
123 〉 = − α2

s

8π4

∫

d~r0d~r5

({

L̃C12
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+LC12

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 + B255B135 −B355B125] +

1

2
B123

]

+MC
12

[(

U0U5
†U3

)

·
(

U2U0
†U1

)

· U5 +
(

U1U0
†U2

)

·
(

U3U5
†U0

)

· U5

]

+ Z12B003B012 + ( âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
}

+ (0 ↔ 5)
)
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− α2
s

8π3

∫

d~r0

(

11

6

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

×
(

3

2
(B100B230 + B200B130 − B300B210)− 9B123

)

+ (1 ↔ 3) + (2 ↔ 3)

)

.

(1.167)

Çäåñü

LC12 = L12 +
~r12

2

4~r012~r052~r252
ln

(

~r02
2~r15

2

~r052~r122

)

+
~r12

2

4~r022~r052~r152
ln

(

~r01
2~r25

2

~r052~r122

)

, (1.168)

L̃C12 = L̃12 +
~r12

2

4~r012~r052~r252
ln

(

~r02
2~r15

2

~r052~r122

)

− ~r12
2

4~r022~r052~r152
ln

(

~r01
2~r25

2

~r052~r122

)

, (1.169)

MC
12 =

~r12
2

16~r022~r052~r152
ln

(

~r01
2~r02

2~r35
4

~r034~r152~r252

)

+
~r12

2

16~r012~r052~r252
ln

(

~r03
4~r05

4~r12
4~r25

2

~r012~r026~r152~r354

)

+
~r23

2

16~r022~r052~r352
ln

(

~r01
4~r03

2~r25
6~r35

2

~r022~r054~r154~r234

)

+
~r23

2

16~r032~r052~r252
ln

(

~r02
2~r03

2~r15
4

~r014~r252~r352

)

+
~r13

2

16~r032~r052~r152
ln

(

~r02
4~r15

2~r35
2

~r012~r032~r254

)

+
~r23

2~r12
2

8~r012~r022~r252~r352
ln

(

~r02
2~r12

2~r35
2

~r012~r232~r252

)

+
~r03

2~r12
2

8~r012~r022~r052~r352
ln

(

~r01
2~r03

2~r25
4

~r022~r052~r122~r352

)

+
~r13

2

16~r012~r052~r352
ln

(

~r02
4~r15

2~r35
2

~r012~r032~r254

)

+
~r15

2~r23
2

8~r012~r052~r252~r352
ln

(

~r01
2~r05

2~r23
2~r25

2

~r024~r152~r352

)

, (1.170)

Z12 =
~r12

2

8~r012~r022

[(

~r03
2

~r052~r352
− ~r02

2

~r052~r252

)

ln

(

~r02
2~r15

2

~r052~r122

)

+
~r01

2

~r052~r152
ln

(

~r02
2~r35

2

~r032~r252

)

+
~r13

2

~r152~r352
ln

(

~r03
2~r12

2

~r022~r132

)]

− (1 ↔ 3), (1.171)

à L12 è L̃12 � ýëåìåíòû íåêîí�îðìíîãî ÿäðà, îïðåäåëåííûå â (1.132) è (1.133).

Ïðîñòî ïðîâåðèòü, ÷òî LC12, L̃
C
12, M

C
12 è Z12 èìåþò èíòåãðèðóåìûå ñèíãóëÿðíîñòè

ïðè ~r5 = ~r0, è ÷òî LC12, L̃
C
12 è Z12 èìåþò èíòåãðèðóåìûå ñèíãóëÿðíîñòè ïðè

~r5 = ~r1,2,3. ×òîáû äîêàçàòü, ÷òî âñå ÷ëåíû ñ MC
íå èìåþò îñîáåííîñòåé ïðè

~r5 = ~r1,2,3, íóæíî èñïîëüçîâàòü SU(3)-òîæäåñòâî (À.14).

Òåïåðü ìîæíî âèäåòü, ÷òî ÿäðî â Ñ�Ï óðàâíåíèÿ ýâîëþöèè äëÿ ñîñòàâ-

íîãî îïåðàòîðà Bconf
123 (1.157) ÿâëÿåòñÿ êâàçèêîí�îðìíûì, åñëè âûðàçèòü ÿäðî

â �Ï ÷åðåç ñîñòàâíîé îïåðàòîð (1.159).
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×ëåí ñ Z ìîæíî ïðîèíòåãðèðîâàòü ïî ~r5. Èíòåãðàë

∫

d~r5
π
Z12 =

~r32
2

8~r032~r022
ln2
(

~r32
2~r10

2

~r132~r202

)

− ~r12
2

8~r012~r022
ln2
(

~r12
2~r30

2

~r132~r202

)

. (1.172)

áûë âû÷èñëåí â ïðèëîæåíèè �.

Íàêîíåö, ÿäðî çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì

〈KNLO ⊗Bconf
123 〉 = − α2

s

8π4

∫

d~r0d~r5

({

L̃C12
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+LC12

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 + B255B135 − B355B125] +

1

2
B123

]

+MC
12

[(

U0U5
†U3

)

·
(

U2U0
†U1

)

· U5 +
(

U1U0
†U2

)

·
(

U3U5
†U0

)

· U5

]

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
}

+ (0 ↔ 5)
)

− α2
s

8π3

∫

d~r0

(

11

6

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

×
(

3

2
(B100B230 + B200B130 −B300B210)− 9B123

)

+ (1 ↔ 3) + (2 ↔ 3)

)

− α2
s

32π3

∫

d~r0

(

B003B012

[

~r32
2

~r032~r022
ln2
(

~r32
2~r10

2

~r132~r202

)

− ~r12
2

~r012~r022
ln2
(

~r12
2~r30

2

~r132~r202

)]

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
)

. (1.173)

Â êâàðê-äèêâàðêîâîì ïðåäåëå ~r3 → ~r2 îíî ñîâïàäàåò ñ óäâîåííîé ãëþîííîé

÷àñòüþ ÿäðà ÁÊ (ñì. (67) â [25℄).

1.5.5 Ëèíåàðèçàöèÿ

Â 3-ãëþîííîì ïðèáëèæåíèè

B003B012
3g
= 6B003 + 6B012 − 36. (1.174)
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Ìû èñïîëüçóåì ñëåäóþùåå òîæäåñòâî äëÿ ëèíåàðèçàöèè öâåòîâûõ ñòðóêòóð â

(1.173)

(U0U
†
5U2) · (U1U

†
0U5) · U3 + (1 ↔ 2, 0 ↔ 5)

= (U0U
†
5 − E)(U2 − U5) · (U1 − U0)U

†
0U5 · U3

+ U5U
†
0(U1 − U0) · (U2 − U5)(U

†
5U0 − E) · U3

+ U0 · (U1U
†
0U5 + U5U

†
0U1) · U3 + (U0U

†
5U2 + U2U

†
5U0) · U5 · U3

+ (U2 − U5) · (U1 − U0)(U
†
0U5 − E) · U3

+ (U5U
†
0 − E)(U1 − U0) · (U2 − U5) · U3

+ 2(U2 − U5) · (U1 − U0) · U3 − 2U0 · U5 · U3. (1.175)

Çäåñü E � åäèíè÷íàÿ ìàòðèöà. Â 3-ãëþîííîì ïðèáëèæåíèè ïðåäûäóùåå âûðà-

æåíèå çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

(U0U
†
5U2) · (U1U

†
0U5) · U3 + (1 ↔ 2, 0 ↔ 5)

3g
= (U0 − U5)(U2 − U5) · (U1 − U0) ·E + (U1 − U0) · (U2 − U5)(U0 − U5) ·E

+ U0 · (U1U
†
0U5 + U5U

†
0U1) · U3 + (U0U

†
5U2 + U2U

†
5U0) · U5 · U3

+ (U2 − U5) · (U1 − U0)(U5 − U0) · E + (U5 − U0)(U1 − U0) · (U2 − U5) · E

+ 2(U2 − U5) · (U1 − U0) · U3 − 2U0 · U5 · U3. (1.176)

Èñïîëüçóÿ òîæäåñòâî (1.46), è òî, ÷òî â 3-ãëþîííîì ïðèáëèæåíèè

((U0 − U5)(U2 − U5) + (U2 − U5)(U0 − U5)) · (U1 − U0) ·E
3g
= −(U2 − U5) · (U0 − U5) · (U1 − U0), (1.177)

ìû ïîëó÷àåì

(U0U
†
5U2) · (U1U

†
0U5) · U3 + (1 ↔ 2, 0 ↔ 5)

3g
= −B135 − B023

+
1

2
(B100B350 + B500B130 − B300B150)− 2U0 · U5 · U3

+
1

2
(B055B235 + B255B035 − B355B025) + 2(U2 − U5) · (U1 − U0) · U3

= B123 − 3B135 +
1

2
(B100B350 + B500B130 −B300B150) + (1 ↔ 2, 0 ↔ 5)
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3g
= B123 + 3(B100 + B350 + B500 +B130 −B300 − B150 − B135 − 6)

+ (1 ↔ 2, 0 ↔ 5). (1.178)

Â ðåçóëüòàòå ìû èìååì êîý��èöèåíò ïðè L̃C12 â (1.173):

(
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + (1 ↔ 2, 0 ↔ 5))− (0 ↔ 5)

3g
= (3B001 + 6B130 − (1 ↔ 2))− (0 ↔ 5). (1.179)

Èñïîëüçóÿ èíòåãðàëû (114) è (125) èç [25℄

∫

d~r5L̃12 =
π2

2
ζ (3) (δ (~r10)− δ (~r20)) (1.180)

è

∫

d~r5

[

~r12
2

4~r012~r052~r252
ln

(

~r02
2~r15

2

~r052~r122

)

− ~r12
2

4~r022~r052~r152
ln

(

~r01
2~r25

2

~r052~r122

)]

= π2ζ (3) (δ (~r10)− δ (~r20)) , (1.181)

ïîëó÷àåì

∫

d~r5L̃
C
12 =

3

2
π2ζ (3) (δ (~r10)− δ (~r20)) (1.182)

è

− α2
s

8π4

∫

d~r0d~r5

({

L̃C12
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
}

+ (0 ↔ 5)
)

3g
= − α2

s

8π4

∫

d~r0(3B001 + 6B130 − (1 ↔ 2))3π2ζ (3) (δ (~r10)− δ (~r20))

+ ( 1 ↔ 3) + (2 ↔ 3) (1.183)

= −9α2
s

8π2
ζ (3) (36 + B131 + B133 + B121 +B212 +B232 + B233 − 12B231)).

Âòîðàÿ êîíñòðóêöèÿ çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

(

U1U0
†U2 + U2U0

†U1

)

· U3 · U5 = (U1 − U0)U0
†(U2 − U0)) · U3 · (U5 − U0)

+ (U2 − U0)U0
†(U1 − U0)) · U3 · (U5 − U0)

+ 2(U2 + U1 − U0) · U3 · (U5 − U0) +
(

U1U0
†U2 + U2U0

†U1

)

· U3 · U0. (1.184)
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È îïÿòü, ïðèìåíÿÿ òîæäåñòâî (1.46) è ðàâåíñòâî (1.177), ïîëó÷àåì â 3-ãëþîí-

íîì ïðèáëèæåíèè

(

U1U0
†U2 + U2U0

†U1

)

· U3 · U5
3g
= −(U1 − U0) · (U2 − U0) · (U5 − U0)

+ 2(U2 + U1 − U0) · U3 · (U5 − U0)− B123

+
1

2
(B100B230 +B200B130 − B300B120) . (1.185)

Íàêîíåö, êîý��èöèåíò ïðè LC12 â (1.173) çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 +B255B135 − B355B125] +

1

2
B123 + (1 ↔ 2)

]

+ (0 ↔ 5)

3g
= 9(B055 + B005 − 12). (1.186)

Ïîýòîìó

− α2
s

8π4

∫

d~r0d~r5

({

LC12

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+ tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 +B255B135 − B355B125] +

1

2
B123

]

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
}

+ (0 ↔ 5)
)

3g
= −9α2

s

8π4

∫

d~r0d~r5(L
C
12 + LC13 + LC23)(B055 + B005 − 12) . (1.187)

Òðåòüÿ êîíñòðóêöèÿ çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

(U2U
†
0U1) · U5 · (U0U

†
5U3) + (U1U

†
0U2) · U5 · (U3U

†
5U0)

= U1 · U5 · (U3U
†
5U0 + U0U

†
5U3) + (U1U

†
0U2 + U2U

†
0U1) · U5 · U0

+ (U2 − U0) · U5 · ((U0 − U5)U
†
5(U3 − U5) + (U3 − U5)U

†
5(U0 − U5))

+ ((U1 − U0)U
†
0(U2 − U0)) · U5 · ((U3 − U5)U

†
5U0)

+ ((U2 − U0)U
†
0(U1 − U0)) · U5 · (U0U

†
5(U3 − U5))

+ 2(U2 − U0) · U5 · (U3 − U5)− 2U1 · U5 · U0. (1.188)
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Èñïîëüçóÿ (1.46) è (1.177), ïîëó÷àåì

(U2U
†
0U1) · U5 · (U0U

†
5U3) + (U1U

†
0U2) · U5 · (U3U

†
5U0)

3g
= −B013 +

1

2
(B355B015 +B055B135 −B155B035)−B125

− (U2 − U0) · (U1 − 3U5) · (U3 − U5)− 2U1 · U5 · U0

+
1

2
(B100B250 + B200B150 −B005B012)

3g
= 3(B010 − B551 + B020 −B552 − B050 + 2B550 −B120 + B150

+ B351 +B250 − 2B350 + B352 +B553)− B231 − 36. (1.189)

Â ðåçóëüòàòå,

− α2
s

8π4

∫

d~r0d~r5

({

MC
12

[(

U0U5
†U3

)

·
(

U2U0
†U1

)

· U5

+
(

U1U0
†U2

)

·
(

U3U5
†U0

)

· U5

]

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
}

+ (0 ↔ 5)
)

3g
= − 3α2

s

32π4

∫

d~r0d~r5

(

3

2
F0(B050 − B055) +

{

3

2
F150B150 + F100B100 + F230B230

+ (0 ↔ 5)
}

+ ( âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
)

, (1.190)

ãäå

F0 =
~r12

2

2~r152~r252

(

~r25
2

~r022~r052
ln

(

~r01
2~r02

2~r35
4

~r152~r252~r034

)

− ~r13
2

~r012~r032
ln

(

~r01
2~r13

2~r25
2

~r032~r122~r152

)

+
2~r35

2

~r032~r052
ln

(

~r01
2~r02

2~r35
2

~r032~r052~r122

))

− (0 ↔ 5). (1.191)

F150 =
~r12

2

~r022~r052~r152
ln

(

~r02
2~r05

2~r12
2~r35

4

~r034~r152~r254

)

− ~r01
2~r23

2

~r022~r032~r052~r152
ln

(

~r01
2~r25

2~r35
2

~r052~r152~r232

)

− ~r23
2~r12

2

~r022~r032~r152~r252
ln

(

~r02
2~r15

2~r23
2

~r032~r122~r252

)

+
~r23

2

~r032~r052~r252
ln

(

~r02
2~r35

2

~r052~r232

)

+
~r02

2~r13
2

~r012~r032~r052~r252
ln

(

~r01
2~r02

2~r35
4

~r032~r052~r132~r252

)

. (1.192)
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F100 =
~r23

2

2~r032~r052~r252
ln

(

~r01
8~r05

2~r23
2~r25

4~r35
2

~r026~r034~r158

)

− ~r02
2~r13

2

~r012~r032~r052~r252
ln

(

~r01
2~r05

2~r13
2~r25

2

~r022~r032~r154

)

− ~r35
2~r12

2

2~r032~r052~r152~r252
ln

(

~r01
8~r02

4~r25
2~r35

6

~r036~r056~r126~r152

)

+
~r12

2

~r012~r052~r252
ln

(

~r02
2~r15

2

~r052~r122

)

+
~r23

2~r12
2

2~r022~r032~r152~r252
ln

(

~r02
2~r15

2~r23
2

~r032~r122~r252

)

− ~r12
2

2~r022~r052~r152
ln

(

~r01
4~r02

2~r35
4

~r034~r052~r122~r152

)

+
~r13

2~r12
2

~r012~r032~r152~r252
ln

(

~r01
2~r13

2~r25
2

~r032~r122~r152

)

+
~r01

2~r23
2

2~r022~r032~r052~r152
ln

(

~r01
2~r25

2~r35
2

~r052~r152~r232

)

.

(1.193)

F230 =
~r02

2~r13
2

2~r012~r032~r052~r252
ln

(

~r01
2~r05

2~r13
2~r25

2

~r022~r032~r154

)

− ~r12
2

2~r012~r052~r252
ln

(

~r02
2~r15

2

~r052~r122

)

+
~r35

2~r12
2

2~r032~r052~r152~r252
ln

(

~r01
4~r02

8~r15
2~r35

6

~r036~r056~r126~r252

)

+
~r12

2

2~r022~r052~r152
ln

(

~r01
2~r02

4~r05
2~r12

2~r35
8

~r038~r154~r256

)

− ~r23
2~r12

2

~r022~r032~r152~r252
ln

(

~r02
2~r15

2~r23
2

~r032~r122~r252

)

− ~r23
2

2~r032~r052~r252
ln

(

~r01
4~r05

4~r23
4~r25

2

~r026~r032~r154~r352

)

− ~r13
2~r12

2

2~r012~r032~r152~r252
ln

(

~r01
2~r13

2~r25
2

~r032~r122~r152

)

− ~r01
2~r23

2

~r022~r032~r052~r152
ln

(

~r01
2~r25

2~r35
2

~r052~r152~r232

)

.

(1.194)

Ìîæíî ïðîèíòåãðèðîâàòü F100 è F230 ïî ~r5. Ýòè èíòåãðàëû ïðèâåäåíû â ïðèëî-

æåíèè � (�.3) è (�.6).

Öâåòîâàÿ ñòðóêòóðà â êâàðêîâîé ÷àñòè ÿäðà ìîæåò áûòü ëèíåàðèçîâàíà

ñ èñïîëüçîâàíèåì (1.185):

1

2

{(

1

3
(U1U0

†U5 + U5U0
†U1) · U2 · U3 −

1

9
B123tr(U0

†U5) + (U1U0
†U2) · U3 · U5

+
1

6
B123 −

1

4
(B013B002 +B001B023 − B012B003) + (1 ↔ 2)

)

+ (0 ↔ 5)

}

3g
=

1

6
(12−B005 − B055 + 2 (2B015 −B001 − B155)

+ 2 (2B025 −B002 − B255)− 4 (2B035 −B355 −B003)). (1.195)
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Ïîýòîìó

− α2
snf
8π4

∫

d~r0d~r5 G
q 3g
= −α

2
snf

48π4

∫

d~r0d~r5 {(12− B005 − B055) (L
q
12 + Lq13 + Lq23)

+ 2 (2B015 − B001 − B155) (L
q
12 + Lq13 − 2Lq32)

+ 2 (2B025 − B002 − B255) (L
q
12 + Lq23 − 2Lq31)

+ 2 (2B035 − B355 −B003) (L
q
32 + Lq13 − 2Lq12)} . (1.196)

Íàêîíåö, ìû ïîëó÷àåì ëèíåàðèçîâàííîå ÿäðî â ñëåäóþùåì âèäå:

〈KNLO ⊗ Bconf
123 〉 3g

=
27α2

s

4π2
ζ(3)(3− δ23 − δ13 − δ21)(B123 − 6)

− 9α2
s

8π4

∫

d~r0d~r5

(

LC12 + LC13 + LC23 −
nf
54

(Lq12 + Lq13 + Lq23)
)

(B055 +B005 − 12)

− α2
snf

24π4

∫

d~r0d~r5 {(2B015 −B001 −B155) (L
q
12 + Lq13 − 2Lq32)

+ (1 ↔ 3) + (1 ↔ 2)} − 9α2
s

64π4

∫

d~r0d~r5

× (F0(B050 −B055) + {F150 + (0 ↔ 5)}B150 + (all 5 perm. 1 ↔ 2 ↔ 3))

− 9α2
s

64π3

∫

d~r0

(

F̃100B100 + F̃230B230 + (1 ↔ 3) + (1 ↔ 2)
)

− 9α2
s

16π3

∫

d~r0

(

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

(1.197)

× (B100 + B230 +B200 +B130 − B300 − B210 −B123 − 6) + (1 ↔ 3) + (2 ↔ 3)).

Çäåñü δij = 1, åñëè ~ri = ~rj, è δij = 0 â ïðîòèâíîì ñëó÷àå. Îïðåäåëåíèÿ µ̃2 è β

äàíû â (1.153), îïðåäåëåíèÿ F0 and F150 äàíû â (1.191) è (1.192), îïðåäåëåíèå

Lq12 äàíî â (1.105), îïðåäåëåíèå L
C
12 äàíî â(1.168),

F̃100 =

(

~r12
2

~r012~r022
− ~r13

2

~r012~r032
− 2~r23

2

~r022~r032

)

ln2
(

~r02
2~r13

2

~r012~r232

)

(1.198)

+
~r23

2

2~r022~r032
ln2
(

~r03
2~r12

2

~r022~r132

)

+ S̃123I

(

~r12
2

~r012~r022
,
~r13

2

~r012~r032
,
~r23

2

~r022~r032

)

+ (2 ↔ 3),

F̃230 =

(

2~r12
2

~r012~r022
− ~r23

2

2~r022~r032

)

ln2
(

~r03
2~r12

2

~r022~r132

)

+

(

~r13
2

~r012~r032
− ~r12

2

~r012~r022

)

× ln2
(

~r02
2~r13

2

~r012~r232

)

− S̃123I

(

~r12
2

~r012~r022
,
~r13

2

~r012~r032
,
~r23

2

~r022~r032

)

+ (2 ↔ 3). (1.199)
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Ôóíêöèè S̃123 è I îïðåäåëåíû â ïðèëîæåíèè �: (�.5) è (�.4).

Òåïåðü, åñëè ìû ðàññìîòðèì äèïîëüíûé ïðåäåë ~r3 = ~r2 è ó÷òåì, ÷òî â

ýòîì ïðåäåëå

F̃100|~r3=~r2 = F̃200|~r3=~r2 = F̃300|~r3=~r2 =0, (1.200)

F̃230|~r3=~r2 = F̃130|~r3=~r2 = F̃210|~r3=~r2 =0 (1.201)

(F0 + (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3))|~r3=~r2 =− 16L̃C12, (1.202)

((F150 + (0 ↔ 5)) + (2 ↔ 3)) |~r3=~r2 =0, (1.203)

((F350 + (0 ↔ 5)) + (2 ↔ 1)) |~r3=~r2 =0, (1.204)

((F250 + (0 ↔ 5)) + (1 ↔ 3)) |~r3=~r2 =0, (1.205)

ìû ïîëó÷èì ëèíåàðèçîâàííîå ÿäðî ÁK â 3-ãëþîííîì ïðèáëèæåíèè, C-÷åòíàÿ

÷àñòü êîòîðîãî � ýòî ÿäðî ÁÔÊË [50℄:

〈KNLO ⊗ Bconf
122 〉 3g

= −9α2
s

4π4

∫

d~r0d~r5

(

LC12 −
nf
54
Lq12

)

(B055 + B005 − 12)

− α2
snf

12π4

∫

d~r0d~r5 {(2B015 −B001 −B155)− (2B025 −B002 − B255)}Lq12

+
27α2

s

2π2
ζ (3) (B122 − 6)− 9α2

s

4π4

∫

d~r0d~r5 L̃
C
12(B055 − B050)

− 9α2
s

8π3
β

∫

d~r0

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

× (B100 + B220 −B122 − 6) . (1.206)

Ñðàâíèì ýòî ÿäðî äëÿ B122 = 2tr(U1U
†
2) ñ ëèíåàðèçîâàííûì ÿäðîì ÁK â 2-

ãëþîííîì ïðèáëèæåíèè â [25℄. Ìîæíî âèäåòü, ÷òî èõ C-÷åòíûå ÷àñòè ñîâïà-

äàþò, ïîñêîëüêó îíè �èêñèðóþòñÿ ÿäðîì ÁÔÊË [50℄. Íî 2-ãëþîííîãî ïðèáëè-

æåíèÿ íåäîñòàòî÷íî, ÷òîáû âû÷èñëèòü ïðàâèëüíóþ C-íå÷åòíóþ ÷àñòü ÿäðà.

Òîëüêî 3-ãëþîííîå ïðèáëèæåíèå (1.206) ïîçâîëÿåò çàïèñàòü åãî. Ëåãêî âèäåòü,

÷òî äàæå äëÿ öâåòîâîãî äèïîëÿ C-íå÷åòíóþ ÷àñòü ÿäðà â 3-ãëþîííîì ïðèáëè-

æåíèè íåëüçÿ âûðàçèòü òîëüêî ÷åðåç äèïîëè. Íåîáõîäèìî ââåñòè áàðèîííûå
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îïåðàòîðû, êàê âèäíî èç âòîðîé ñòðîêè ýòîãî âûðàæåíèÿ. Ýòî ìîæíî ïðîâå-

ðèòü ïðÿìûì âû÷èñëåíèåì èñïîëüçóÿ (1.185). Äåéñòâèòåëüíî,

12
{

tr(U †
2t
aU1t

b)tr(U †
5t
aU0t

b)− (0 → 5)
}

+ (0 ↔ 5)

=

{

1

3
tr(U0U

†
5)tr(U2

†U1) + 3tr(U5
†U1)tr(U2

†U0)

− tr(U0U
†
5U1U2

†)− tr(U0U2
†U1U

†
5)− (0 → 5)

}

+ (0 ↔ 5)

=

{

1

12
B055B122 +

3

4
B155B022 −

1

2
(U1U2

†U0 + U0U2
†U1) · U5 · U5 − (0 → 5)

}

+ (0 ↔ 5) (1.207)

3g
=

1

2
{12− B055 −B005 + 2(2B015 − B001 −B155)− 2(2B025 − B002 − B255)} .

Äëÿ ðàçäåëåíèÿC-÷åòíûõ è C-íå÷åòíûõ âêëàäîâ ìû èñïîëüçóåìC-÷åòíûå

(ïîìåðîííûå) è C-íå÷åòíûå (îääåðîííûå) �óíêöèè �ðèíà (1.49�1.50). ßäðî â

Ñ�Ï äëÿ C-÷åòíîé �óíêöèè �ðèíà â 3-ãëþîííîì ïðèáëèæåíèè çàïèñûâàåòñÿ

ñëåäóþùèì îáðàçîì:

〈KNLO ⊗ B+conf
123 〉 3g

=
27α2

s

4π2
ζ(3)(3− δ23 − δ13 − δ21)B

+
123

− 9α2
s

4π4

∫

d~r0d~r5B
+
055(L

C
12 + LC13 + LC23 −

nf
54

(Lq12 + Lq13 + Lq23))

− 9α2
s

64π4

∫

d~r0d~r5
(

{F150 + (0 ↔ 5)}B+
150 + (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)

)

− 9α2
s

64π3

∫

d~r0

(

F̃100B
+
100 + F̃230B

+
230 + (1 ↔ 3) + (1 ↔ 2)

)

− 9α2
s

16π3

∫

d~r0

(

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

(1.208)

×
(

B+
100 + B+

230 + B+
200 + B+

130 −B+
300 −B+

210 − B+
123

)

+ (1 ↔ 3) + (2 ↔ 3)
)

.

Â 3-ãëþîííîì ïðèáëèæåíèè ìîæíî èñïîëüçîâàòü òîæäåñòâî (1.52):

B+
123

3g
=

1

2
(B+

133 +B+
211 + B+

322), (1.209)

êîòîðîå óíè÷òîæàåò âñå ÷ëåíû òðåòüåé ñòðîêè â (1.197) â C-÷åòíîì ñëó÷àå.

Ëåãêî âèäåòü, ÷òî òî æå ñàìîå âåðíî äëÿ B+conf
123 (1.156):

B+conf
123

3g
=

1

2
(B+conf

133 +B+conf
211 + B+conf

322 ), (1.210)
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è ìû ïîëó÷àåì

〈KNLO ⊗ B+conf
123 〉 3g

=
1

2
〈KNLO ⊗ (B+conf

133 + B+conf
211 + B+conf

322 )〉. (1.211)

Ýòî ðàâåíñòâî íàêëàäûâàåò ñëåäóþùèå îãðàíè÷åíèÿ:

0 = {F150 + (0 ↔ 5)}+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3), (1.212)

0 =

∫

d~r0F̃230, (1.213)

0 =

∫

d~r5
π

({F150 + (0 ↔ 5)}+ (2 ↔ 3)) + F̃100 +
1

2
F̃230|1↔3 +

1

2
F̃230|1↔2.

(1.214)

Îãðàíè÷åíèå (1.212) ïðÿìî ñëåäóåò èç îïðåäåëåíèÿ F150 (1.192), â òî âðåìÿ êàê

îãðàíè÷åíèå (1.213) âûïîëíÿåòñÿ áëàãîäàðÿ êîí�îðìíîé èíâàðèàíòíîñòè

∫

d~r0F̃230 =

∫

d~r0F̃230|2=3 = 0. (1.215)

Èñïîëüçóÿ (1.198) è (1.199), ìîæíî ïåðåïèñàòü îãðàíè÷åíèå (1.214) â ñëåäóþùåì

âèäå:

∫

d~r5
π

({F150 + (0 ↔ 5)}+ (2 ↔ 3))

=− 1

2

(

~r12
2

~r012~r022
+

~r13
2

~r012~r032

)

ln2
(

~r02
2~r13

2

~r032~r122

)

+
~r23

2

2~r022~r032

(

ln2
(

~r03
2~r12

2

~r012~r232

)

+ ln2
(

~r02
2~r13

2

~r012~r232

))

. (1.216)

Âû÷èñëåíèå ýòîãî èíòåãðàëà è äîêàçàòåëüñòâî ýòîãî òîæäåñòâà ïðèâåäåíû â

ïðèëîæåíèè �.

ßäðî â Ñ�Ï äëÿ C-íå÷åòíîé �óíêöèè �ðèíà â 3-ãëþîííîì ïðèáëèæåíèè

çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

〈KNLO ⊗B−conf
123 〉 3g

=
27α2

s

4π2
ζ(3)(3− δ23 − δ13 − δ21)B

−
123

− α2
snf

24π4

∫

d~r0d~r5
{(

2B−
015 −B−

001 − B−
155

)

(Lq12 + Lq13 − 2Lq32)

+ (1 ↔ 3) + (1 ↔ 2)} − 9α2
s

64π4

∫

d~r0d~r5
(

2F0B
−
050 + {F150 + (0 ↔ 5)}B−

150

)

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3))



69

− 9α2
s

64π3

∫

d~r0

(

F̃100B
−
100 + F̃230B

−
230 + (1 ↔ 3) + (1 ↔ 2)

)

− 9α2
s

16π3

∫

d~r0

(

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]

×
(

B−
100 +B−

230 +B−
200 + B−

130 − B−
300 −B−

210 −B−
123

)

+ (1 ↔ 3) + (2 ↔ 3)
)

.

(1.217)

1.5.6 �åçóëüòàòû

Â ýòîì ðàçäåëå ïåðå÷èñëåíû îñíîâíûå ðåçóëüòàòû. Óðàâíåíèå ýâîëþöèè

â Ñ�Ï äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè âûãëÿäèò òàê

∂B123

∂η
=
αs(µ

2)

8π2

∫

d~r0

[

(B100B320 + B200B310 −B300B210 − 6B123)

×
{

~r 2
12

~r 2
01~r

2
02

− 3αs
4π
β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)]}

− αs
π

ln
~r 2
20

~r 2
21

ln
~r 2
10

~r 2
21

{

1

2

[

~r 2
13

~r 2
10~r

2
30

− ~r 232
~r 230~r

2
20

]

(B100B320 −B200B310)

− ~r 212
~r 210~r

2
20

(

9B123 −
1

2
[2 (B100B320 + B200B130)− B300B120]

)}

+ (1 ↔ 3) + (2 ↔ 3)]

− α2
snf

16π4

∫

d~r0d~r5

[{(

1

3
(U1U0

†U5 + U5U0
†U1) · U2 · U3 −

1

9
B123tr(U0

†U5)

+ (U1U0
†U2) · U3 · U5 +

1

6
B123 −

1

4
(B013B002 + B001B023 − B012B003)

+ (1 ↔ 2)
)

+ (0 ↔ 5)
}

Lq12 + (1 ↔ 3) + (2 ↔ 3)
]

− α2
s

8π4

∫

d~r0d~r5

[

{L̃12

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+L12

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 + B255B135 − B355B125] +

1

2
B123

]

+ (M13 −M12 −M23 +M13
2 )

×
[(

U0U5
†U3

)

·
(

U2U0
†U1

)

+
(

U1U0
†U2

)

·
(

U3U5
†U0

)]

· U5

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)}+ (0 ↔ 5)
]

. (1.218)
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Çäåñü �óíêöèè L12, L̃12,M12,M
13
2 îïðåäåëåíû â (1.132-1.135), Lq12 îïðåäåëÿåòñÿ

â (1.105), ìàñøòàá ïåðåíîðìèðîâêè â ñõåìåMS µ2 ñâÿçàí ñ ìàñøòàáîì µ̃2 ÷åðåç

(1.153),

β =

(

11

3
− 2

3

nf
3

)

. (1.219)

Êàê óæå óïîìèíàëîñü âûøå, âñå âûðàæåíèÿ çàïèñàíû â ñõåìå ïåðåíîðìèðîâêè

MS.

Óðàâíåíèå ýâîëþöèè äëÿ ñîñòàâíîãî îïåðàòîðà áàðèîííîé âèëüñîíîâñêîé

ïåòëè Bconf
123 (1.157)

Bconf
123 =B123 +

αs3

8π2

∫

d~r5

[

~r 2
12

~r 2
51~r

2
52

ln

(

a~r 2
12

~r 2
51~r

2
52

)

(1.220)

× (−B123 +
1

6
(B155B325 +B255B315 −B355B215)) + (1 ↔ 3) + (2 ↔ 3)

]

ñëåäóåò èç (1.173):

∂Bconf
123

∂η
=
αs
(

µ2
)

8π2

∫

d~r0

[

((B100B320 +B200B310 − B300B210)− 6B123)
conf

×
(

~r 2
12

~r 2
01~r

2
02

−3αs
4π

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)])

+ (1 ↔ 3) + (2 ↔ 3)
]

− α2
s

32π3

∫

d~r0

(

B003B012

[

~r32
2

~r032~r022
ln2
(

~r32
2~r10

2

~r132~r202

)

− ~r12
2

~r012~r022
ln2
(

~r12
2~r30

2

~r132~r202

)]

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
)

− α2
snf

16π4

∫

d~r0d~r5

[{(

1

3
(U1U0

†U5 + U5U0
†U1) · U2 · U3 −

1

9
B123tr(U0

†U5)

+ (U1U0
†U2) · U3 · U5 +

1

6
B123 −

1

4
(B013B002 + B001B023 −B012B003)

+ (1 ↔ 2)
)

+ (0 ↔ 5)
}

Lq12 + (1 ↔ 3) + (2 ↔ 3)
]

− α2
s

8π4

∫

d~r0d~r5

({

L̃C12
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

+LC12

[

(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3 + tr
(

U0U5
†) (U1U0

†U2

)

· U3 · U5

− 3

4
[B155B235 + B255B135 −B355B125] +

1

2
B123

]
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+MC
12

[(

U0U5
†U3

)

·
(

U2U0
†U1

)

· U5 +
(

U1U0
†U2

)

·
(

U3U5
†U0

)

· U5

]

+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
}

+ (0 ↔ 5)
)

. (1.221)

Çäåñü ñîñòàâíîé îïåðàòîð ([B100B320 + B200B310 − B300B210] − 6B123)
conf

îïðå-

äåëÿåòñÿ â (1.159) â ñîîòâåòñòâèè ñ àíçàöåì (1.156), à �óíêöèè LC12, L̃
C
12,M

C
12

îïðåäåëÿþòñÿ â (1.168-1.170).

Óðàâíåíèå äëÿ ñîñòàâíîãî áàðèîííîãî îïåðàòîðà Bconf
123 (1.157), ëèíåàðè-

çîâàííîå â 3-ãëþîííîì ïðèáëèæåíèè, ÿâëÿåòñÿ ðåçóëüòàòîì (1.197) è (Â.12),

∂Bconf
123

∂η

3g
=

3αs
(

µ2
)

4π2

∫

d~r0

×
[

(Bconf
100 +Bconf

320 +Bconf
200 +Bconf

310 − Bconf
300 − Bconf

210 − Bconf
123 − 6)

×
(

~r 2
12

~r 2
01~r

2
02

− 3αs
4π

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)])

+ (1 ↔ 3) + (2 ↔ 3)]

− 9α2
s

64π3

∫

d~r0

(

F̃100B100 + F̃230B230 + (1 ↔ 3) + (1 ↔ 2)
)

+
27α2

s

4π2
ζ(3)(3− δ23 − δ13 − δ21)(B123 − 6)

− 9α2
s

8π4

∫

d~r0d~r5

(

LC12 + LC13 + LC23 −
nf
54

(Lq12 + Lq13 + Lq23)
)

(B055 +B005 − 12)

− α2
snf

24π4

∫

d~r0d~r5 {(2B015 −B001 −B155) (L
q
12 + Lq13 − 2Lq32)

+ (1 ↔ 3) + (1 ↔ 2)} − 9α2
s

64π4

∫

d~r0d~r5

× ({F0B050 + F150B150 + (0 ↔ 5)}+ (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)) .

(1.222)

Çäåñü δij = 1, åñëè ~ri = ~rj, è δij = 0 Â ïðîòèâíîì ñëó÷àå; �óíêöèè F0 è F150

îïðåäåëåíû â (1.191) è (1.192); F̃100 è F̃230 îïðåäåëåíû â (1.198�1.199).

Ëèíåàðèçîâàííîå óðàâíåíèå äëÿ C-÷åòíîé �óíêöèè �ðèíà ñîñòàâíîãî áà-

ðèîííîãî îïåðàòîðà ÿâëÿåòñÿ ñëåäñòâèåì (1.208) è (Â.12):

∂B+conf
123

∂η

3g
=

3αs
(

µ2
)

4π2

∫

d~r0

[(

B+conf
100 + B+conf

320 + B+conf
200 + B+conf

310
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− B+conf
300 − B+conf

210 −B+conf
123

)

(

~r 2
12

~r 2
01~r

2
02

− 3αs
4π

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)])

+ (1 ↔ 3) + (2 ↔ 3)

]

− 9α2
s

4π4

∫

d~r0d~r5

(

LC12 + LC13 + LC23 −
nf
54

(Lq12 + Lq13 + Lq23)
)

(B055 + B005 − 12)

− 9α2
s

64π3

∫

d~r0

(

F̃100B
+
100 + F̃230B

+
230 + (1 ↔ 3) + (1 ↔ 2)

)

+
27α2

s

4π2
ζ(3)(3− δ23 − δ13 − δ21)B

+
123

− 9α2
s

64π4

∫

d~r0d~r5
(

{F150 + (0 ↔ 5)}B+
150 + (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)

)

.

(1.223)

Ëèíåàðèçîâàííîå óðàâíåíèå äëÿ C-íå÷åòíîé �óíêöèè �ðèíà ñîñòàâíîãî îïåðà-

òîðà ÿâëÿåòñÿ ñëåäñòâèåì (1.217) è (Â.12):

∂B−conf
123

∂η

3g
=

3αs
(

µ2
)

4π2

∫

d~r0

[(

B−conf
100 + B−conf

320 + B−conf
200 +B−conf

310

− B−conf
300 − B−conf

210 − B−conf
123

)

(

~r 2
12

~r 2
01~r

2
02

−
(

3αs
4π

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)])

+ (1 ↔ 3) + (2 ↔ 3)

]

− α2
snf

24π4

∫

d~r0d~r5
{(

2B−
015 −B−

001 − B−
155

)

(Lq12 + Lq13 − 2Lq32)

+ (1 ↔ 3) + (1 ↔ 2)}

− 9α2
s

64π3

∫

d~r0

(

F̃100B
−
100 + F̃230B

−
230 + (1 ↔ 3) + (1 ↔ 2)

)

+
27α2

s

4π2
ζ(3)(3− δ23 − δ13 − δ21)B

−
123 −

9α2
s

64π4

∫

d~r0d~r5

×
(

2F0B
−
050 + {F150 + (0 ↔ 5)}B−

150 + (âñå 5 ïåðåñòàíîâîê 1 ↔ 2 ↔ 3)
)

.

(1.224)

Èç ýòèõ âûðàæåíèé âèäíî, ÷òî ÷ëåíû ñ Lij, L
C
ij, êîòîðûå ñîäåðæàò ÿäðà ÁÔÊË,

äàþò âêëàä òîëüêî â ýâîëþöèþ C-÷åòíîé ÷àñòè �óíêöèè �ðèíà, à ÷ëåíû ñ

F0, L̃ij, L̃
C
ij äàþò âêëàä òîëüêî â ýâîëþöèþ C-íå÷åòíîé ÷àñòè.

Óðàâíåíèå ÁK äëÿ öâåòîâîãî äèïîëÿ B122 = 2tr(U1U
†
2) â 3-ãëþîííîì ïðè-
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áëèæåíèè çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì (ñì. (1.206)):

∂Bconf
122

∂η

3g
=

3αs
(

µ2
)

2π2

∫

d~r0(B
conf
100 +Bconf

220 −Bconf
122 − 6)

×
(

~r 2
12

~r 2
01~r

2
02

− 3αs
4π

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)])

+
27α2

s

2π2
ζ(3)(B122 − 6)− 9α2

s

4π4

∫

d~r0d~r5 L̃
C
12(B055 − B050)

− 9α2
s

4π4

∫

d~r0d~r5

(

LC12 −
nf
54
Lq12

)

(B055 + B005 − 12)

− α2
snf

12π4

∫

d~r0d~r5 {(2B015 −B001 − B155)− (2B025 −B002 − B255)}Lq12. (1.225)

Êàê âèäíî èç ïîñëåäíåé ñòðîêè, ýâîëþöèÿ öâåòîâîãî äèïîëÿ â 3-ãëþîííîì ïðè-

áëèæåíèè çàâèñèò îò áàðèîííûõ îïåðàòîðîâ ñ íåäèïîëüíîé ñòðóêòóðîé. Óðàâ-

íåíèå ÁK äëÿ C-÷åòíîé ÷àñòè îïåðàòîðà öâåòîâîãî äèïîëÿ B+
122 = 2tr(U1U

†
2) +

2tr(U †
1U2)−6 â 3-ãëþîííîì ïðèáëèæåíèè òàêîå æå, êàê è â 2-ãëþîííîì (ÁÔÊË),

∂B+conf
122

∂η

3g
=

3αs
(

µ2
)

2π2

∫

d~r0(B
+conf
100 + B+conf

220 −B+conf
122 )

×
(

~r 2
12

~r 2
01~r

2
02

− 3αs
4π

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)])

− 9α2
s

2π4

∫

d~r0d~r5

(

LC12 −
nf
54
Lq12

)

B+
055 +

27α2
s

2π2
ζ(3)B+

122. (1.226)

Â òî æå âðåìÿ, óðàâíåíèå ÁK äëÿ C-íå÷åòíîé ÷àñòè îïåðàòîðà öâåòîâîãî äè-

ïîëÿ B−
122 = 2tr(U1U

†
2) − 2tr(U †

1U2) â 3-ãëþîííîì ïðèáëèæåíèè çàïèñûâàåòñÿ

ñëåäóþùèì îáðàçîì:

∂B−conf
122

∂η

3g
=

3αs
(

µ2
)

2π2

∫

d~r0(B
−conf
100 + B−conf

220 −B−conf
122 )

×
(

~r 2
12

~r 2
01~r

2
02

− 3αs
4π

β

[

ln

(

~r 2
01

~r 2
02

)(

1

~r 2
02

− 1

~r 2
01

)

− ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

µ̃2

)])

− 9α2
s

2π4

∫

d~r0d~r5 L̃
C
12B

−
055 +

27α2
s

2π2
ζ(3)B−

122

− α2
snf

12π4

∫

d~r0d~r5
{(

2B−
015 − B−

001 − B−
155

)

−
(

2B−
025 −B−

002 −B−
255

)}

Lq12. (1.227)

Êâàðêîâàÿ ÷àñòü ýòîãî óðàâíåíèÿ ñîäåðæèò íåäèïîëüíûå áàðèîííûå îïåðàòî-

ðû.
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Âîïðîñ î òîì, êàê âûáðàòü îïåðàòîðíûé áàçèñ óðàâíåíèÿ ýâîëþöèè, íåòðè-

âèàëåí. Ìû ïîïûòàëèñü íàéòè áàçèñ ñ ìèíèìàëüíûì ÷èñëîì îïåðàòîðîâ. ×àñòü

ÿäðà ñ îäíèì èíòåãðèðîâàíèåì íå ïðåäñòàâëÿåò ïðîáëåìû, òàê êàê âñå îïåðàòî-

ðû â íåé ìîæíî ñâåñòè ê ïðîèçâåäåíèÿì B. Äàëåå, âêëàä êâàðêîâ â ÷àñòü ÿäðà

ñ 2 èíòåãðèðîâàíèÿìè ìîæíî ñâåñòè ê îäíîìó îïåðàòîðó ñ òî÷íîñòüþ äî òðåõ

ïåðåñòàíîâîê (1.218), (1.221). Î÷åâèäíî, ÷òî ýòî ìèíèìàëüíûé âûáîð. Ñîîòâåò-

ñòâóþùèé ãëþîííûé âêëàä çàâèñèò îò òðåõ îïåðàòîðîâ ñ òî÷íîñòüþ äî ïåðå-

ñòàíîâîê (1.218), (1.221): (

(

U0U5
†U2

)

·
(

U1U0
†U5

)

·U3+ tr
(

U0U5
†) (U1U0

†U2

)

·U3 ·
U5+(1 ↔ 2))−(0 → 5)+(0 ↔ 5), (

(

U0U5
†U2

)

·
(

U1U0
†U5

)

·U3−(1 ↔ 2))−(0 ↔ 5)

è [
(

U0U5
†U3

)

·
(

U2U0
†U1

)

+
(

U1U0
†U2

)

·
(

U3U5
†U0

)

] ·U5. Ñóùåñòâóþò 3 îïåðàòîðà

ïåðâîãî òèïà, 3 îïåðàòîðà âòîðîãî òèïà è 12 îïåðàòîðîâ òðåòüåãî òèïà.

Îïåðàòîðû ïåðâîãî è âòîðîãî òèïîâ íåçàâèñèìû èç-çà ðàçíîé ñèììåòðèè

îòíîñèòåëüíî ïåðåñòàíîâîê (0 ↔ 5) è (i↔ j), ãäå i, j = 1, 2, 3. Â äèïîëüíîì ïðå-

äåëå ÷àñòü ÿäðà, ñîäåðæàùàÿ îïåðàòîðû òðåòüåãî òèïà, ñâîäèòñÿ ê êîíñòðóêöèè

àíòèñèììåòðè÷íîé îòíîñèòåëüíî ñòðóêòóðû (0 ↔ 5). Åñëè ýòó ÷àñòü ÿäðà ìîæ-

íî áûëî áû âûðàçèòü ÷åðåç îïåðàòîðû ïåðâûõ äâóõ òèïîâ, îíà ñâîäèëàñü áû ê

òîìó æå îïåðàòîðó â äèïîëüíîì ïðåäåëå, ÷òî è ÷àñòü ÿäðà, ñîäåðæàùàÿ îïåðà-

òîðû âòîðîãî òèïà. Îäíàêî îíè çàâèñÿò îò ðàçíûõ îïåðàòîðîâ, êîòîðûå íå ìîãóò

áûòü âûðàæåíû ÷åðåç äðóã äðóãà. Îñòàåòñÿ âîïðîñ, ñêîëüêî èç 12 îïåðàòîðîâ

òðåòüåãî òèïà ÿâëÿþòñÿ íåçàâèñèìûìè. Íà ñàìîì äåëå îíè íå âñå íåçàâèñèìû.

Îíè ïîä÷èíÿþòñÿ òîæäåñòâó (À.14), êîòîðîå îáåñïå÷èâàåò ÓÔ-êîíå÷íîñòü óðàâ-

íåíèÿ ýâîëþöèè (1.173). Ñëåäîâàòåëüíî, ìû ìîãëè áû ïåðåïèñàòü ýâîëþöèîííîå

óðàâíåíèå, èñïîëüçóÿ òîëüêî 11 èç 12 îïåðàòîðîâ òðåòüåãî òèïà. Íî òàêîå èçìå-

íåíèå äåëàåò óðàâíåíèå íàìíîãî áîëåå ãðîìîçäêèì è ñêðûâàåò åãî ñèììåòðèþ

îòíîñèòåëüíî ïåðåñòàíîâîê. Ïîýòîìó ìû îñòàâèëè âñå 12 îïåðàòîðîâ â êîíå÷-

íûõ �îðìóëàõ. Èñïîëüçóÿ òîæäåñòâà èç ïðèëîæåíèÿ À, ìû íå ñìîãëè âûðàçèòü

11 îïåðàòîðîâ òðåòüåãî òèïà äðóã ÷åðåç äðóãà.

Óìåíüøåíèå ÷èñëà îïåðàòîðîâ, èñïîëüçóåìûõ â ýâîëþöèîííîì óðàâíå-

íèè, óïðîùàåò ýòî óðàâíåíèå è ïîìîãàåò åãî ðåøèòü. Ëó÷øèì ïðèìåðîì ÿâ-
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ëÿåòñÿ áàðèîííîå óðàâíåíèå â �Ï (1.47), êîòîðîå ñèëüíî óïðîñòèëîñü ïîñëå

ïðèìåíåíèÿ òîæäåñòâà (1.46), çàâèñèò òîëüêî îò ïðîèçâåäåíèé B è èìååò çà-

ìêíóòóþ �îðìó. Â Ñ�Ï ñîêðàùåíèå öâåòîâûõ ñòðóêòóð ïîìîãëî íàéòè êâàçè-

êîí�îðìíóþ �îðìó è óïðîñòèëî óðàâíåíèå, ÷òî ïîìîæåò îïðåäåëèòü ÷èñëåííîå

ðåøåíèå.

Ñòîèò îòìåòèòü, ÷òî íàøè ðåçóëüòàòû èìåþò ïðàâèëüíûé äèïîëüíûé

ïðåäåë â ñëó÷àå, êîãäà êîîðäèíàòû äâóõ ëèíèé ñîâïàäàþò.

Îïåðàòîð áàðèîííîé âèëüñîíîâñêîé ïåòëè ìîæåò èìåòü ìíîãî �åíîìåíî-

ëîãè÷åñêèõ ïðèëîæåíèé. Âî-ïåðâûõ, ýòî åñòåñòâåííàÿ SU(3)-ìîäåëü äëÿ áàðè-

îííîé �óíêöèè �ðèíà â ðåäæåâñêîì ïðåäåëå. Êðîìå òîãî, ýòî íåïðèâîäèìûé

îïåðàòîð, îïèñûâàþùèé C-íå÷åòíûé (îääåðîííûé) îáìåí. Áîëåå ñëîæíûå C-

íå÷åòíûå îïåðàòîðû â ëèíåéíîì ïðåäåëå ðàçëàãàþòñÿ ïî áàðèîííûì îïåðàòî-

ðàì, òàêæå êàê C-÷åòíûå îïåðàòîðû ðàçëàãàþòñÿ ïî äèïîëüíûì îïåðàòîðàì.

Íàïðèìåð, êàê ïîêàçàíî â [36℄ îääåðîííàÿ ÷àñòü êâàäðóïîëüíîãî îïåðàòîðà

tr(U1U
†
2U3U

†
4) â 3-ãëþîííîì ïðèáëèæåíèè â SU(3) ìîæåò áûòü ðàçëîæåíà â

ñóììó

2tr(U1U
†
2U3U

†
4)− 2tr(U4U

†
3U2U

†
1)

3g
= B−

144 + B−
322 − B−

433 −B−
211 +B−

124 + B−
234 − B−

123 −B−
134. (1.228)

Êðîìå òîãî, äàæå óðàâíåíèå ýâîëþöèè â Ñ�Ï äëÿ C-íå÷åòíîé äèïîëüíîé �óíê-

öèè �ðèíà â 3-ãëþîííîì ïðèáëèæåíèè (1.227) íåëüçÿ çàïèñàòü â ÊÕÄ áåç ó÷à-

ñòèÿ áàðèîííîãî îïåðàòîðà.

Óðàâíåíèå ýâîëþöèè äëÿ C-íå÷åòíîé ÷àñòè áàðèîííîãî îïåðàòîðà ïðåä-

ñòàâëÿåò ñîáîé îáîáùåíèå óðàâíåíèÿ ÁKÏ äëÿ îääåðîííîãî îáìåíà äî ðåæèìà

ñ íàñûùåíèåì.

�åçóëüòàò äëÿ ýâîëþöèè áàðèîííîãî îïåðàòîðà áûë òàêæå ïðåäñòàâëåí

â ðàáîòå [37℄. Îáà ÿäðà âîñïðîèçâîäÿò óðàâíåíèå ÁK â Ñ�Ï â äèïîëüíîì ïðå-

äåëå è âûäåðæèâàþò äðóãèå ïðîâåðêè. Òåì íå ìåíåå, ðåçóëüòàò [37℄ â íàïè-

ñàííîé òàì �îðìå îòëè÷àåòñÿ îò íàøåãî ÿäðà, ïîñêîëüêó îïåðàòîðíûé áàçèñ â
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óðàâíåíèè ýâîëþöèè çíà÷èòåëüíî áîëüøå, ïîòîìó ÷òî íå âñå SU(3)-ñâÿçè áûëè

ó÷òåíû. Íàïðèìåð, â ïðàâîé ÷àñòè óðàâíåíèÿ (4.25) â [37℄ ïîìèìî íàøåãî áà-

çèñà åñòü îïåðàòîðû tr(U1U
†
5)tr(U5U

†
0)U2 · U3 · U0, tr(U1U

†
0)(U2U

†
5U0) · U3 · U5 è

U0 · U3 · (U5U
†
0U1U

†
5U2 + U2U

†
5U1U

†
0U5), êîòîðûå ìîæíî óáðàòü, èñïîëüçóÿ íàøè

ñîîòíîøåíèÿ (À.6) - (À.13).

1.6 Óðàâíåíèÿ ýâîëþöèè äëÿ 4-òî÷å÷íûõ îïåðàòîðîâ

1.6.1 Èñõîäíûå âûðàæåíèÿ

Äëÿ êðàòêîñòè â ýòîì ðàçäåëå èñïîëüçóåòñÿ ñëåäóþùåå îáîçíà÷åíèå ñëå-

äîâ

tr(UiUj
†...UkUl

†) ≡ Uij†...kl†. (1.229)

Êîîðäèíàòû ~r1,2,3,4 ïðèíàäëåæàò êâàðêàì, ~r0, ~r5 � ãëþîíàì. Òàêæå â ïðîìåæó-

òî÷íûõ âû÷èñëåíèÿõ ïîÿâëÿþòñÿ ~r6,7. Â ýòèõ îáîçíà÷åíèÿõ óðàâíåíèå ÁÊ èìååò

âèä

∂U12†

∂η
=

αs
2π2

∫

d~r0
~r12

2

~r102~r202
(U2†0U0†1 −NcU2†1) . (1.230)

Óðàâíåíèå ýâîëþöèè äëÿ êâàäðóïîëüíîãî îïåðàòîðà â �Ï, ïîëó÷åííîå â [38℄,

âûãëÿäèò òàê

∂U12†34†

∂η
=
αs
4π2

∫

d~r0

{

~r14
2

~r102~r402
(U10†U02†34† +U4†0U12†30† − (0 → 1 ≡ 0 → 4))

+
~r12

2

~r102~r202
(U10†U02†34† +U2†0U10†34† − (0 → 1 ≡ 0 → 2))

− ~r24
2

2~r202~r402
(U10†U02†34† +U30†U04†12† − (0 → 4 ≡ 0 → 2))

− ~r13
2

2~r102~r302
(U4†0U12†30† +U2†0U34†10† − (0 → 1 ≡ 0 → 3))

+(1 ↔ 3, 2 ↔ 4)} . (1.231)
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Çäåñü (0 → 1 ≡ 0 → 4) îáîçíà÷àåò çàìåíó U0 → U1 èëè U0 → U4, ÷òî äàåò

òàêîé æå ðåçóëüòàò. Äàëåå (1 ↔ 3, 2 ↔ 4) îáîçíà÷àåò çàìåíó ~r1 ↔ ~r3, ~r2 ↔
~r4 è U1 ↔ U3, U2 ↔ U4. Òàêæå íàì áóäóò íåîáõîäèìû óðàâíåíèÿ ýâîëþöèè

äëÿ äâîéíîãî äèïîëÿ, ñåêñòóïîëÿ è ïðîèçâåäåíèÿ äèïîëÿ è êâàäðóïîëÿ. Ýòè

óðàâíåíèÿ íåïîñðåäñòâåííî ïîëó÷àþòñÿ èç èåðàðõèè Áàëèöêîãî â �Ï [12℄.

∂U12†U34†

∂η
=
αs
4π2

∫

d~r0

(

~r13
2

~r102~r302
− ~r23

2

~r202~r302
− ~r14

2

~r102~r402
+

~r24
2

~r202~r402

)

× (U2†14†3 +U2†34†1 −U2†10†34†0 −U2†04†30†1)

+U4†3

∂U12†

∂η
+U2†1

∂U4†3

∂η
. (1.232)

∂U12†34†U76†

∂η
=
αs
4π2

∫

d~r0 {(U0†76†02†34†1 +U0†12†34†06†7 − (0 → 7 ≡ 0 → 6))

×
(

~r16
2

~r012~r062
− ~r17

2

~r012~r072

)

+

(

~r27
2

~r022~r072
− ~r26

2

~r022~r062

)

× (U0†76†02†34†1 +U0†34†12†06†7 − (0 → 7 ≡ 0 → 6))

+(1 ↔ 3, 2 ↔ 4)}+U76†
∂U12†34†

∂η
+U12†34†

∂U76†

∂η
. (1.233)

∂U12†34†56†

∂η
=
αs
4π2

∫

d~r0

×{ ~r25
2

~r022~r052
(U0†34†5U2†06†1 +U0†56†1U2†34†0 − (0 → 5 ≡ 0 → 2))

− ~r15
2

~r012~r052
(U0†56†1U2†34†0 +U6†0U0†12†34†5 − (0 → 5 ≡ 0 → 1))

− ~r26
2

~r022~r062
(U0†34†5U2†06†1 +U0†1U2†34†56†0 − (0 → 2 ≡ 0 → 6))

+
~r16

2

~r012~r062
(U6†0U0†12†34†5 +U0†1U2†34†56†0 − (0 → 1 ≡ 0 → 6))

+
~r12

2

~r012~r022
(U2†0U0†34†56†1 +U0†1U2†34†56†0 − (0 → 1 ≡ 0 → 2))

+(1 → 3 → 5 → 1, 2 → 4 → 6 → 2)

+(1 → 5 → 3 → 1, 2 → 6 → 4 → 2)}. (1.234)
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Çäåñü 1 → 3 → 5 → 1 îáîçíà÷àåò ïåðåñòàíîâêó, ò. å. íåîáõîäèìî çàìåíèòü

~r1 → ~r3, ~r3 → ~r5, ~r5 → ~r1 è U1 → U3, U3 → U5, U5 → U1.

Äëÿ âû÷èñëåíèÿ ïîïðàâîê, êàê è â ñëó÷àå áàðèîííîãî îïåðàòîðà, ìîæíî

èñïîëüçîâàòü âûðàæåíèÿ äëÿ ýâîëþöèè 1, 2 è 3 âèëüñîíîâñêèõ ëèíèé ñ òî÷-

íîñòüþ Ñ�Ï, ïðèâåäåííûå â ïðåäûäóùåì ðàçäåëå. Îáùàÿ ëîãèêà ïîñòðîåíèÿ

ÿäðà òàêàÿ æå êàê è äëÿ îïåðàòîðà áàðèîííîé âèëüñîíîâñêîé ïåòëè. Íàì áó-

äóò íåîáõîäèìû ñëåäóþùèå �óíêöèè: L̃ij ≡ L̃(~ri, ~rj), îïðåäåëåííàÿ â (1.133),

Mij ≡ M(~ri, ~rj), îïðåäåëåííàÿ â (1.134) è M jk
i ≡ M(~ri, ~rj, ~rk), ââåäåííàÿ â

(1.135). Îíà îáëàäàåò òàêèì ñâîéñòâîì

M ij
k |5↔0 = −M ji

k . (1.235)

Ôóíêöèÿ L̃ij êîí�îðìíî èíâàðèàíòíà è àíòèñèììåòðè÷íà îòíîñèòåëüíî çàìåí

5 ↔ 0 è i ↔ j, òîãäà êàê Mij àíòèñèììåòðè÷íà òîëüêî îòíîñèòåëüíî çàìåíû

5 ↔ 0. ×ëåíû ∼ β êîìáèíèðóþòñÿ â Mβ
ij ≡ Mβ(~ri, ~rj)

Mβ
12 =

Ncβ

2

{

ln

(

~r 2
12

µ̃2

)

+
~r 2
01~r

2
02

~r 2
12

ln

(

~r 2
02

~r 2
01

)(

1

~r 2
02

− 1

~r 2
01

)}

. (1.236)

ßäðî ÁÊ â Ñ�Ï â îáîçíà÷åíèÿõ ýòîãî ðàçäåëà èìååò âèä

〈KNLO ⊗U12†〉 =
α2
s

4π3

∫

d~r0
~r12

2

~r102~r202

{

Mβ
12 −Nc ln

(

~r12
2

~r102

)

ln

(

~r12
2

~r202

)}

× (U2†0U0†1 −NcU2†1) +
α2
s

4π4

∫

d~r0d~r5{L̃12(U0†5U2†0U5†1 − (0 ↔ 5))

+L12((U0†52†05†1 −U0†1U2†5U5†0 − (0 → 5)) + (0 ↔ 5))

−2nfL
q
12(tr(t

aU1t
bU †

2)tr(t
aU5t

b(U †
0 − U †

5)) + (5 ↔ 0))}. (1.237)

Ïîëíîå ÿäðî â Ñ�Ï äëÿ êâàäðóïîëüíîãî îïåðàòîðà âûãëÿäèò òàê

〈KNLO ⊗U12†34†〉 =
α2
s

8π4

∫

d~r0d~r5 (Gs+Ga)+
α2
s

8π3

∫

d~r0 (Gβ +G), (1.238)

Çäåñü Gs � ýòî ïðîèçâåäåíèå ñèììåòðè÷íûõ öâåòîâûõ è êîîðäèíàòíûõ ñòðóê-

òóð, à Ga � ïðîèçâåäåíèå àíòèñèììåòðè÷íûõ ñòðóêòóð îòíîñèòåëüíî ïåðåñòà-

íîâêè 0 ↔ 5, ò.å. ~r0 ↔ ~r5 è U0 ↔ U5. Ïîñëå öâåòîâîé ñâåðòêè è èíòåãðèðîâàíèÿ
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ïî ~r0 èëè ~r5 âêëàäîâ, íå çàâèñÿùèõ îò îäíîé èç ïåðåìåííûõ ïîëó÷àåòñÿ îäíî-

ãëþîííàÿ ÷àñòü. Îíà ñîñòîèò èç ÷ëåíîâ ∼ β-�óíêöèè Gβ (β = 11
3
− 2

3
nf

Nc
) è âñåõ

îñòàëüíûõ ÷ëåíîâ, îáîçíà÷åííûõ G.

Äëÿ îïåðàòîðà äâîéíîãî äèïîëÿ tr
(

U1U2
†)tr(U3U4

†) ≡ U12†U34† ïîëíîå

ÿäðî â Ñ�Ï èìååò âèä

〈KNLO ⊗U12†U34†〉 = U12†〈KNLO ⊗U34†〉+U34†〈KNLO ⊗U12†〉

+
α2
s

8π4

∫

d~r0d~r5 (G̃s+G̃a)+
α2
s

8π3

∫

d~r0 (G̃β + G̃). (1.239)

Çäåñü ÿäðî ÁÊ â Ñ�Ï â òåêóùèõ îáîçíà÷åíèÿõ ïðèâåäåíî â (1.237), G̃s(G̃a) �

ïðîèçâåäåíèÿ ñèììåòðè÷íûõ (àíòèñèììåòðè÷íûõ) îòíîñèòåëüíî çàìåíû 0 ↔ 5

ñòðóêòóð, G̃β ïðîïîðöèîíàëüíà β-�óíêöèè è G̃ � ýòî îñòàâøàÿñÿ ÷àñòü ÿäðà,

îïèñûâàþùàÿ ýâîëþöèþ ñ îäíèì ãëþîíîì ïåðåñåêàþùèì óäàðíóþ âîëíó.

1.6.2 ßäðî äëÿ êâàäðóïîëüíîãî îïåðàòîðà â Ñ�Ï

Íà÷íåì ñ ñèììåòðè÷íûõ ñòðóêòóð

Gs = Gs1 + nfGq +Gs2. (1.240)

Gs1 =({U0†34†15†02†5 −U5†0U2†5U0†34†1 − (5 → 0)}+ (5 ↔ 0))

× (L12 + L32 − L13)

+({U0†15†02†34†5 −U0†5U5†1U2†34†0 − (5 → 0)}+ (5 ↔ 0))

×(L12 + L14 − L42) + (1 ↔ 3, 2 ↔ 4), (1.241)

Gq =({U0†34†12†5 +U2†34†15†0

Nc
− U0†5U2†34†1

N2
c

−U2†5U0†34†1 − (5 → 0)}

+(5 ↔ 0))
1

2
(Lq12 + Lq32 − Lq13) +

1

2
(Lq12 + Lq14 − Lq42)
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×({U0†12†34†5 +U2†34†15†0

Nc
− U0†5U2†34†1

N2
c

−U5†1U2†34†0 − (5 → 0)}

+(5 ↔ 0)) + (1 ↔ 3, 2 ↔ 4), (1.242)

ãäå L è Lq îïðåäåëåíû â (1.132) è (1.105). Ýòî êîí�îðìíî èíâàðèàíòíûå âêëàäû.

Gs2=
1

2
(U0†34†52†05†1 −U0†1U2†5U4†05†3 + (5 ↔ 0))

×(M34
1 −M24

1 +M43
2 −M13

2 + (5 ↔ 0))

+
1

2
(U0†35†02†54†1 −U0†3U2†5U4†15†0 + (5 ↔ 0))

×(M14
3 −M24

3 +M41
2 −M31

2 + (5 ↔ 0))

+
1

2
(U0†15†02†34†5 −U0†5U5†1U2†34†0 + (5 ↔ 0)) (M14

2 +M12
4 + (5 ↔ 0))

+
1

2
(U0†34†15†02†5 −U5†0U2†5U0†34†1 + (5 ↔ 0)) (M23

1 +M21
3 + (5 ↔ 0))

+(1 ↔ 3, 2 ↔ 4), (1.243)

ãäåM jk
i îïðåäåëåíî â (1.135). Èñïîëüçóÿ (1.235), ìîæíî ïîêàçàòü, ÷òîGs2èñ÷åçàåò

áåç óäàðíîé âîëíû, ò. å. êîãäà âñå U → 1. Ïðîèçâåäåíèÿ àíòèñèììåòðè÷íûõ îò-

íîñèòåëüíî çàìåíû 5 ↔ 0 âêëàäîâ èìååò âèä

Ga = Ga1 +Ga2 +Ga3. (1.244)

Ga1=
1

2
(U0†1U2†5U4†05†3 +U0†34†52†05†1 − (5 ↔ 0))

×(M31
2 −M34

2 −M42
1 +M43

1 − (5 ↔ 0))

+
1

2
(U0†3U2†5U4†15†0 +U0†35†02†54†1 − (5 ↔ 0))

×(M13
2 −M14

2 −M42
3 +M41

3 − (5 ↔ 0)) + (1 ↔ 3, 2 ↔ 4). (1.245)

Ga2=
1

2
(U0†34†15†02†5 − (5 ↔ 0)) (L̃13 + 2M21 − 2M23 −M23

1 +M21
3 − (5 ↔ 0))

+
1

2
(U0†15†02†34†5 − (5 ↔ 0)) (L̃42 − 2M12 + 2M14 +M14

2 −M12
4 − (5 ↔ 0))

+(1 ↔ 3, 2 ↔ 4). (1.246)
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Ôóíêöèè L̃ è Mij îïðåäåëåíû â (1.133) è (1.134).

Ga3=
1

2
(U0†5U5†1U2†34†0 − (5 ↔ 0))

×(L̃12 + L̃14 − 2M24 +M14
2 +M12

4 − (5 ↔ 0))

+
1

2
(U5†0U2†5U0†34†1 − (5 ↔ 0))

×(L̃21 + L̃23 − 2M13 +M23
1 +M21

3 − (5 ↔ 0)) + (1 ↔ 3, 2 ↔ 4). (1.247)

Èç îïðåäåëåíèé (1.133) è (1.134) âèäíî, ÷òî Ga ìîæíî âûðàçèòü ïîëíîñòüþ

÷åðåç M jk
i (1.135).

Âêëàä ∼ β �óíêöèèGβ (1.238) èìååò ñòðóêòóðó áîðíîâñêîãî ÿäðà (1.231)

Gβ =
~r14

2

~r102~r402
Mβ

14 (U10†U02†34† +U4†0U12†30† − (0 → 1 ≡ 0 → 4))

+
~r12

2

~r102~r202
Mβ

12 (U10†U02†34† +U2†0U10†34† − (0 → 1 ≡ 0 → 2))

− ~r24
2

2~r202~r402
Mβ

24 (U10†U02†34† +U30†U04†12† − (0 → 4 ≡ 0 → 2))

− ~r13
2

2~r102~r302
Mβ

13 (U4†0U12†30† +U2†0U34†10† − (0 → 1 ≡ 0 → 3))

+(1 ↔ 3, 2 ↔ 4). (1.248)

ÇäåñüMβ
îïðåäåëåíî â (1.236). Îäíîãëþîííûé âêëàä, íå ñîäåðæàùèé β-�óíêöèþ,

G = G1 +G0. (1.249)

Â G ìîæíî âûäåëèòü öâåòîâûå ñòðóêòóðû áåç ~r0 è ïðîèíòåãðèðîâàòü êîý��è-

öèåíò ïðè íèõ, åñëè ýòîò èíòåãðàë ñõîäèòñÿ. Ýòîò âêëàäG0. Â ïðèíöèïå, âûáîð

G0 íåîäíîçíà÷åí. Èìååì

G0 =
Nc

4
(U4†1U2†3 −U4†3U2†1)

{(

~r14
2

~r102~r402
+

~r23
2

~r202~r302
− ~r13

2

~r102~r302
− ~r24

2

~r202~r402

)

× ln

(

~r10
2

~r122

)

ln

(

~r20
2

~r122

)

+

(

~r13
2

~r102~r302
+

~r24
2

~r202~r402
− ~r34

2

~r302~r402
− ~r12

2

~r202~r102

)

× ln

(

~r10
2

~r142

)

ln

(

~r40
2

~r142

)

+

(

ln

(

~r20
2

~r242

)

ln

(

~r40
2

~r242

)

+ ln

(

~r10
2

~r132

)

ln

(

~r30
2

~r132

))

×
(

~r12
2

~r102~r202
− ~r14

2

~r102~r402

)}

+ (1 ↔ 3, 2 ↔ 4). (1.250)
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Ýòîò âêëàä èñ÷åçàåò â äèïîëüíîì ïðåäåëå.

G =
~r12

2

~r102~r202
ln

(

~r10
2

~r122

)

ln

(

~r20
2

~r122

)

{Nc

2
(2NcU2†34†1 −U0†1U2†34†0 −U2†0U4†10†3)

+ (U2†10†34†0 −U2†0U4†3U0†1 − (0 → 1))}

+
~r14

2

~r102~r402
ln

(

~r10
2

~r142

)

ln

(

~r40
2

~r142

)

{Nc

2
(2NcU2†34†1 −U0†1U2†34†0 −U4†0U2†30†1)

+ (U2†30†14†0 −U4†0U2†3U0†1 − (0 → 1))}

+
1

2

(

~r13
2

~r102~r302
ln

(

~r10
2

~r132

)

ln

(

~r30
2

~r132

)

+
~r24

2

~r202~r402
ln

(

~r20
2

~r242

)

ln

(

~r40
2

~r242

))

× {(U4†0U2†1 +U4†1U2†0)U0†3 −U2†04†10†3 −U2†04†30†1 − (0 → 3)}

+ {U2†0U4†1U0†3 −U2†0U0†1U34† +U2†10†34†0 −U0†32†04†1}

× 1

2~r202

(

~r23
2

~r302
− ~r12

2

~r102

)

ln

(

~r10
2

~r132

)

ln

(

~r30
2

~r132

)

+
1

2~r102

(

~r14
2

~r402
− ~r12

2

~r202

)

ln

(

~r20
2

~r242

)

ln

(

~r40
2

~r242

)

× {U2†3U4†0U0†1 −U2†0U0†1U34† +U2†10†34†0 −U0†14†02†3}

+ {U4†0U2†1U0†3 −NcU2†0U4†10†3 +U2†34†1 −U2†04†30†1}

× 1

2~r302

(

~r23
2

~r202
− ~r13

2

~r102

)

ln

(

~r10
2

~r122

)

ln

(

~r20
2

~r122

)

+
1

2~r402

(

~r14
2

~r102
− ~r24

2

~r202

)

ln

(

~r10
2

~r122

)

ln

(

~r20
2

~r122

)

× {U4†0U2†1U0†3 −NcU0†1U2†34†0 +U2†34†1 −U2†04†30†1}

+ {U2†0U4†1U0†3 −NcU4†0U12†30† +U2†34†1 −U2†04†10†3}

× 1

2~r302

(

~r34
2

~r402
− ~r13

2

~r102

)

ln

(

~r10
2

~r142

)

ln

(

~r40
2

~r142

)

+
1

2~r202

(

~r12
2

~r102
− ~r24

2

~r402

)

ln

(

~r10
2

~r142

)

ln

(

~r40
2

~r142

)

× {U2†0U4†1U0†3 −NcU0†1U02†34† +U2†34†1 −U2†04†10†3}+ (1 ↔ 3, 2 ↔ 4).

(1.251)

Âñå èíòåãðàëû ñ �óíêöèÿìè Gs, Ga, Gβ è G ñõîäÿòñÿ. Ýòî î÷åâèäíî èç ÿâ-

íûõ âûðàæåíèé äëÿ Gβ è G. Äëÿ Gs è Ga íåîáõîäèìî ó÷åñòü, ÷òî L
(q)
ij èìååò

íåèíòåãðèðóåìûå ðàñõîäèìîñòè ïðè ~r0 = ~r5, à M
ij
k ïðè ~r0 = ~r5 = ~rk. Âî âñåõ
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âûðàæåíèÿõ ýòîé ÷àñòè ýòè ðàñõîäèìîñòè ñîêðàùàþòñÿ.

1.6.3 ßäðî äëÿ äâàæäû äèïîëüíîãî îïåðàòîðà â Ñ�Ï

Ñèììåòðè÷íàÿ ÷àñòü èìååò âèä

G̃s = G̃s1 + nfG̃q + G̃s2, (1.252)

G̃s1 =({U0†12†5U4†35†0 −U0†5U2†15†34†0 − (5 → 0)}+ (5 ↔ 0))

× (L14 − L13 + L23 − L24) + (1 ↔ 3, 2 ↔ 4), (1.253)

G̃q =
1

2
({U4†3

Nc
(U0†12†5 +U0†52†1 −

U2†1U0†5

Nc
)−U0†12†54†3 − (5 → 0)}

+(5 ↔ 0)) (Lq14 − Lq13 + Lq23 − Lq24) + (1 ↔ 3, 2 ↔ 4), (1.254)

G̃s2 =
1

2
(U0†54†3U2†05†1 −U0†5U2†15†34†0 + (5 ↔ 0)) (1.255)

×(M12
4 +M21

3 −M34
1 −M43

2 + (5 ↔ 0))

+
1

2
(U4†0U0†35†12†5 +U4†0U0†52†15†3 −U0†3U2†15†04†5 −U0†3U2†54†05†1

+(5 ↔ 0))
(

M13
4 +M14

3 −M23
4 −M24

3 + (5 ↔ 0)
)

+ (1 ↔ 3, 2 ↔ 4).

Çäåñü L, Lq, è M jk
i îïðåäåëåíû â (1.132), (1.105), è (1.135). Àíòèñèììåòðè÷íûå

âêëàäû òàêîâû

G̃a =
1

2
(U0†54†3U2†05†1 −U0†52†1U4†05†3 +U5†0U0†12†54†3 −U0†5U2†15†34†0

− (5 ↔ 0))(M11
4 −M11

3 +M12
3 −M12

4 +M21
3 −M21

4 −M22
3 +M22

4 )

+
1

2
(U5†3U0†12†04†5 +U5†3U0†54†02†1 −U4†5U0†12†05†3 −U4†5U0†35†02†1

− (5 ↔ 0))(M23
4 +M24

3 −M13
4 −M14

3 −M31
4 +M32

4 −M41
3 +M42

3 )

+ (1 ↔ 3, 2 ↔ 4). (1.256)
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Âêëàä β �óíêöèè âûãëÿäèò ñëåäóþùèì îáðàçîì

G̃β =

(

~r13
2

~r102~r302
Mβ

13 −
~r23

2

~r202~r302
Mβ

23 −
~r14

2

~r102~r402
Mβ

14 +
~r24

2

~r202~r402
Mβ

24

)

×(U2†14†3 +U2†34†1 −U2†10†34†0 −U2†04†30†1), (1.257)

ãäå Mβ
îïðåäåëåíî â (1.236). Îñòàâøèéñÿ âêëàä

G̃ = G̃1 + G̃0. (1.258)

G̃0=
1

4
(2U2†1U4†3 −NcU2†14†3 −NcU2†34†1)

[(

2~r13
2

~r012~r032
− ~r12

2

~r012~r022
+

~r14
2

~r012~r042

)

× ln

(

~r13
2

~r012

)

ln

(

~r13
2

~r032

)

+

(

2~r24
2

~r022~r042
− ~r12

2

~r012~r022
+

~r14
2

~r012~r042

)

ln

(

~r24
2

~r022

)

ln

(

~r24
2

~r042

)

+

(

~r12
2

~r012~r022
− ~r13

2

~r012~r032
− 4~r14

2

~r012~r042
− ~r24

2

~r022~r042
+

~r34
2

~r032~r042

)

ln

(

~r14
2

~r012

)

ln

(

~r14
2

~r042

)

+

(

~r13
2

~r012~r032
− ~r14

2

~r012~r042
− ~r23

2

~r022~r032
+

~r24
2

~r022~r042

)

ln

(

~r12
2

~r012

)

ln

(

~r12
2

~r022

)]

+(1 ↔ 3, 2 ↔ 4). (1.259)

G̃1=
1

2
(U2†0U0†14†3 +U2†0U0†34†1 −U0†1U2†04†3 −U0†1U2†34†0)

×
[

ln

(

~r23
2

~r022

)

ln

(

~r23
2

~r032

)(

~r13
2

~r012~r032
− ~r12

2

~r012~r022
− ~r23

2

~r022~r032

)

+

(

~r23
2

~r022~r032
− ~r12

2

~r012~r022
− ~r13

2

~r012~r032

)

ln

(

~r13
2

~r012

)

ln

(

~r13
2

~r032

)

+ ln

(

~r14
2

~r012

)

ln

(

~r14
2

~r042

)(

~r12
2

~r012~r022
+

~r14
2

~r012~r042
− ~r24

2

~r022~r042

)

+

(

~r12
2

~r012~r022
− ~r14

2

~r012~r042
+

~r24
2

~r022~r042

)

ln

(

~r24
2

~r022

)

ln

(

~r24
2

~r042

)]

+
1

2
(2U2†1U4†3 −NcU0†12†04†3 −NcU0†34†02†1) ln

(

~r12
2

~r012

)

ln

(

~r12
2

~r022

)

×
(

~r14
2

~r012~r042
− ~r13

2

~r012~r032
+

~r23
2

~r022~r032
− ~r24

2

~r022~r042

)

+ (1 ↔ 3, 2 ↔ 4). (1.260)
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Êàê è äëÿ êâàäðóïîëÿ ÿâíîé ïðîâåðêîé ìîæíî óáåäèòüñÿ, ÷òî �óíêöèè G̃s,

G̃a, G̃β, G̃ íå èìåþò íåèíòåãðèðóåìûõ ðàñõîäèìîñòåé.

1.6.4 Ñîñòàâíûå îïåðàòîðû

Äëÿ ïîñòðîåíèÿ ñîñòàâíûõ îïåðàòîðîâ, ïîä÷èíÿþùèõñÿ êâàçèêîí�îðì-

íûì óðàâíåíèÿì, èñïîëüçóåòñÿ àíçàö [25℄

Oconf = O +
1

2

∂O

∂η

∣

∣

∣

∣

∣

~r 2
mn

~r 2
im

~r 2
in

→ ~r 2
mn

~r 2
im

~r 2
in

ln

(

~r 2
mna

~r 2
im

~r 2
in

) , (1.261)

ãäå a ïðîèçâîëüíàÿ êîíñòàíòà. Ñîñòàâíîé äèïîëüíûé îïåðàòîð èìååò âèä [25℄

U
conf
12†

= U2†1 +
αs
4π2

∫

d~r0
~r12

2

~r102~r202
ln

(

a~r12
2

~r102~r202

)

(U2†0U0†1 −NcU2†1) . (1.262)

Îí ïîä÷èíÿåòñÿ êâàçèêîí�îðìíîìó óðàâíåíèþ [25℄

∂Uconf
12†

∂η
=
αs
2π2

∫

d~r0
~r12

2

~r102~r202

(

1 +
αs
2π
Mβ

12

)

(U2†0U0†1 −NcU2†1)
conf

+
α2
s

4π4

∫

d~r0d~r5{LC12((U0†52†05†1 −U0†1U2†5U5†0 − (0 → 5)) + (0 ↔ 5))

+L̃C12(U0†5U2†0U5†1 − (0 ↔ 5))

−2nfL
q
12(tr(t

aU1t
bU †

2)tr(t
aU5t

b(U †
0 − U †

5)) + (5 ↔ 0))}, (1.263)

ãäåMβ
12 îïðåäåëåíî â (1.236); L

C
ij ≡ LC(~ri, ~rj) è L̃

C
ij ≡ L̃C(~ri, ~rj)� â (1.168�1.169).

Ñîñòàâíîé êâàäðóïîëüíûé îïåðàòîð èìååò âèä

U
conf
12†34†

=U12†34† +
αs
8π2

∫

d~r0

×
{

~r14
2

~r102~r402
ln

(

a~r14
2

~r102~r402

)

(U10†U02†34† +U4†0U12†30† − (0 → 1))

+
~r12

2

~r102~r202
ln

(

a~r12
2

~r102~r202

)

(U10†U02†34† +U2†0U10†34† − (0 → 1))

− ~r24
2

2~r202~r402
ln

(

a~r24
2

~r202~r402

)

(U10†U02†34† +U30†U04†12† − (0 → 4))
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− ~r13
2

2~r102~r302
ln

(

a~r13
2

~r102~r302

)

(U4†0U12†30† +U2†0U34†10† − (0 → 1))

+ (1 ↔ 3, 2 ↔ 4)} . (1.264)

Ñîñòàâíîé äâàæäû äèïîëüíûé îïåðàòîð èìååò âèä

(U12†U34†)
conf =U12†U34†

+
αs
8π2

∫

d~r0(U2†14†3 +U2†34†1 −U2†10†34†0 −U2†04†30†1)

×
(

~r13
2

~r102~r302
ln

(

a~r13
2

~r102~r302

)

− ~r23
2

~r202~r302
ln

(

a~r23
2

~r202~r302

)

− ~r14
2

~r102~r402
ln

(

a~r14
2

~r102~r402

)

+
~r24

2

~r202~r402
ln

(

a~r24
2

~r202~r402

))

+U4†3(U
conf
2†1

−U2†1) +U2†1(U
conf
4†3

−U4†3). (1.265)

Óðàâíåíèÿ ýâîëþöèè äëÿ ýòèõ îïåðàòîðîâ â áàçèñå ñîñòàâíûõ îïåðàòîðîâ èìåþò

ñëåäóþùóþ �îðìó

∂Uconf
12†34†

∂η
=
αs
4π2

∫

d~r0

{

~r14
2

~r102~r402
(U10†U02†34† +U4†0U12†30† − (0 → 1))conf

+
~r12

2

~r102~r202
(U10†U02†34† +U2†0U10†34† − (0 → 1))conf

− ~r24
2

2~r202~r402
(U10†U02†34† +U30†U04†12† − (0 → 4))conf

− ~r13
2

2~r102~r302
(U4†0U12†30† +U2†0U34†10† − (0 → 1))conf

+ (1 ↔ 3, 2 ↔ 4)}

+
α2
s

8π4

∫

d~r0d~r5 (G
conf
s +G

conf
a )+

α2
s

8π3

∫

d~r0 (Gβ +G
conf), (1.266)

∂(U12†U34†)
conf

∂η
=

{

αs
8π2

∫

d~r0

[

4~r12
2

~r102~r202
(U4†3U2†0U0†1 −NcU4†3U2†1)

conf

+

(

~r13
2

~r102~r302
− ~r23

2

~r202~r302
− ~r14

2

~r102~r402
+

~r24
2

~r202~r402

)

× (U2†14†3 +U2†34†1 −U2†10†34†0 −U2†04†30†1)
conf
]



87

+ U34†〈KNLO ⊗U
conf
12†

〉+ (1 ↔ 3, 2 ↔ 4)
}

+
α2
s

8π4

∫

d~r0d~r5 (G̃
conf

s +G̃
conf

a )+
α2
s

8π3

∫

d~r0 (G̃β + G̃
conf). (1.267)

Êàê è â ïðåäûäóùåì ðàçäåëå ýâîëþöèÿ îòäåëüíûõ äèïîëüíûõ îïåðàòîðîâ íå

âõîäèò â �óíêöèè G̃

〈KNLO⊗U
conf
12†

〉 = ∂Uconf
12†

∂η
− αs

2π2

∫

d~r0
~r12

2

~r102~r202
(U2†0U0†1 −NcU2†1)

conf . (1.268)

Ïîýòîìó ìîæíî ïåðåïèñàòü (1.267) òàê

∂(U12†U34†)
conf

∂η
=

{

U34†
∂Uconf

12†

∂η
+

αs
8π2

∫

d~r0

[

4~r12
2

~r102~r202

× {(U4†3U2†0U0†1 −NcU4†3U2†1)
conf −U4†3 (U2†0U0†1 −NcU2†1)

conf}

+

(

~r13
2

~r102~r302
− ~r23

2

~r202~r302
− ~r14

2

~r102~r402
+

~r24
2

~r202~r402

)

× (U2†14†3 +U2†34†1 −U2†10†34†0 −U2†04†30†1)
conf
]

+ (1 ↔ 3, 2 ↔ 4)
}

+
α2
s

8π4

∫

d~r0d~r5 (G̃
conf

s +G̃
conf

a )+
α2
s

8π3

∫

d~r0 (G̃β + G̃
conf). (1.269)

ßñíî, ÷òîGβ è G̃β òàêèå æå êàê è â (1.238) è (1.239). Îñòàëüíûå �óíêöèèG
conf

ïðèâåäåíû íèæå.

Ïðîöåäóðà èõ íàõîæäåíèÿ òàêàÿ æå êàê è äëÿ îïåðàòîðà áàðèîííîé âèëü-

ñîíîâñêîé ïåòëè. Åäèíñòâåííûé íåîáõîäèìûé äîïîëíèòåëüíûé èíòåãðàë

∫

d~r0

(

~r01~r02
~r 2
01~r

2
02

− ~r01~r03
~r 2
01~r

2
03

)

ln2
(

~r 2
02~r

2
13

~r 2
03~r

2
12

)

=
π

3
ln3
(

~r 2
13

~r 2
12

)

. (1.270)

1.6.5 Êâàçèêîí�îðìíîå ÿäðî äëÿ êâàäðóïîëÿ

Ñèììåòðè÷íûé âêëàä G
conf
s èìååò âèä

G
conf
s = G

conf
s1 + nfGq +G

conf
s2 , (1.271)
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ãäå Gq îñòàëîñü ïðåæíèì (1.242) .

G
conf
s1 =({U0†34†15†02†5 −U5†0U2†5U0†34†1 − (5 → 0)}+ (5 ↔ 0))

×
(

LC12 + LC32 − LC13
)

+({U0†15†02†34†5 −U0†5U5†1U2†34†0 − (5 → 0)}+ (5 ↔ 0))

×(LC12 + LC14 − LC42) + (1 ↔ 3, 2 ↔ 4), (1.272)

ãäå LC îïðåäåëåíî â (1.168).

G
conf
s2 =

1

2
(U0†34†52†05†1 −U0†1U2†5U4†05†3 + (5 ↔ 0))

×(MC34
1 −MC43

1 +MC42
1 −MC24

1 +MC43
2 −MC34

2 +MC31
2 −MC13

2 )

+
1

2
(U0†35†02†54†1 −U0†3U2†5U4†15†0 + (5 ↔ 0))

×(MC14
3 −MC41

3 +MC42
3 −MC24

3 +MC41
2 −MC14

2 +MC13
2 −MC31

2 )

+
1

2
(U0†15†02†34†5 −U0†5U5†1U2†34†0 + (5 ↔ 0))

×(MC14
2 −MC41

2 +MC12
4 −MC21

4 )

+
1

2
(U0†34†15†02†5 −U5†0U2†5U0†34†1 + (5 ↔ 0))

×(MC23
1 −MC32

1 +MC21
3 −MC12

3 ) + (1 ↔ 3, 2 ↔ 4). (1.273)

Çäåñü MCjk
i ≡ MC(~ri, ~rj, ~rk) èìååò âèä

MC13
2 =M13

2 +
~r15

2~r23
2

8~r012~r052~r252~r352
ln

(

~r01
2~r05

2~r23
2

~r152~r252~r352

)

− ~r12
2

4~r022~r052~r152
ln

(

~r01
2~r25

2

~r052~r122

)

+
~r13

2

8~r012~r052~r352
ln

(

~r05
2~r13

2~r35
2

~r012~r034

)

− ~r12
2~r23

2

8~r012~r022~r252~r352
ln

(

~r01
2~r02

2~r23
2

~r122~r252~r352

)

− ~r03
2~r12

2

8~r012~r022~r052~r352
ln

(

~r05
2~r12

2~r35
2

~r012~r022~r032

)

=
~r15

2~r23
2

8~r012~r052~r252~r352
ln

(

~r01
2~r05

2~r23
2~r25

2

~r024~r152~r352

)

− ~r12
2

4~r022~r052~r152
ln

(

~r01
2~r25

2

~r052~r122

)

− ~r13
2

8~r012~r052~r352
ln

(

~r01
2~r03

4~r25
4

~r024~r052~r132~r352

)

+
~r23

2~r12
2

8~r012~r022~r252~r352
ln

(

~r02
2~r12

2~r35
2

~r012~r232~r252

)

+
~r03

2~r12
2

8~r012~r022~r052~r352
ln

(

~r01
2~r03

2~r25
4

~r022~r052~r122~r352

)

. (1.274)
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Ôóíêöèÿ MCjk
i êîí�îðìíî èíâàðèàíòíà. Ìîæíî ïîêàçàòü, ÷òî G

conf
s2 ðàâíî 0

ïðè âûêëþ÷åíèè óäàðíîé âîëíû. Íàêîíåö, âèäíî, ÷òî G
conf
s ìîæíî �îðìàëüíî

ïîëó÷èòü èç Gs çàìåíîé M →MC , L→ LC .

Àíòèñèììåòðè÷íûé âêëàä èìååò âèä

G
conf
a = G

conf
a1 +G

conf
a2 +G

conf
a3 . (1.275)

G
conf
a1 =

1

2
(U0†1U2†5U4†05†3 +U0†34†52†05†1 − (5 ↔ 0)) (MC31

2 +MC13
2

−MC34
2 −MC43

2 −MC42
1 −MC24

1 +MC43
1 +MC34

1 −R2134)

+
1

2
(U0†3U2†5U4†15†0 +U0†35†02†54†1 − (5 ↔ 0)) (MC13

2 +MC31
2

−MC14
2 −MC41

2 −MC42
3 −MC24

3 +MC41
3 +MC14

3 + R3241)

+(1 ↔ 3, 2 ↔ 4). (1.276)

Çäåñü Rijkl ≡ R(~ri, ~rj, ~rk, ~rl) êîí�îðìíî èíâàðèàíòíà. Îíà ðàâíà

R2134 =
~r12

2

2~r012~r052~r252
ln

(

~r02
2~r15

2

~r052~r122

)

− ~r12
2

2~r022~r052~r152
ln

(

~r01
2~r25

2

~r052~r122

)

+
~r24

2

2~r022~r052~r452
ln

(

~r04
2~r25

2

~r052~r242

)

− ~r13
2

2~r012~r052~r352
ln

(

~r03
2~r15

2

~r052~r132

)

. (1.277)

G
conf
a2 =

1

2
(U0†34†15†02†5 − (5 ↔ 0)) (R231 − R123 + 2L̃C13 −MC23

1

−MC32
1 +MC21

3 +MC12
3 +MC11

2 +MC22
1 −MC22

3 −MC33
2 )

+
1

2
(U0†15†02†34†5 − (5 ↔ 0)) (R124 − R142 + 2L̃C42 −MC22

1

−MC11
2 +MC44

1 +MC11
4 +MC14

2 +MC41
2 −MC21

4 −MC12
4 )

+(1 ↔ 3, 2 ↔ 4). (1.278)

Çäåñü L̃C îïðåäåëåíà â (1.169) è Rijk ≡ R(~ri, ~rj, ~rk) - íîâàÿ êîí�îðìíî èíâàðè-

àíòíàÿ �óíêöèÿ

R123 =
~r13

2

2~r012~r052~r352
ln

(

~r03
2~r15

2

~r052~r132

)

+
~r23

2

2~r022~r052~r352
ln

(

~r03
2~r25

2

~r052~r232

)

. (1.279)
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G
conf
a3 =(2L̃C12 + 2L̃C14 −MC44

2 −MC22
4 +MC14

2 +MC41
2 +MC21

4 +MC12
4 +R241)

×1

2
(U0†5U5†1U2†34†0 − (5 ↔ 0)) +

1

2
(U5†0U2†5U0†34†1 − (5 ↔ 0))

×(2L̃C21 + 2L̃C23 −MC33
1 −MC11

3 +MC32
1 +MC23

1 +MC21
3 +MC12

3 +R132)

+(1 ↔ 3, 2 ↔ 4). (1.280)

×àñòü ÿäðà, ïðîèíòåãðèðîâàííàÿ ïî ~r5, òàêîâà

G
conf = G

conf
1 +G

conf
2 . (1.281)

Çäåñü

G
conf
1 = (U0†3U2†1U4†0 −U0†12†04†3 −U2†34†1(N

2
c − 1))

× 1

4

[

~r14
2

~r012~r042

(

ln2
(

~r02
2~r14

2

~r042~r122

)

− ln2
(

~r03
2~r14

2

~r042~r132

))

+
~r23

2

~r032~r022

(

ln2
(

~r01
2~r23

2

~r032~r122

)

− ln2
(

~r03
2~r24

2

~r042~r232

))

− ~r24
2

~r042~r022
ln2
(

~r01
2~r24

2

~r042~r122

)

− ~r13
2

~r012~r032
ln2
(

~r02
2~r13

2

~r032~r122

)

+
~r34

2

~r042~r032

(

ln2
(

~r01
2~r34

2

~r042~r132

)

+ ln2
(

~r02
2~r34

2

~r032~r242

))]

+ (U0†1U2†3U4†0 −U0†14†02†3 −U2†34†1(N
2
c − 1))

× 1

4

[

~r34
2

~r032~r042

(

ln2
(

~r02
2~r34

2

~r042~r232

)

− ln2
(

~r01
2~r34

2

~r042~r132

))

− ~r24
2

~r022~r042
ln2
(

~r03
2~r24

2

~r042~r232

)

+
~r12

2

~r022~r012

(

ln2
(

~r01
2~r23

2

~r032~r122

)

− ln2
(

~r01
2~r24

2

~r042~r122

))

− ~r13
2

~r032~r012
ln2
(

~r01
2~r23

2

~r022~r132

)

+
~r14

2

~r042~r012

(

ln2
(

~r03
2~r14

2

~r042~r132

)

+ ln2
(

~r01
2~r24

2

~r022~r142

))]

+ (1 ↔ 3, 2 ↔ 4). (1.282)

G
conf
2 =

Nc

4
(U2†0U0†34†1 −NcU2†34†1)

×
[

~r13
2

~r012~r032

(

ln2
(

~r02
2~r13

2

~r032~r122

)

+ ln2
(

~r01
2~r23

2

~r022~r132

))

− ~r23
2

~r022~r032
ln2
(

~r01
2~r23

2

~r032~r122

)

− ~r12
2

~r012~r022
ln2
(

~r01
2~r23

2

~r032~r122

)]

+
Nc

4
(U0†3U2†04†1 −NcU2†34†1)
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×
[

~r24
2

~r022~r042

(

ln2
(

~r03
2~r24

2

~r042~r232

)

+ ln2
(

~r02
2~r34

2

~r032~r242

))

− ~r23
2

~r022~r032
ln2
(

~r02
2~r34

2

~r042~r232

)

− ~r34
2

~r032~r042
ln2
(

~r02
2~r34

2

~r042~r232

)]

+ (1 ↔ 3, 2 ↔ 4). (1.283)

Ïðÿìîé ïðîâåðêîé áûëî óñòàíîâëåíî, ÷òî G
conf
s , Gconf

a è G
conf

íå èìåþò íåèí-

òåãðèðóåìûõ ðàñõîäèìîñòåé.

1.6.6 Êâàçèêîí�îðìíîå ÿäðî äëÿ äâîéíîãî äèïîëÿ

Ñèììåòðè÷íàÿ ÷àñòü G̃
conf
s èìååò âèä

G̃
conf
s = G̃

conf
s1 + nfG̃q + G̃

conf
s2 , (1.284)

ãäå G̃q (1.242) îñòàåòñÿ ïðåæíèì.

G̃
conf
s1 =({U0†12†5U4†35†0 −U0†5U2†15†34†0 − (5 → 0)}+ (5 ↔ 0))

×
(

LC14 − LC13 + LC23 − LC24
)

+ (1 ↔ 3, 2 ↔ 4), (1.285)

G̃
conf
s2 =

(

MC13
4 −MC31

4 +MC14
3 −MC41

3 −MC23
4 +MC32

4 −MC24
3 +MC42

3

)

×1

2
(U4†0U0†35†12†5 +U4†0U0†52†15†3 −U0†3U2†15†04†5 −U0†3U2†54†05†1

+(5 ↔ 0))

+(MC12
4 −MC21

4 +MC21
3 −MC12

3 −MC34
1 +MC43

1 −MC43
2 +MC34

2 )

×1

2
(U0†54†3U2†05†1 −U0†5U2†15†34†0 + (5 ↔ 0)) + (1 ↔ 3, 2 ↔ 4). (1.286)

Àíòèñèììåòðè÷íàÿ ÷àñòü òàêîâà

G̃a =
1

2
(U5†3U0†12†04†5 +U5†3U0†54†02†1 −U4†5U0†12†05†3 −U4†5U0†35†02†1

−(5 ↔ 0))

×(M23
4 +M24

3 −M13
4 −M14

3 −M31
4 +M32

4 −M41
3 +M42

3 − R341 + R342)

+
1

2
(U0†54†3U2†05†1 −U0†52†1U4†05†3 +U5†0U0†12†54†3 −U0†5U2†15†34†0

−(5 ↔ 0))
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×(MC11
4 −MC11

3 +MC12
3 −MC12

4 +MC21
3 −MC21

4 −MC22
3 +MC22

4 )

+(1 ↔ 3, 2 ↔ 4). (1.287)

Âêëàä ñ îäíèì èíòåãðèðîâàíèåì èìååò âèä

G̃
conf =

1

4
(U2†0U0†14†3 +U2†0U0†34†1 −U0†1U2†04†3 −U0†1U2†34†0)

×
[

~r12
2

~r012~r022

(

ln2
(

~r02
2~r14

2

~r042~r122

)

− ln2
(

~r02
2~r13

2

~r032~r122

)

− ln2
(

~r01
2~r23

2

~r032~r122

)

+ ln2
(

~r01
2~r24

2

~r042~r122

))

+

(

~r13
2

~r012~r032
+

~r23
2

~r022~r032

)

ln2
(

~r01
2~r23

2

~r022~r132

)

−
(

~r14
2

~r012~r042
+

~r24
2

~r022~r042

)

ln2
(

~r01
2~r24

2

~r022~r142

)]

+
1

4
(NcU0†12†04†3 +NcU0†34†02†1 − 2U2†1U34†)

[

~r24
2

~r022~r042
ln2
(

~r02
2~r34

2

~r032~r242

)

+
~r13

2

~r012~r032
ln2
(

~r02
2~r13

2

~r032~r122

)

− ~r14
2

~r012~r042

(

ln2
(

~r02
2~r14

2

~r042~r122

)

+ ln2
(

~r01
2~r34

2

~r032~r142

))]

+(1 ↔ 3, 2 ↔ 4). (1.288)

Êàê è äëÿ êâàäðóïîëÿ G̃
conf
s , G̃conf

a è G̃
conf

íå èìåþò íåèíòåãðèðóåìûõ îñîáåí-

íîñòåé.

1.6.7 Ïðîâåðêà

Ñóùåñòâóþò íåñêîëüêî ñïîñîáîâ ïðîâåðêè ïîëó÷åííûõ óðàâíåíèé. Ñ îä-

íîé ñòîðîíû, ìîæíî èõ ïîëó÷èòü â ðàìêàõ ïîäõîäà JIMWLK [37℄, [94℄. Ñ äðóãîé

ñòîðîíû, çäåñü áûëè ïðîäåëàíû ñëåäóþùèå ïðîâåðêè. Áûëî ïðîâåðåíî, ÷òî â

äèïîëüíûõ ïðåäåëàõ 1 → 2, 2 → 3, 3 → 4, 4 → 1 êâàäðóïîëüíûå ÿäðà (1.238)

è (1.266) ïåðåõîäÿò â äèïîëüíûå (1.237) è (1.263). ßäðà ýâîëþöèè äâàæäû äè-

ïîëüíîãî îïåðàòîðà (1.239) è (1.267) òàêæå èìåþò ïðàâèëüíûå äèïîëüíûå ïðå-

äåëû 1 → 2 è 3 → 4. Â ýòèõ ïðåäåëàõ îíè ïåðåõîäÿò â äèïîëüíûå ÿäðà (1.237)

è (1.263) ïîìíîæåííûå íà Nc, ÷òî áûëî ÿâíî ïðîâåðåíî â âûðàæåíèÿõ (1.238),
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(1.266), (1.239) è (1.267). Íàøè ÿäðà ñîâïàäàþò ñ ÿäðîì ÁÔÊË â Ñ�Ï â ýòèõ

ïðåäåëàõ [50℄.

Âòîðàÿ ïðîâåðêà îñíîâàíà íà SU(3) òîæäåñòâå

B123 ≡ U12†U34† −U12†34†. (1.289)

Ñîîòâåòñòâåííî óðàâíåíèÿ ýâîëþöèè äëÿ áàðèîííîãî îïåðàòîðà, êâàäðóïîëÿ è

äâàæäû äèïîëüíîãî îïåðàòîðà ñâÿçàíû. Âûïîëíåíèå ýòîãî òîæäåñòâà äëÿ ÿäåð

ïîëó÷åííûõ óðàâíåíèé áûëî ÿâíî ïðîäåìîíñòðèðîâàíî â [36℄ ïóòåì ïåðåõîäà ê

îáùåìó áàçèñó öâåòîâûõ ñòðóêòóð ñ ïîìîùüþ öâåòîâûõ òîæäåñòâ ïðèâåäåííûõ

â ïðèëîæåíèè À.

Ïîëó÷åííûå óðàâíåíèÿ ìîæíî èñïîëüçîâàòü äëÿ ïîñòðîåíèÿ óðàâíåíèÿ

ýâîëþöèè äëÿ ãëþîííîé ïëîòíîñòè Âàéöçåêêåðà - Âèëüÿìñà è àíàëèçà ñëîæíûõ

äè�ðàêöèîííûõ ñîñòîÿíèé â ýêñêëþçèâíûõ ïðîöåññàõ.

1.7 �åøåíèå ëèíåéíîãî óðàâíåíèÿ äëÿ ðàññåÿíèÿ âïåðåä

â Ñ�ËÏ

Íàøè îáîçíà÷åíèÿ áóäóò òàêèìè æå, êàê â [95℄. Òàêèì îáðàçîì, ïîïåðå÷-

íûå èìïóëüñû (è ñîïðÿæåííûå êîîðäèíàòû) ðåäæåîíîâ â íà÷àëüíîì è êîíå÷íîì

t-êàíàëüíûõ ñîñòîÿíèÿõ ðàâíû ~q ′
i (~r

′
i ) è ~qi (~ri), i = 1, 2. Íîðìèðîâêà ñîñòîÿíèÿ

òàêîâà:

〈~q|~q ′〉 = δ(~q − ~q ′) , 〈~r|~r ′〉 = δ(~r − ~r ′) , 〈~r|~q〉 = ei~q ~r

2π
. (1.290)

Ñêà÷êè àìïëèòóä ðàññåÿíèÿ â s-êàíàëå äëÿ ïðîöåññîâ A+B → A′ +B′
èìåþò

ñëåäóþùóþ �îðìó:

− 4i(2π)2δ(~p ′
A + ~p ′

B − ~pA − ~pB)dis
sAA′B′

AB = 〈A′Ā|Ĝ 1

~̂q 2
1 ~̂q

2
2

|B̄′B〉 . (1.291)



94

Â ýòîì âûðàæåíèè Ĝ � �óíêöèÿ �ðèíà ÁÔÊË, ïîä÷èíÿþùàÿñÿ óðàâíåíèþ

ÁÔÊË. Ýòî óðàâíåíèå ìîæíî çàïèñàòü â îïåðàòîðíîé �îðìå êàê

∂Ĝ

∂Y
= K̂Ĝ, Ĝ|Y=Y0 = 1̂, (1.292)

ãäå Y � áûñòðîòà, à Y0 çàäàåòñÿ ñîîòâåòñòâóþùèì ìàñøòàáîì ýíåðãèè, êîòîðûé

îïðåäåëÿåòñÿ èìïàêò �àêòîðàìè. Äëÿ ðàññåÿíèÿ íà íóëåâîé óãîë îïðåäåëèì

ìàòðè÷íûé ýëåìåíò â êîîðäèíàòíîì ïðåäñòàâëåíèè êàê

〈~r|K̂|~r ′〉 =
∫

〈~r1~r2|K̂|~r ′
1~r

′
2〉δ(~r1′2′ − ~r ′)d2r ′

1d
2r ′

2 , (1.293)

ñ ~r = ~r12. Îòñþäà

〈~q1|K̂|~q ′
1 〉 =

∫

d~xd~z

(2π)2
e−i[~q1~r−~q

′
1 ~r

′]〈~r|K̂|~r ′〉. (1.294)

Òîãäà ñêà÷îê (1.291) ïðåâðàùàåòñÿ â

− 4i(2π)2dis
sAAB
AB = 〈AĀ|Ĝ ~̂q −4

1 |B̄B〉 . (1.295)

Ìû áóäåì ðàáîòàòü â ïðîñòðàíñòâå ñîáñòâåííûõ �óíêöèé áîðíîâñêîãî ÿäðà |nν〉

〈~r|nν〉 = 1

π
√
2
einφ(~r 2)−

1
2+iν, (1.296)

〈~r|nν〉〈nν|~r ′〉 = δ(~r − ~r ′), 〈nν|~r〉〈~r|mσ〉 = δnmδ(ν − σ). (1.297)

〈~r|nν〉 = 1

π
√
2
einφ(~r 2)−

1
2+iν =

1

π
√
2
einφ(~r 2)γ, γ = −1

2
+ iν. (1.298)

Â äàëüíåéøåì âûïîëíÿåòñÿ ñóììèðîâàíèå è èíòåãðèðîâàíèå ïî ïîâòîðÿþùèì-

ñÿ èíäåêñàì. Â ýòîì ïðîñòðàíñòâå ñêà÷îê ïðîïîðöèîíàëåí ìàòðè÷íîìó ýëåìåí-

òó

− 4i(2π)2dis
sAAB
AB = 〈AĀ|nν〉〈nν|Ĝ|mσ〉〈mσ|~̂q −4

1 |B̄B〉 , (1.299)

è óðàâíåíèå ÁÔÊË èìååò ñëåäóþùèé âèä

∂〈nν|Ĝ|mσ〉
∂Y

= 〈nν|K̂|hρ〉〈hρ|Ĝ|mσ〉, 〈nν|Ĝ|mσ〉|Y =Y0 = δnmδ(ν − σ). (1.300)
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Èìïàêò-�àêòîð âûãëÿäèò ñëåäóþùèì îáðàçîì

ΦA (n, ν) = 〈A′Ā|nν〉, ΦB (m, σ) = 〈mσ|~̂q −4
1 |B̄′B〉, (1.301)

â òî âðåìÿ êàê ÿäðî çàïèñûâàåòñÿ òàê (ñì. (52)-(55) â [95℄):

〈nν|K̂M |hρ〉 =
[

ᾱχ(n, ρ) +
ᾱ2

4
δ(n, ρ)

]

δnhδ (ρ− ν)− i
ᾱ2β

4
χ(n, ρ)δnhδ

′ (ρ− ν) ,

(1.302)

β =
11

3
, ᾱ =

αs(µ
2)Nc

π
, χ(n, ν) = 2ψ(1)− ψ(

1 + n

2
+ iν)− ψ(

1 + n

2
− iν) ,

(1.303)

è δ(n, ν) ñîäåðæèò âñå ÷ëåíû èç (53) â [95℄ áåç ïðîèçâîäíîé. Äëÿ óäîáñòâà çäåñü

èñïîëüçóåòñÿ ì¼áèóñîâñêîå ÿäðî, îïðåäåëåííîå â êîîðäèíàòíîì ïðåäñòàâëåíèè.

Íî òàêóþ æå ïðîöåäóðó ìîæíî ïðèìåíèòü ê èñõîäíîìó ÿäðó, ïîëó÷åííîìó â

ïðîñòðàíñòâå èìïóëüñîâ â [41℄. Ñðàçó ìû ìîæåì âûïîëíèòü ñâåðòêó �óíêöèè

�ðèíà è âòîðîãî èìïàêò �àêòîðà. Â ðåçóëüòàòå, ìû ïîëó÷àåì äëÿ ýòîãî óðàâ-

íåíèÿ

∂〈nν|Ĝ ~̂q−4
1 |B̄B〉

∂Y
− i

ᾱ2β

4

∂
(

χ(n, ν)〈nν|Ĝ ~̂q−4
1 |B̄B〉

)

∂ν

=

[

ᾱχ(n, ν) +
ᾱ2

4
δ(n, ν)

]

〈nν|Ĝ ~̂q −4
1 |B̄B〉 (1.304)

ñ íà÷àëüíûì óñëîâèåì

〈nν|Ĝ ~̂q−4
1 |B̄B〉|Y =Y0 = ΦB (n, ν) . (1.305)

Äëÿ ïðîñòîòû çàïèøåì χ(n, ν)〈nν|Ĝ ~̂q −4|B̄′B〉 = G. Â ýòèõ îáîçíà÷åíèÿõ äàí-

íîå óðàâíåíèå âûãëÿäèò ñëåäóþùèì îáðàçîì:

∂G

∂Y
− i

ᾱ2β

4
χ(n, ν)

∂G

∂ν
=

[

ᾱχ(n, ν) +
ᾱ2

4
δ(n, ν)

]

G, (1.306)

G0 (n, ν) = G|Y=Y0 = χ(n, ν)ΦB (n, ν) . (1.307)

Åãî äâà ïåðâûõ èíòåãðàëà:

c1 = Y − Y0 −
4i

ᾱ2β

∫ ν

ν0

dl

χ (n, l)
, c2 = Ge

−i
[

4
ᾱβ

(ν−ν0)+
∫ ν

ν0

δ(n,l)
χ(n,l)βdl

]

. (1.308)
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Îáùåå ðåøåíèå ýòîãî óðàâíåíèÿ çàâèñèò îò ïðîèçâîëüíîé �óíêöèè f

G = e
i
[

4
ᾱβ

(ν−ν0)+
∫ ν

ν0

δ(n,l)
χ(n,l)β dl

]

f

(

ᾱ2β

4
i(Y − Y0) +

∫ ν

ν0

dl

χ (n, l)

)

. (1.309)

Èñïîëüçóÿ íà÷àëüíîå óñëîâèå (1.305), ìû ìîæåì íàéòè f èç óðàâíåíèÿ

G0 (n, ν) = e
i
[

4
ᾱβ

(ν−ν0)+
∫ ν

ν0

δ(n,l)
χ(n,l)βdl

]

f

(
∫ ν

ν0

dl

χ (n, l)

)

. (1.310)

×òîáû åãî ðåøèòü, ìû ââîäèì

F (ν) =

∫ ν

ν0

dl

χ (n, l)
. (1.311)

Ñëåäîâàòåëüíî,

f (t) = G0(n, F
−1(t)) exp

[

−4i

ᾱβ
(F−1(t)− ν0)−

i

β

∫ F−1(t)

ν0

δ (n, l)

χ (n, l)
dl

]

. (1.312)

Òîãäà �îðìàëüíîå îáùåå ðåøåíèå çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

G = G0(n, F
−1(F (v) +

ᾱ2βi(Y − Y0)

4
))

× e
− 4i

ᾱβ
(F−1

(

F (ν)+ ᾱ2βi
4 (Y−Y0)

)

−ν)
e−

i
β

∫

F−1

(

F (ν)+
ᾱ2βi
4 (Y−Y0)

)

ν

δ(n,l)
χ(n,l)dl. (1.313)

〈nν|Ĝ ~̂q−4
1 |B̄′B〉 = ΦB(n, F

−1

(

F (ν) +
ᾱ2βi

4
(Y − Y0)

)

)

×
χ(n, F−1

(

F (ν) + ᾱ2βi
4 (Y − Y0)

)

)

χ(n, ν)

× e
− 4i

ᾱβ
(F−1

(

F (ν)+ ᾱ2βi
4 (Y−Y0)

)

−ν)
e−

i
β

∫

F−1

(

F (ν)+
ᾱ2βi
4 (Y−Y0)

)

ν

δ(n,l)
χ(n,l)dl. (1.314)

Çäåñü ìû ìîæåì ñîõðàíèòü ÷ëåíû òîëüêî äî ïîðÿäêà ᾱm+1Y m
, òàê êàê ìû

ðàáîòàåì â Ñ�Ï. Ñ ýòîé òî÷íîñòüþ â ðàçëîæåíèè F−1
(

F (ν) + ᾱ2β
4i (Y − Y0)

)

ïðè F (ν) ìû ìîæåì âçÿòü òîëüêî òðè ïåðâûõ ÷ëåíà

F−1

(

F (ν) +
ᾱ2βi

4
(Y − Y0)

)

(1.315)

≃ ν + χ (n, ν)
ᾱ2βi

4
(Y − Y0) +

χ (n, ν)χ′ (n, ν)

2

(

ᾱ2βi

4
Y

)2

,
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òàê êàê

dF−1(x)

dx
|x=F (t) = χ (n, t) ,

d2F−1(x)

d2x
|x=F (t) = χ (n, t)χ′ (n, t) . (1.316)

Ïîýòîìó ñ òî÷íîñòüþ Ñ�Ï

〈nν|Ĝ ~̂q −4
1 |B̄B〉 = (ΦB(n, ν) +

ᾱ2βi

4
[ΦB(n, ν)χ (n, ν)]

′Y )

× eᾱχ(n,ν)(Y−Y0)+ ᾱ2

4 δ(n,ν)Y+ ᾱ3βi
8 χ(n,ν)χ′(n,ν)Y 2

. (1.317)

Â ýòîì âûâîäå áûëî íåñêîëüêî òîíêèõ ìîìåíòîâ, íàïðèìåð, ó÷åò âëèÿíèÿ ñèíãó-

ëÿðíîñòåé F (ν). Èõ ìîæíî èññëåäîâàòü, íî ëåã÷å ïîäñòàâèòü ðåøåíèå â (1.304)

è ïðîâåðèòü, óäîâëåòâîðÿåò ëè îíî óðàâíåíèþ äî ÷ëåíîâ ïðîïîðöèîíàëüíûõ

ᾱn+2Y n
âêëþ÷èòåëüíî. Òîãäà ó ýòîãî âêëàäà â ñêà÷îê (1.295) è, ñëåäîâàòåëü-

íî, â ïîëíûå ñå÷åíèÿ áóäåò ñëåäóþùàÿ �îðìà, êîòîðàÿ è ÿâëÿåòñÿ îñíîâíûì

ðåçóëüòàòîì ýòîãî ðàçäåëà

〈AĀ|Ĝ ~̂q −4
1 |B̄B〉 = 〈AĀ|nν〉〈nν|Ĝ|~̂q −4|B̄B〉

=
∑

n

∫ ∞

−∞
dν Φ∗

A(n, ν)

(

ΦB(n, ν) +
ᾱ2βi

4
[ΦB(n, ν)χ (n, ν)]

′Y

)

× eᾱχ(n,ν)(Y−Y0)+ ᾱ2

4 δ(n,ν)Y+ ᾱ3βi
8 χ(n,ν)χ′(n,ν)Y 2

. (1.318)

Èíòåðåñíî òàêæå ðàññìîòðåòü ñëåäóþùèé ÷ëåí ðÿäà (1.315), õîòÿ îí íå ñîîò-

âåòñòâóåò òî÷íîñòè Ñ�Ï. Îí çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì

χ (n, ν)2 χ′′ (n, ν) + χ (n, ν)χ′ (n, ν)2

3!

(

ᾱ2βi

4
Y

)3

, (1.319)

òàê êàê

d3F−1(x)

d3x
|x=F (t) = [χ (n, t)]2 χ′′ (n, t) + χ (n, t) [χ′ (n, t)]

2
. (1.320)

Ïîýòîìó ðåøåíèå áóäåò èìåòü ñëåäóþùèé âèä

〈AĀ|Ĝ ~̂q −4
1 |B̄B〉 =

∑

n

∫ ∞

−∞
dvΦ∗

A(n, ν)(ΦB(n, ν) +
ᾱ2βi

4
[ΦB(n, ν)χ (n, ν)]

′Y )
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× eᾱχ(n,ν)(Y−Y0)+ ᾱ2

4 δ(n,ν)Y+ ᾱ3βi
8 χ(n,ν)χ′(n,ν)Y 2− ᾱ5β2Y 3

3!42 (χ(n,ν)2χ′′(n,ν)+χ(n,ν)χ′(n,ν)
2). (1.321)

Åñëè èíòåãðèðîâàòü ïî ν, ðàññìàòðèâàÿ ÷ëåíû ∼ ᾱ2Y, ᾱ3Y 2, ᾱ5Y 3
êàê ìàëûå, è

ó÷èòûâàòü òîëüêî âêëàä ñåäëîâîé òî÷êè χ (0, 0) , ïîëó÷èì

〈AĀ|Ĝ ~̂q −4
1 |B̄B〉 ≃ Φ∗

A(0, 0)

(

ΦB(0, 0) +
ᾱ2βi

4
Φ′
B(0, 0)χ (0, 0)Y

)

×
√

2π

ᾱ |χ′′ (0, 0)|Y e
ᾱχ(0,0)(Y−Y0)+ ᾱ2

4 δ(0,0)Y− ᾱ5β2Y 3

3!42
χ(0,0)

2
χ′′(0,0). (1.322)

Çäåñü ó ÷ëåíà ∼ ᾱ5β2Y 3
òîò æå êîý��èöèåíò, ÷òî è â [44℄, à ÷ëåí ∼ ᾱ3βiχ′

ðàâåí íóëþ â ñåäëîâîé òî÷êå χ, Èìåííî ïîýòîìó åãî íåò â [44℄.

Èòàê, ïðåäñòàâëåíî ðåøåíèå óðàâíåíèÿ ÁÔÊË â Ñ�Ï äëÿ íóëåâîãî óãëà

ðàññåÿíèÿ â ïðîñòðàíñòâå áîðíîâñêèõ ñîáñòâåííûõ �óíêöèé. Â ýòîì ïðîñòðàí-

ñòâå äàííîå óðàâíåíèå ìîæíî çàïèñàòü â âèäå óðàâíåíèÿ â ÷àñòíûõ ïðîèçâîä-

íûõ. Åãî îáùåå ðåøåíèå äàíî â (1.309). �åøåíèå, ïîä÷èíÿþùååñÿ ãðàíè÷íîìó

óñëîâèþ ïðè Y = Y0, ìîæíî ïîëó÷èòü ÷åðåç îáðàòíûå �óíêöèè. Îäíàêî â Ñ�Ï

ýòè �óíêöèè äîëæíû áûòü ðàçëîæåíû â ðÿä Òåéëîðà, ÷òî äàåò ðåøåíèå óðàâíå-

íèÿ (1.317) äëÿ íóëåâîãî óãëà ðàññåÿíèÿ è ñêà÷îê â s-êàíàëå (1.318) ñ òî÷íîñòüþ

Ñ�Ï. Â ïîêàçàòåëå ñòåïåíè ýòîãî ðåøåíèÿ åñòü ÷ëåí ∼ ᾱ3βiχ′ (n, ν)Y 2, êîòîðûé

èñ÷åçàåò â ñåäëîâîé òî÷êå ñîáñòâåííîãî çíà÷åíèÿ �Ï. Íî ïðè âûõîäå çà ïðåäåëû

ïðèáëèæåíèÿ ñåäëîâîé òî÷êè â �Ï, ýòî ñëåäóåò ïðèíèìàòü âî âíèìàíèå.
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�ëàâà 2. Äè�ðàêöèîííîå �îòîðîæäåíèå

2.1 Íåîáõîäèìûå îïðåäåëåíèÿ

Äëÿ íà÷àëà ðàññìîòðèì äè�ðàêöèîííîå �îòîðîæäåíèå ïàðòîíîâ - êâàð-

êîâ è ãëþîíîâ. Îáîçíà÷èì èìïóëüñ èñõîäíîãî �îòîíà pγ, êîíå÷íûõ êâàðêà è

àíòèêâàðêà pq è pq̄. �åàëüíûå ïîïðàâêè îïèñûâàþò èçëó÷åíèå äîïîëíèòåëüíîãî

ãëþîíà. Åãî èìïóëüñ îáîçíà÷åí pg. Ìû ñêîíöåíòðèðóåìñÿ íà äè�ðàêöèîííîì

ðàññåÿíèè íà ïðîòîíå P, êîòîðûé íå ðàñïàäàåòñÿ ïîñëå âçàèìîäåéñòâèÿ. Åãî

íà÷àëüíûé è êîíå÷íûé èìïóëüñû p0 è p
′
0. Ìû ðàññìàòðèâàåì ïîëóæåñòêóþ êè-

íåìàòèêó ñ æåñòêèì ìàñøòàáîì

s = (pγ + p0)
2 ≫ |p2γ|, M2

P , |p200′|. (2.1)

Çäåñü êàê è â ïðåäûäóùèõ ðàçäåëàõ pij = pi − pj. Ìû îáîçíà÷èì MP ìàññó

ïðîòîíà. Ïîëóæåñòêèé ìàñøòàá çàäàåò èëè âèðòóàëüíîñòü �îòîíà |p2γ|, èëè ïå-
ðåäà÷à èìïóëüñà |p200′|, èëè èíâàðèàíòíàÿ ìàññà ðîæäåííîé ñèñòåìû. Â íàøåé

êèíåìàòèêå ìîæíî âûáðàòü ñèñòåìó, â êîòîðîé

s ≃ 2p+γ p
−
0 , p+γ , p

−
0 ∼

√
s, (2.2)

p+γ ∼ p+q ∼ p+q̄ ≫ p+0 , p
′+
0 , p−0 ≫ p−γ , p

−
q̄ , p

−
q . (2.3)

Îïðåäåëèì äîëè ïðîäîëüíîãî èìïóëüñà �îòîíà, óíîñèìûå qq̄ ïàðîé

p+q
p+γ

≡ xq,
p+q̄
p+γ

≡ xq̄. (2.4)

�àññìîòðèì �îòîí áåç ïîïåðå÷íîãî èìïóëüñà ñ âèðòóàëüíîñòüþ Q:

~pγ = 0, pµγ = p+γ n
µ
1 +

p2γ
2p+γ

nµ2 , −p2γ ≡ Q2 > 0. (2.5)
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Îáîçíà÷èì åãî ïîïåðå÷íóþ ïîëÿðèçàöèþ εT . Âåêòîð ïðîäîëüíîé ïîëÿðèçàöèè

èìååò âèä

εαL =
1

√

−p2γ

(

p+γ n
α
1 −

p2γ
2p+γ

nα2

)

, ε+L =
p+γ
Q
, ε−L =

Q

2p+γ
. (2.6)

Ìû ðàáîòàåì â ñâåòîêîíóñíîé êàëèáðîâêå An2 = 0. Ïðîïàãàòîðû è âíåøíèå

ëèíèè â ïîëå óäàðíîé âîëíû â ýòîé êàëèáðîâêå ïðèâåäåíû â ðàçäåëàõ 1.1�1.2.

Äëÿ ïîñòðîåíèÿ ñå÷åíèÿ ïîñëå âû÷èñëåíèÿ èìïàêò �àêòîðîâ íåîáõîäèìî

ïðîèíòåãðèðîâàòü ïî âíåøíåìó �îíîâîìó ïîëþ b, ñîçäàííîìó ïðîòîíîì. Ýòî

îçíà÷àåò, ÷òî íóæíî ðàññìîòðåòü ýòî ïîëå b êàê îïåðàòîð è âû÷èñëèòü ìàòðè÷-

íûé ýëåìåíò âèëüñîíîâñêîãî îïåðàòîðà ìåæäó ïðîòîííûìè ñîñòîÿíèÿìè

Ui · · · → 〈P ′
p′0
|T (Ui . . . )|Pp0〉. (2.7)

äëÿ óïðîùåíèÿ îáîçíà÷åíèé ïðè âû÷èñëåíèè èìïàêò �àêòîðà ìû áóäåì îïóñ-

êàòü îáêëàäêè ìàòðè÷íîãî ýëåìåíòà, âûïèñûâàÿ òîëüêî âèëüñîíîâñêèå ëèíèè,

è âîññòàíîâèì îáêëàäêè òîëüêî ïðè îáñóæäåíèè ñå÷åíèÿ.

Ìû èñïîëüçóåì ðàçìåðíîñòíóþ ðåãóëÿðèçàöèþ è ââîäèì ìàñøòàá ðåãó-

ëÿðèçàöèè µ. Ïðè ýòîì

g0 = g µ−ǫ, αs0 = αs µ
−2ǫ. (2.8)

Â íàøåì âû÷èñëåíèè íå íóæíà ïîïðàâêà, ïðîïîðöèîíàëüíàÿ β �óíêöèè, òàê

êàê ý��åêòû ïåðåíîðìèðîâêè âîçíèêàþò â ñëåäóþùåì çà ñëåäóþùèì çà ãëàâ-

íûì ïðèáëèæåíèè â èìïàêò �àêòîðå. Òàêæå ìû ââîäèì îáðåçàíèå α äëÿ ñâå-

òîêîíóñíûõ ïîëþñîâ p+g → 0. Íàõîäÿ âèëüñîíîâñêèå îïåðàòîðû U(r, ρ) íà ìàñ-

øòàáå ρ = eη ñ íà÷àëüíûìè óñëîâèÿìè ïðè ρ = α ñ ïîìîùüþ óðàâíåíèÿ ÁÊ,

ìû ñîêðàùàåì ñèíãóëÿðíîñòè ïî áûñòðîòå, êàê áóäåò ïîêàçàíî íèæå.

Äëÿ ýòîãî íàì íåîáõîäèìî óðàâíåíèå ÁÊ â ïîïåðå÷íîì ïðîñòðàíñòâå ðàç-
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ìåðíîñòè d. Îíî âûãëÿäèò òàê [96℄

∂tr(U1U
†
2)

∂η
=
αsµ

2−d

2πd
Γ2(

d

2
)

∫

ddr3⊥
[

tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)
]

×
[

2(r13⊥r23⊥)

(−r213⊥ + i0)
d
2 (−r223⊥ + i0)

d
2

+
1

(−r213⊥ + i0)
d−1

+
1

(−r223⊥ + i0)
d−1

]

(2.9)

â êîîðäèíàòíîì ïðåäñòàâëåíèè è òàê

∂tr(U(p1⊥)U †(−p2⊥))
∂η

= δ(k1⊥ + k2⊥ + k3⊥ − p1⊥ − p2⊥)2αsµ
2−d

×
∫

ddk1⊥ddk2⊥ddk3⊥
(2π)2d

[

−2(k1⊥ − p1⊥)(k2⊥ − p2⊥)

(k1 − p1)2⊥(k2 − p2)2⊥

+
π

d
2Γ(1− d

2
)Γ(d

2
)2

Γ(d− 1)

(

δ(k2⊥ − p2⊥)

(−(k1 − p1)2⊥)
1− d

2

+
δ(k1⊥ − p1⊥)

(−(k2 − p2)2⊥)
1− d

2

)]

×
[

tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)
]

(k1⊥,k2⊥, k3⊥) (2.10)

â èìïóëüñíîì. Çäåñü ââåäåíî ïðåîáðàçîâàíèå Ôóðüå îïåðàòîðà

[

tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)
]

(k1⊥,k2⊥, k3⊥)

=

∫

ddr1⊥d
dr2⊥d

dr3⊥e
i[(r1⊥k1⊥)+(r2⊥k2⊥)+(r3⊥k3⊥)]

×
[

tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)
]

. (2.11)

2.2 Èìïàêò �àêòîð ïåðåõîäà γ∗ → qq̄

Ìàòðè÷íûé ýëåìåíò ýëåêòðîìàãíèòíîãî òîêà â ïîëå óäàðíîé âîëíû èìååò

âèä

M̃α = −ieq
∫

dDy0
e−i(pγ ·y0)
√

2p+γ

δnl√
Nc

〈0|T (blpq̄(apq)nψ (y0) γ
αψ (y0) e

i
∫

Li(z)dz)|0〉sw.

(2.12)

Çäåñü a è b îïåðàòîðû óíè÷òîæåíèÿ êâàðêà è àíòèêâàðêà, eq ýëåêòðè÷åñêèé

çàðÿä êâàðêà,

δnl√
Nc

ïðîåêòîð íà öâåòîâîé ñèíãëåò. Äèàãðàììà äëÿ ïåðåõîäà �î-

òîíà â êâàðê è àíòèêâàðê â ïîëå óäàðíîé âîëíû èçîáðàæåíà íà �èñóíêå 4. Äëÿ
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→ pγ

↑ p1

1

pq

−pq̄

y0

↓ p2

�èñ. 4: Èìïàêò �àêòîð ïåðåõîäà γ∗ → qq̄. Èìïóëüñû p1 è p2 ïåðåäàþòñÿ êâàðêó

è àíòèêâàðêó îò óäàðíîé âîëíû.

óïðîùåíèÿ îáîçíà÷åíèé ìû ðàáîòàåì ñ ìàòðè÷íûì ýëåìåíòîì T̃ α

M̃α ≡ −ieq
√

2p+γ

−iδ(p+q + p+q̄ − p+γ )
√
Nc (2π)

D−3
√

2p+q̄
√

2p+q

T̃ α. (2.13)

2.2.1 Èìïàêò �àêòîð â �Ï

Â �Ï èìïàêò �àêòîð ïîëó÷àåòñÿ ñ ïîìîùüþ (1.19) è (1.20). �åçóëüòàò

èìååò âèä

T̃ α0 =

∫

ddp1⊥d
dp2⊥δ(pq1⊥ + pq̄2⊥ − pγ⊥) tr[U(p1⊥)U

†(−p2⊥)]Φα
0 . (2.14)

Âû÷èòàÿ ÷ëåí áåç âçàèìîäåéñòâèÿ,

T α0 =

∫

ddp1⊥d
dp2⊥δ(pq1⊥ + pq̄2⊥ − pγ⊥)Φ

α
0 [tr(U1U

†
2)−Nc](p1⊥, p2⊥). (2.15)

Çäåñü

[tr(U1U
†
2)−Nc](p1⊥, p2⊥) =

∫

ddr1⊥d
dr2⊥e

i(p1⊥r1⊥)+i(p2⊥r2⊥)[tr(U1U
†
2)−Nc] (2.16)
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� ýòî äèïîëüíûé îïåðàòîð â èìïóëüñíîì ïðåäñòàâëåíèè. Ôóíêöèÿ

Φα
0 ≡ Φα

0 (p1⊥, p2⊥) (2.17)

ÿâëÿåòñÿ èìïàêò �àêòîðîì â �Ï è ìû ÷àñòî áóäåì îïóñêàòü åå àðãóìåíòû äëÿ

êðàòêîñòè. Åå êîìïîíåíòû èìåþò âèä (2.18-2.19), ãäå x ≡ xq è x̄ = 1− x = xq̄ :

Φ+
0 = −

p+γ
p−γ

Φ−
0 =

2xx̄p+γ
~p 2
q1 + xx̄Q2

(upqγ
+vpq̄), (2.18)

Φi
0 =

upq((1− 2x)piq1⊥ + 1
2[p̂q1⊥, γ

i])γ+vpq̄
~p 2
q1 + xx̄Q2

. (2.19)

Ïåðâîå ðàâåíñòâî â (2.18) âûïîëíÿåòñÿ â ñëåäñòâèå êàëèáðîâî÷íîé èíâàðèàíò-

íîñòè ïî �îòîíó, ÷òî ïîçâîëÿåò íàì íå âû÷èñëÿòü

−
êîìïîíåíòó èìïàêò �àê-

òîðà.

2.2.2 Èìïàêò �àêòîð â Ñ�Ï

Â Ñ�Ï ìàòðè÷íûé ýëåìåíò, îáîáùàþùèé (2.15), ìîæíî ðàçáèòü íà äâà

÷ëåíà ïðè ðàçëè÷íûõ ñòðóêòóðàõ âèëüñîíîâñêèõ ëèíèé

T α1 = αs
Γ(1− ǫ)

(4π)1+ǫ

∫

ddp1⊥d
dp2⊥

×
{

δ(pq1⊥ + pq̄2⊥ − pγ⊥)Φ
α
1

N2
c − 1

Nc
[tr(U1U

†
2)−Nc](p1⊥, p2⊥)

+

∫

ddp3⊥
(2π)d

δ(pq1 + pq̄2 − pγ⊥ − p3⊥)Φ
α
2

× [tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)](p1⊥, p2⊥, p3⊥)

}

. (2.20)

Âèëüñîíîâñêèå îïåðàòîðû îïðåäåëåíû â (2.11) è (2.16), çàâèñèìîñòü êîí-

ñòàíòû ñâÿçè îò ìàñøòàáà ðåãóëÿðèçàöèè (2.8) âêëþ÷åíà â îïðåäåëåíèå Φα
1 è

Φα
2 .

Âñåãî åñòü 8 îäíîïåòëåâûõ äèàãðàìì, äàþùèõ âêëàä â T1. Ïÿòü èç íèõ

ïðåäñòàâëåíû íà �èñóíêå 5. Îñòàëüíûå ïîëó÷àþòñÿ èç äèàãðàìì 3, 5 è 6 çà-

ìåíîé pq ↔ pq̄, ūq ↔ vq̄, p1 ↔ p2 è îáðàòíûì ïîðÿäêîì γ ìàòðèö, ÷òî ìû
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→ pγ

↑ p2

↑ p1

2 4

−pq̄

pq

3

→ pγ

ւ p3

↑ p1

5
↓ p2

6

�èñ. 5: Îäíîïåòëåâûå äèàãðàììû äëÿ ïåðåõîäà γ∗ → qq̄. Èìïóëüñû p1, p2 è p3

ïåðåòåêàþò îò óäàðíîé âîëíû ê êâàðêó, àíòèêâàðêó è ãëþîíó.

îáîçíà÷àåì (q ↔ q̄). Äèàãðàììû 2, 3 è 4 äàþò âêëàä òîëüêî â Φ1, à äèàãðàììû

5 è 6 â îáå ÷àñòè èìïàêò �àêòîðà Φ1 è Φ2. Äåéñòâèòåëüíî, ïîñëå ïðîåêòèðîâà-

íèÿ íà öâåòîâîé ñèíãëåò è âû÷èòàíèÿ íåâçàèìîäåéñòâóþùåé ÷àñòè âèäíî, ÷òî

äèàãðàììû 2, 3 è 4 ïðîïîðöèîíàëüíû tr(U1U
†
2)−Nc, à äèàãðàììû 5 è 6 çàâèñÿò

îò îïåðàòîðà, ïðåîáðàçîâàíèå Ôóðüå êîòîðîãî èìååò âèä

tr(taU1t
bU †

2)U
ab
3 − N2

c − 1

2
=

1

2
[tr(U1U

†
3)tr(U3U

†
2)−Nctr(U1U

†
2)]

+
N2
c − 1

2Nc
[tr(U1U

†
2)−Nc]. (2.21)

Äëÿ âû÷èñëåíèÿ èìïàêò �àêòîðà â Ñ�Ï íåîáõîäèìî èñïîëüçîâàòü âíåøíèå ëè-

íèè è ïðîïàãàòîðû â ïîëå óäàðíîé âîëíû, ïðèâåäåííûå â ðàçäåëàõ 1.1�1.2. Ïðè

ýòîì ðàñõîäèìîñòè ïî ïîïåðå÷íûì èìïóëüñàì ðåãóëÿðèçóþòñÿ ñ ïîìîùüþ ðàç-

ìåðíîñòíîé ðåãóëÿðèçàöèè â ïðîñòðàíñòâå d = D−2, à ðàñõîäèìîñòè ïî +
êîì-

ïîíåíòå èìïóëüñà � îáðåçàíèåì α. Ïðîöåäóðà âû÷èñëåíèÿ òàêîâà: ñíà÷àëà ìû

èíòåãðèðóåì ïî

−
è ïîïåðå÷íûì êîìïîíåíòàì êîîðäèíàò âåðøèí â äèàãðàììå,
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÷òî äàåò çàêîíû ñîõðàíåíèÿ

+
è ïîïåðå÷íûõ êîìïîíåíò èìïóëüñà. Çàòåì èí-

òåãðèðóåì ïî

+
è ïîïåðå÷íûì êîìïîíåíòàì èìïóëüñîâ ñ ïîìîùüþ δ �óíêöèé.

Äàëåå èíòåãðèðóåì ïî

−
êîìïîíåíòå ïåòëåâîãî èìïóëüñà ñ ïîìîùüþ âû÷åòîâ.

Ïîñëåäíèé èíòåãðàë ïî äîëå

+
êîìïîíåíòû ïåòëåâîãî èìïóëüñà ãëþîíà z =

p+g
p+γ

ðàñêëàäûâàåòñÿ íà 2 ÷àñòè

∫ z0

α

dz φ(z) ≃
∫ z0

α

dz φ0(z) +

∫ z0

0

dz [φ(z)− φ0(z)]

≡
∫ z0

α

dz φ0(z) +

∫ z0

0

dz [φ(z)]+ , (2.22)

ãäå â ÿâíîì âèäå âûäåëÿåòñÿ φ0 � êîíå÷íàÿ ÷àñòü φ, òàê ÷òî φ(z) = φ0(z) +

O(ln z) ïðè z → 0. Â ÷àñòè äèàãðàìì êîíå÷íàÿ ÷àñòü îñòàâëåíà â âèäå îäíîìåð-

íîãî ñõîäÿùåãîñÿ èíòåãðàëà. �àñõîäÿùàÿñÿ ïî z ÷àñòü âñåõ äèàãðàìì (ïåðâûé

÷ëåí âî âòîðîé ñòðîêå (2.22)) èíòåãðèðóåòñÿ ïîëíîñòüþ.

Èìïàêò �àêòîð Φ2, îòâå÷àþùèé äâîéíîìó äèïîëþ Äëÿ óäîáñòâà çäåñü

ïðèâåäåíû ðàñõîäÿùèåñÿ ÷àñòè äèàãðàìì íà �èñóíêå 5. Êîíå÷íûå ÷àñòè íàõî-

äÿòñÿ â ïðèëîæåíèè Ä.

Âêëàä äèàãðàììû 5 â Φ2, ñ ó÷åòîì ñèììåòðèçàöèè ïî (q ↔ q̄) òàêîé:

Φ+
2 |5 =2p+γ (ūpqγ

+vpq̄)
xx̄(~p3

2 − ~p 2
q̄2 − ~pq1

2 − 2xx̄Q2)

(~p 2
q̄2 + xx̄Q2) ( ~pq12 + xx̄Q2)− xx̄Q2~p32

× ln
(xx̄

α2

)

ln

(

(~p 2
q̄2 + xx̄Q2)

(

~pq1
2 + xx̄Q2

)

xx̄Q2~p32

)

+ (ūpqC
5
2‖vpq̄) (2.23)

äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî �îòîíà è òàêîé

Φi
2|5 = ln

(xx̄

α2

)

{

upq(p
i
q1⊥(1− 2x) +

1

2
[p̂q1⊥, γ

i
⊥])γ

+vpq̄

×
[

1

~pq1
2 ln

(

~pq1
2 + xx̄Q2

xx̄Q2

)

−
~p 2
q̄2 + xx̄Q2

(

~pq1
2 + xx̄Q2

)

(~p 2
q̄2 + xx̄Q2)− xx̄Q2~p3

2

× ln

(

(

~pq1
2 + xx̄Q2

) (

~p 2
q̄2 + xx̄Q2

)

xx̄Q2~p32

)]

+ (q ↔ q̄)

}

+ ūpqC
5i
2⊥vpq̄ (2.24)
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äëÿ ïîïåðå÷íî ïîëÿðèçîâàííîãî �îòîíà. Âêëàä äèàãðàììû 6

Φ+
2 |6 = −

(

xx̄p+γ (ūpqγ
+vpq̄)

Q2 + xx̄~p 2
q1

[

4 ln
( x̄

α

)

(

1

ǫ
+ ln

(

~p3
2

µ2

))

− 3

ǫ

]

+ (q ↔ q̄)

)

+ ūpqC
6
2‖vpq̄ (2.25)

äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî �îòîíà è

Φi
2|6 = −

(

upq(p
i
q1⊥(1− 2x) + 1

2 [p̂q1⊥, γ
i
⊥])γ

+vpq̄
Q2 + xx̄~p 2

q1

×
[

2 ln
( x̄

α

)

(

1

ǫ
+ ln

(

~p3
2

µ2

))

− 3

2ǫ

]

+ (q ↔ q̄)

)

+ ūpqC
6i
2⊥vpq̄ (2.26)

äëÿ ïîïåðå÷íî ïîëÿðèçîâàííîãî �îòîíà.

Â ýòèõ âûðàæåíèÿõ �óíêöèè C íå ñîäåðæàò ðàñõîäèìîñòåé. Ñèíãóëÿð-

íûå ÷àñòè ñîäåðæàò ðàñõîäèìîñòü ïî áûñòðîòå â âèäå lnα. Ýòè ÷ëåíû äîëæíû

áûòü ïîãëîùåíû â ïåðåíîðìèðîâàííûå Âèëüñîíîâñêèå ëèíèè ñ ïîìîùüþ óðàâ-

íåíèÿ ÁÊ. Äåéñòâèòåëüíî, â �Ï (2.15) âèëüñîíîâñêèå ëèíèè îïðåäåëåíû ïðè

áûñòðîòå lnα. Ïîýòîìó íåîáõîäèìî èñïîëüçîâàòü óðàâíåíèå ÁÊ, ÷òîáû íàéòè

èõ íà ìàñøòàáå eη ïðè íà÷àëüíûõ óñëîâèÿõ íà ìàñøòàáå α, òàê ÷òî

U(x, eη) = U(x, α) +

∫ eη

α

dρ

(

∂U(x, ρ)

∂ρ

)

. (2.27)

Òàê êàê ïðàâàÿ ÷àñòü óðàâíåíèÿ ÁÊ ∼ αs ìîæíî çàìåíèòü U(x, α) íà U(x, e
η)

â ñâåðòêå âèëüñîíîâñêîãî îïåðàòîðà è Ñ�Ï ïîïðàâêè ê èìïàêò �àêòîðó.

Ïîäñòàâëÿÿ (2.27) â (2.15) è èñïîëüçóÿ óðàâíåíèå ÁÊ (2.10), ìû ïîëó÷àåì

äâàæäû äèïîëüíûé îïåðàòîð èç äèïîëüíîãî îïåðàòîðà:

〈T α0 〉η =
∫

ddp1⊥d
dp2⊥δ(pq1⊥ + pq̄2⊥ − pγ⊥)Φ

α
0 (p1⊥, p2⊥)

× ln(
eη

α
)δ(k1⊥ + k2⊥ + k3⊥ − p1⊥ − p2⊥)2αsµ

2−d
∫

ddk1⊥ddk2⊥ddk3⊥
(2π)2d

×
[

−2(k1⊥ − p1⊥)(k2⊥ − p2⊥)

(k1 − p1)2⊥(k2 − p2)2⊥

+
π

d
2Γ(1− d

2)Γ(
d
2)

2

Γ(d− 1)

(

δ(k2⊥ − p2⊥)

(−(k1 − p1)2⊥)
1− d

2

+
δ(k1⊥ − p1⊥)

(−(k2 − p2)2⊥)
1− d

2

)]

× [tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)](k1⊥,k2⊥, k3⊥). (2.28)
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Ïîñëå èíòåãðèðîâàíèÿ ïî p2⊥ è çàìåíû ïåðåìåííûõ èìååì

〈T α0 〉η =
∫

ddp1⊥ddp2⊥ddp3⊥
(2π)d

δ(pq1⊥ + pq̄2⊥ − p3⊥ − pγ⊥)

× ln(
eη

α
)2αsµ

2−d
∫

ddp⊥
(2π)d

Φα
0 (p1⊥ + p⊥, p2⊥ + p3⊥ − p⊥)

×
[

2(p⊥(p⊥ − p3⊥))

p2⊥(p− p3)2⊥
+
π

d
2Γ(1− d

2)Γ(
d
2)

2

Γ(d− 1)

(

δ(p⊥ − p3⊥)

(−p2⊥)1−
d
2

+
δ(p⊥)

(−(p− p3)2⊥)
1− d

2

)]

× [tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)](p1⊥,p2⊥, p3⊥). (2.29)

Èíòåãðèðóÿ ïî p⊥, ïîëó÷àåì ñëåäóþùèå âû÷èòàòåëüíûå âêëàäû

Φ+
BK (p1⊥, p2⊥, p3⊥) = −4xx̄p+γ (ūpqγ

+vpq̄) ln

(

eη

α

)

×
[

(

ln

(

~p 2
3

µ2

)

+
1

ǫ

)

(

−1

~p 2
q1 + xx̄Q2

+
−1

~p 2
q̄2 + xx̄Q2

)

+
~p 2
3 − ~p 2

q1 − ~p 2
q̄2 − 2xx̄Q2

(~p 2
q1 + xx̄Q2)(~p 2

q̄2
+ xx̄Q2)− xx̄~p 2

3 Q
2

× ln

(

(~p 2
q1 + xx̄Q2)(~p 2

q̄2 + xx̄Q2)

xx̄~p 2
3 Q

2

)]

(2.30)

äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî �îòîíà è

Φi
BK = −2 ln

(

eη

α

){

ūpq

(

(1− 2x)piq1⊥ +
1

2
[p̂q1⊥, γ

i
⊥]

)

γ+vpq̄

×
[

−1

~p 2
q1 + xx̄Q2

(

ln

(

~p 2
3

µ2

)

+
1

ǫ

)

+
1

~p 2
q1

ln

(

~p 2
q1 + xx̄Q2

xx̄Q2

)

−
~p 2
q̄2 + xx̄Q2

(~p 2
q1 + xx̄Q2)(~p 2

q̄2 + xx̄Q2)− xx̄~p 2
3 Q

2

× ln

(

(~p 2
q1 + xx̄Q2)(~p 2

q̄2 + xx̄Q2)

xx̄~p 2
3 Q

2

)]

+ (q ↔ q̄)

}

(2.31)

äëÿ ïîïåðå÷íî ïîëÿðèçîâàííîãî �îòîíà.

Â ñóììå ñ âêëàäàìè äèàãðàìì 5 è 6, ïðèâåäåííûìè âûøå, âû÷èòàòåëüíûå

âêëàäû ñîêðàùàþò ðàñõîäèìîñòè ïî áûñòðîòå lnα, è ìû ïîëó÷àåì ÷àñòü èìïàêò
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�àêòîðà, îòíîñÿùóþñÿ ê äâàæäû äèïîëüíîìó îïåðàòîðó, â âèäå Φ′
2 = Φ2+ΦBK:

Φ′+
2 = 2p+γ (ūpqγ

+vpq̄)

{

xx̄(~p3
2 − ~p 2

q̄2 − ~pq1
2 − 2xx̄Q2)

(~p 2
q̄2 + xx̄Q2)

(

~pq1
2 + xx̄Q2

)

− xx̄Q2~p32

× ln
(xx̄

e2η

)

ln

(

(~p 2
q̄2 + xx̄Q2)

(

~pq1
2 + xx̄Q2

)

xx̄Q2~p32

)

−
(

xx̄

Q2 + xx̄~p 2
q1

[

2 ln
( x̄

eη

)

(

1

ǫ
+ ln

(

~p3
2

µ2

))

− 3

2ǫ

]

+ (q ↔ q̄)

)}

+ ūpq(C
5
2‖ + C6

2‖)vpq̄ (2.32)

äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî �îòîíà è

Φ′i
2 =

{

upq(p
i
q1⊥(1− 2x) +

1

2
[p̂q1⊥, γ

i
⊥])γ

+vpq̄

(

−1

Q2 + xx̄~p 2
q1

×
[

2 ln
( x̄

eη

)

(

1

ǫ
+ ln

(

~p3
2

µ2

))

− 3

2ǫ

]

+ ln
(xx̄

e2η

)

×
[

1

~pq1
2 ln

(

~pq1
2 + xx̄Q2

xx̄Q2

)

−
~p 2
q̄2 + xx̄Q2

(

~p 2
q1 + xx̄Q2

)

(~p 2
q̄2 + xx̄Q2 − xx̄Q2~p3

2)

× ln

(

(

~p 2
q1 + xx̄Q2

) (

~p 2
q̄2 + xx̄Q2

)

xx̄Q2~p32

)])

+ (q ↔ q̄)

}

+ ūpq(C
5i
2⊥ + C6i

2⊥)vpq̄

(2.33)

äëÿ ïîïåðå÷íî ïîëÿðèçîâàííîãî �îòîíà.

Òåì íå ìåíåå ýòè âûðàæåíèÿ ñîäåðæàò ÷ëåíû ∼ 1
ǫ
, õîòÿ ïî ïîñòðîåíèþ

íå äîëæíû èìåòü íè èí�ðàêðàñíûõ (ÈÊ), íè ÓÔ ðàñõîäèìîñòåé, íè ñèíãó-

ëÿðíîñòåé ïî áûñòðîòå. Ýòî �èêòèâíûå ÓÔ ïîëþñà, êîòîðûå âîçíèêàþò óæå â

èìïóëüñíîì ïðåäñòàâëåíèè óðàâíåíèÿ ÁÊ (2.10). Îíè ïîÿâëÿþòñÿ ïðè ïðåîá-

ðàçîâàíèè Ôóðüå âèëüñîíîâñêîãî îïåðàòîðà (2.11) â èìïóëüñíîå ïðåäñòàâëåíèå,

òàê êàê ïðè ýòîì íå ó÷èòûâàåòñÿ, ÷òî îí ðàâåí 0 ïðè r3 = r2 è r3 = r1. Ýòî

ñâîéñòâî ïðîÿâëÿåòñÿ â ñâåðòêàõ (2.11), óíè÷òîæàÿ âñå �èêòèâíûå ðàñõîäèìî-

ñòè. Äåéñòâèòåëüíî, ðàñõîäÿùèåñÿ ÷ëåíû çàâèñÿò òîëüêî îò ~p1 è íåçàâèñèìû

îò ~p3 è ~p2 (ñ òî÷íîñòüþ äî ïåðåñòàíîâêè (1↔2)). Çàïèñûâàÿ ýòè ÷ëåíû â âèäå
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F (p1⊥) è ñâîðà÷èâàÿ èõ â ñîîòâåòñòâèå ñ (2.20), èìååì
∫

ddp1⊥d
dp2⊥d

dp3⊥δ(pq1 + pq̄2 − pγ⊥ − p3⊥)F (p1⊥)

× [tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)](p1⊥,p2⊥, p3⊥)

=

∫

ddp1⊥d
dp3⊥d

dr1⊥d
dr2⊥d

dr3⊥

× F (p1⊥) e
i(r1⊥p1⊥)+ir2⊥(pq1⊥+pq̄γ⊥)+i(p3⊥r32⊥)[tr(U1U

†
3)tr(U3U

†
2)−Nctr(U1U

†
2)]

∼
∫

ddp1⊥d
dr1⊥d

dr2⊥F (p1⊥) e
i(r1⊥p1⊥)+ir2⊥(pq1⊥+pq̄γ⊥)

×
∫

ddr3⊥δ(r32⊥)[tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)] = 0. (2.34)

Òàêèì îáðàçîì �èêòèâíî ðàñõîäÿùèéñÿ ÷ëåí

F (p1⊥) =
xx̄

Q2 + xx̄~p 2
q1

[

2 ln
( x̄

eη

) 1

ǫ
− 3

2ǫ

]

(2.35)

íå äàåò âêëàäà â íàáëþäàåìûå è ìîæåò áûòü îòáðîøåí.

Â ðåçóëüòàòå ïîëó÷àåì

Φ′+
2 = 2p+γ (ūpqγ

+vpq̄)

{

xx̄(~p3
2 − ~p 2

q̄2 − ~pq1
2 − 2xx̄Q2)

(~p 2
q̄2 + xx̄Q2)

(

~pq1
2 + xx̄Q2

)

− xx̄Q2~p32

× ln
(xx̄

e2η

)

ln

(

(~p 2
q̄2 + xx̄Q2)

(

~pq1
2 + xx̄Q2

)

xx̄Q2~p32

)

+

(

−2xx̄

Q2 + xx̄~p 2
q1

ln
( x̄

eη

)

ln

(

~p3
2

µ2

)

+ (q ↔ q̄)

)}

+ ūpq(C
5
2‖ + C6

2‖)vpq̄, (2.36)

Φ′i
2 =

{

upq(p
i
q1⊥(1− 2x) +

1

2
[p̂q1⊥, γ

i
⊥])γ

+vpq̄

(

−2

Q2 + xx̄~p 2
q1

ln
( x̄

eη

)

ln

(

~p3
2

µ2

)

+ ln
(xx̄

e2η

)





ln
(

~pq1
2+xx̄Q2

xx̄Q2

)

~pq1
2 −

~p 2
q̄2 + xx̄Q2

(

~p 2
q1 + xx̄Q2

)

(~p 2
q̄2 + xx̄Q2)− xx̄Q2~p3

2

× ln

(

(

~p 2
q1 + xx̄Q2

) (

~p 2
q̄2 + xx̄Q2

)

xx̄Q2~p32

)])

+ (q ↔ q̄)

}

+ ūpq(C
5i
2⊥ + C6i

2⊥)vpq̄.

(2.37)
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Èìïàêò �àêòîð Φ1, îòâå÷àþùèé äèïîëþ Âêëàä äèàãðàìì 2, 3 è äèà-

ãðàììû, ïîëó÷àþùåéñÿ èç 3 çàìåíîé (q ↔ q̄), èìååò âèä

Φ+
1 |23 = −

p+γ
p−γ

Φ−
1 |23 =

xx̄p+γ (upqγ
+vpq̄)

~p 2
q1 + xx̄Q2

×
[

(

2 ln
(xx̄

α2

)

− 3
)

(

ln

(

(

~p 2
q1 + xx̄Q2

)2

xx̄µ2Q2

)

+
1

ǫ

)

+ ln2
(x̄

x

)

− π2

3
+ 6

]

(2.38)

äëÿ ïðîäîëüíîãî �îòîíà è

Φi
1|23 =

upq((1− 2x)piq1⊥ + 1
2
[p̂q1⊥, γi⊥])γ

+vpq̄
2(~p 2

q1 + xx̄Q2)

{(

2 ln
(xx̄

α2

)

− 3
)

×
(

ln

(

~p 2
q1 + xx̄Q2

µ2

)

+
xx̄Q2

~p 2
q1

ln

(

xx̄Q2

~p 2
q1 + xx̄Q2

)

+
1

ǫ

)

+ ln2
( x̄

x

)

− π2

3
+ 6

}

(2.39)

äëÿ ïîïåðå÷íîãî �îòîíà. Ýòè äèàãðàììû â ñóììå êàëèáðîâî÷íî èíâàðèàíòíû

ïî �îòîíó. Îíè íåïîñðåäñòâåííî ñâÿçàíû ñ âîëíîâîé �óíêöèåé �îòîíà.

Âêëàä äèàãðàììû 4

Φ+
1 |4 =

xx̄p+γ (upqγ
+vpq̄)

~p 2
q1 + xx̄Q2

{

ln2
(xx̄

α2

)

− ln2
(x̄

x

)

+ 2 ln
(xx̄

α2

)

(

ln

(

(

~p 2
q1 + xx̄Q2

)2

Q2(x~pq̄ − x̄~pq)2

)

+ iπ

)}

+ upqC
4
‖vpq̄ (2.40)

äëÿ ïðîäîëüíîãî �îòîíà è

Φi
1|4 =

upq((1− 2x)piq1⊥ + 1
2 [p̂q1⊥, γ

i
⊥])γ

+vpq̄
~p 2
q1 + xx̄Q2

{

1

2
ln2
(xx̄

α2

)

− 1

2
ln2
(x̄

x

)

+ ln
(xx̄

α2

)

(

Q2xx̄

~p 2
q1

ln

(

xx̄Q2

~p 2
q1 + xx̄Q2

)

+ ln

(

xx̄
(

~p 2
q1 + xx̄Q2

)

(x~pq̄ − x̄~pq)2

)

+ iπ

)}

+ upqC
4i
⊥ vpq̄ (2.41)

äëÿ ïîïåðå÷íîãî �îòîíà.
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Âêëàä äèàãðàììû 5

Φ+
1 |5 =

xx̄p+γ (ūpqγ
+vpq̄)

~p 2
q1 + xx̄Q2

(

2 ln
(xx̄

α2

)

ln

(

xx̄Q4

(

~p 2
q1 + xx̄Q2

)2

)

− ln2
(xx̄

α2

)

+ ln2
(x̄

x

))

+ ūpqC
5
1‖vpq̄ , (2.42)

äëÿ ïðîäîëüíîãî �îòîíà è

Φi
1|5 = −

upq((1− 2x)piq1⊥ + 1
2[p̂q1⊥, γ

i
⊥])γ

+vpq̄
~p 2
q1 + xx̄Q2

(

1

2
ln2
(xx̄

α2

)

− 1

2
ln2
( x̄

x

)

+ ln
(xx̄

α2

)

[

2xx̄Q2

~p 2
q1

ln

(

xx̄Q2

~p 2
q1 + xx̄Q2

)

+ ln(xx̄)

])

+ ūpqC
5i
1⊥vpq̄ , (2.43)

äëÿ ïîïåðå÷íîãî �îòîíà.

Âêëàä äèàãðàììû 6

Φ+
1 |6 =−

xx̄p+γ (ūpqγ
+vpq̄)

Q2 + xx̄~p 2
q1

(

ln
(xx̄

α2

)

[

4

ǫ
− 2 ln

(

xx̄µ4

(~p 2
q1 + xx̄Q2)2

)]

− ln2
(xx̄

α2

)

+ ln2
( x̄

x

)

− 6

ǫ

)

+ ūpqC
6
1‖vpq̄ , (2.44)

äëÿ ïðîäîëüíîãî �îòîíà è

Φi
1|6 =−

upq((1− 2x)piq1⊥ + 1
2[p̂q1⊥, γ

i
⊥])γ

+vpq̄
xx̄Q2 + ~p 2

q1

(

1

2
ln2
(x̄

x

)

− 1

2
ln2
(xx̄

α2

)

+ ln
(xx̄

α2

)

[

ln

(

(

~p 2
q1 + xx̄Q2

)2

xx̄µ4

)

+
2

ǫ

]

− 3

ǫ

)

+ ūpqC
6i
1⊥vpq̄ , (2.45)

äëÿ ïîïåðå÷íîãî �îòîíà.

Ôóíêöèè C íå ñîäåðæàò ðàñõîäèìîñòåé.Îíè ïðèâåäåíû íèæå. Ñóììà âñåõ

âêëàäîâ èìååò âèä

Φα
1 =

SV
2
Φα

0 + Φα
1R , (2.46)

ãäå ñèíãóëÿðíûé ÷ëåí

SV
2

=

[

ln
(xx̄

α2

)

− 3

2

] [

ln

(

xx̄µ2

(x~pq̄ − x̄~pq)2

)

− 1

ǫ

]

+ iπ ln
(xx̄

α2

)

+
1

2
ln2
(xx̄

α2

)

− π2

6
+ 3 , (2.47)
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è ðåãóëÿðíûé ÷ëåí

Φ+
1R =

3

2
Φ+

0 ln

(

x2x̄2µ4Q2

(x~pq̄ − x̄~pq)2
(

~p 2
q1 + xx̄Q2

)2

)

+ ūpq(C
4
‖ + C5

1‖ + C6
1‖)vpq̄ , (2.48)

è

Φi
1R =

3

2
Φi

0

[

ln

(

xx̄µ4

(x~pq̄ − x̄~pq)2( ~pq1
2 + xx̄Q2)

)

− xx̄Q2

~p 2
q1

ln

(

xx̄Q2

~p 2
q1 + xx̄Q2

)]

+ ūpq(C
4i
⊥ + C5i

1⊥ + C6i
1⊥)vpq̄ . (2.49)

Çàìåòèì, ÷òî âêëàä iπ ln
(

xx̄
α2

)

íèêîãäà íå ðàáîòàåò, òàê êàê â ñå÷åíèè

SV

2 âñåãäà

âõîäèò â êîìáèíàöèè

1
2(SV + S∗

V ).

Ëåãêî ïðîâåðèòü, ÷òî äëÿ äèàãðàìì 5 è 6 äëÿ ëþáîé ïîëÿðèçàöèè �îòîíà,

C1 = C2|~p3=~0 . (2.50)

Ïîýòîìó â äàëüíåéøåì ìû ïðèâåäåì âûðàæåíèÿ òîëüêî äëÿ C2 â ðàçäåëå 2.5.

2.3 Èìïàêò �àêòîð ïåðåõîäà γ∗ → qq̄g

Ìàòðè÷íûé ýëåìåíò ýëåêòðîìàãíèòíîãî òîêà â ïîëå óäàðíîé âîëíû èìååò

âèä

M̃ ′α=−ieq
∫

dDy0
e−i(pγ ·y0)
√

2p+γ

√

2

N2
c − 1

(tr)nl

× 〈0|T (blpq̄(apq)nc
r
pg
ψ (y0) γ

αψ (y0) e
i
∫

Li(z)dz)|0〉sw, (2.51)

ãäå c � ýòî îïåðàòîð óíè÷òîæåíèÿ ãëþîíà, îïåðàòîð

√

2
N2

c−1(t
r)nl âûäåëÿåò öâå-

òîâîé ñèíãëåò. Îáîçíà÷èì èìïóëüñ èçëó÷åííîãî ãëþîíà

pµg = zp+γ n
µ
1 +

−p2g⊥
2zp+γ

nµ2 + pµg⊥. (2.52)

Ìû áóäåì ðàáîòàòü ñ ìàòðè÷íûì ýëåìåíòîì T̃ ′α

M̃ ′α =
−ieq
√

2p+γ

√

2

N2
c − 1

−iδ(p+q + p+q̄ + p+g − p+γ )

(2π)D−3
√

2p+q̄
√

2p+q
√

2p+g

T̃ ′α, (2.53)
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êîòîðûé ïîñëå âû÷èòàíèÿ íåâçàèìîäåéñòâóþùåé ÷àñòè ìîæíî ïàðàìåòðèçîâàòü

òàê

T ′α = gµ−ǫ
∫

ddp1⊥d
dp2⊥

{

δ(pq1⊥ + pq̄2⊥ + pgγ⊥)Φ
α
3

N2
c − 1

Nc

× [tr(U1U
†
2)−Nc](p1⊥, p2⊥) +

∫

ddp3⊥
(2π)d

δ(pq1⊥ + pq̄2⊥ + pgγ⊥ − p3⊥)Φ
α
4

× [tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2)](p1⊥,p2⊥, p3⊥)

}

. (2.54)

Âêëàä â T ′
äàþò 4 äèàãðàììû, äâå èç êîòîðûõ èçîáðàæåíû íà �èñóíêå 6,

îñòàëüíûå ïîëó÷àþòñÿ çàìåíîé pq ↔ pq̄, ūq ↔ vq̄, p1 ↔ p2 è îáðàùåíèåì ïîðÿä-

êà γ ìàòðèö, ÷òî ìû îáîçíà÷àåì (q ↔ q̄).

Âûðàæåíèÿ äëÿ èìïàêò �àêòîðîâ âD-ìåðíîì ïðîñòðàíñòâå äëÿ ïðîäîëü-

íîãî �îòîíà èìåþò âèä

Φ+
4 =

p+γ upq[2xqg
µν
⊥ + z(γν⊥γ

µ
⊥)]γ

+vpq̄ε
∗
g⊥µ(zpq1ν⊥ − xqpg3ν⊥)

xqz(xq + z)
(

Q2 +
~p 2
q̄2

xq̄(1−x̄)

)(

Q2 +
~p 2
q1

xq
+

~p 2
q̄2

xq̄
+

~p 2
g3

z

) − (q ↔ q̄) , (2.55)

Φ+
3 = Φ+

4 |p3=0 +



−
zp+γ upq ε̂

∗
g(p̂q + p̂g)γ

+vpq̄

xq(~pg − z
xq
~pq)2

(

Q2 +
~p 2
q̄2

xq̄(xq+z)

) − (q ↔ q̄)



 . (2.56)

8

→ pγ

lւ p3

↑ p1

7

y1 pq

−pq̄

y0

↓ p2

�èñ. 6: Äèàãðàììû äëÿ èìïàêò �àêòîðà ïåðåõîäà γ∗ → qq̄g. Èìïóëüñû p1, p2 è

p3 ïåðåäàþòñÿ îò óäàðíîé âîëíû êâàðêó, àíòèêâàðêó è ãëþîíó.
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Äëÿ ïîïåðå÷íîãî �îòîíà

Φi
4⊥ =

ǫ∗g⊥µūpqγ
+

2xqx̄q (xq + z)
(

Q2 +
~p2q̄2

xq̄(1−xq̄)

)(

Q2 +
~p2q1
xq

+
~p2q̄2
xq̄

+
~p2g3
z

)
(2.57)

×
[

xqxq̄Q
2(γµ⊥γ

i
⊥) + (p̂q1⊥γ

µ
⊥γ

i
⊥p̂q̄2⊥) + 4

xq
z
piq̄2⊥(xq̄p

µ
g3⊥ − zpµq̄2⊥)

−2
xq
z
pµg3⊥(γ

i
⊥p̂q̄2⊥) + 2xqp

i
q̄2⊥(p̂q̄2⊥γ

µ
⊥)− 2xq̄p

i
q̄2⊥(p̂q1⊥γ

µ
⊥)
]

vpq̄ − (q ↔ q̄) ,

Φi
3 = Φi

4|p3=0 +



−
zupq ε̂

∗
g(p̂q + p̂g)γ

+(γi⊥p̂q̄2⊥ − 2xq̄p
i
q̄2⊥)vpq̄

2xqxq̄ (1− xq̄) (~pg − z
xq
~pq)2

(

Q2 +
~p 2
q̄2

xq̄(1−xq̄)

) − (q ↔ q̄)



 .

(2.58)

Â êîîðäèíàòíîì ïðåäñòàâëåíèè è â ñïèðàëüíîì áàçèñå ýòè èìïàêò �àêòîðû

áûëè âû÷èñëåíû â [70℄.

2.4 Èìïàêò-�àêòîð ïåðåõîäà γ∗ → VL

Â �Ï àìïëèòóäà ðîæäåíèÿ ìåçîíà ïðåäñòàâèìà â âèäå ìàòðè÷íîãî ýëå-

ìåíòà îïåðàòîðà Aη
LO â îáêëàäêàõ êîíå÷íîãî è íà÷àëüíîãî àäðîííûõ ñîñòîÿíèé.

Ýòîò îïåðàòîð âûðàæàåòñÿ ÷åðåç ñâåðòêó äèïîëüíîãî îïåðàòîðà, æåñòêîé ÷àñòè

Φ0, êîòîðàÿ â ýòîì ðàçäåëå íàçûâàåòñÿ èìïàêò �àêòîðîì, è àìïëèòóäû ðàñïðå-

äåëåíèÿ. Àìïëèòóäà ðàñïðåäåëåíèÿ ϕ òâèñòà 2 äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî

âåêòîðíîãî ìåçîíà VL îïðåäåëÿåòñÿ ñ ïîìîùüþ íåëîêàëüíîãî îïåðàòîðà íà ñâå-

òîâîì êîíóñå, ïåðåíîðìèðîâàííîãî íà ìàñøòàáå µF

〈VL(pV )|Ψ̄(y)γµΨ(0)|0〉y2→0 = fV p
µ
V

∫ 1

0

dx eix(pV ·y) ϕ(x, µF ) , (2.59)

ãäå ìû îïóñòèëè âèëüñîíîâñêóþ ëèíèþ, ñîåäèíÿþùóþ òî÷êè y è 0 íà ñâåòîâîì

êîíóñå, òàê êàê â íàøåé ñâåòîêîíóñíîé êàëèáðîâêå îíà òîæäåñòâåííî ðàâíà 1.

Îïåðàòîð Aη
LO èìååò âèä

Aη
LO ≡ −eV fV εβ

Nc

∫ 1

0

dxϕ (x, µF )

∫

dd~p1

(2π)d
dd~p2

(2π)d
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× (2π)d+1 δ
(

p+V − p+γ
)

δ (~pV − ~pγ − ~p1 − ~p2)

× Φβ
0 (x, ~p1, ~p2)

[

Tr(U η
1U

η†
2 )−Nc

]

(~p1, ~p2) . (2.60)

Çäåñü εβ � ýòî âåêòîð ïîëÿðèçàöèè �îòîíà, fV � êîíñòàíòà ñâÿçè ìåçîíà, ñâÿ-

çàííàÿ ñ ðàñïàäîì íà ëåïòîíû, eV � ýëåêòðè÷åñêèé çàðÿä êâàðêà, çàâèñÿùèé

îò �ëåéâîðíîãî ñîñòàâà ìåçîíà. Äëÿ ρ0 îí ðàâåí eV = eu−ed√
2

= e√
2
. Φ0 ïîëó÷àåò-

ñÿ âû÷èñëåíèåì äèàãðàììû 1 íà �èñóíêå 7, èñïîëüçóÿ ý��åêòèâíûå âíåøíèå

ëèíèè â ïîëå óäàðíîé âîëíû, ïðèâåäåííûå â 1.1�1.2.

Íà ïðàêòèêå äëÿ ïîëó÷åíèÿ ïîëíîé �èçè÷åñêîé àìïëèòóäû íåîáõîäèìî

ðåøåíèå óðàâíåíèÿ ÁÊ (JIMWLK) â îáêëàäêàõ êîíå÷íîãî è íà÷àëüíîãî àä-

ðîííûõ ñîñòîÿíèé. Òàê äëÿ ðàññåÿíèÿ íà ïðîòîíå àìïëèòóäà â �ËÏ Aη
LO ≡

〈P ′|Aη
LO|P 〉 âûðàçèòñÿ ÷åðåç ìàòðè÷íûé ýëåìåíò äèïîëüíîãî îïåðàòîðà

〈P ′| [Tr(U η
1U

η†
2 )−Nc] (~p1, ~p2) |P 〉 . (2.61)

Â Ñ�Ï âêëàä òàêæå äàåò îïåðàòîð äâîéíîãî äèïîëÿ è ìîæíî îïðåäåëèòü

îïåðàòîð Aη
NLO

Aη
NLO ≡ −eV fV εβ

Nc

∫ 1

0

dxϕ (x, µF )
αsΓ (1− ǫ)

(4π)1+ǫ

×
∫

dd~p1

(2π)d
dd~p2

(2π)d
dd~p3

(2π)d
(2π)d+1 δ

(

p+V − p+γ
)

δ (~pV − ~pγ − ~p1 − ~p2 − ~p3)

×
{

Φβ
2 (x, ~p1, ~p2, ~p3)

[

Tr(U η†
1 U

η†
3 )Tr(U η†

3 U
η†
2 )−NcTr(U

η
1U

η†
2 )
]

(~p1, ~p2, ~p3)

+
N2
c − 1

Nc
Φβ

1(x, ~p1, ~p2)
[

Tr(U η
1U

η†
2 )−Nc

]

(~p1, ~p2) (2π)
d δ (~p3)

}

. (2.62)

ßâíûå âûðàæåíèÿ äëÿ Φ1 è Φ2 âû÷èñëåíû íèæå (2.73-2.74). Êàê è â �Ï ïðè

ðàññåÿíèè íà ïðîòîíå íåîáõîäèìî òàêæå âû÷èñëèòü ìàòðè÷íûé ýëåìåíò

〈P ′|[Tr(U η†
1 U

η†
3 )Tr(U η†

3 U
η†
2 )−NcTr(U

η
1U

η†
2 )] (~p1, ~p2, ~p3) |P 〉 . (2.63)

Äëÿ ïîñòðîåíèÿ ñå÷åíèé íåîáõîäèìî ñâåðíóòü Φ1 è Φ2 ñ ìàòðè÷íûìè ýëåìåí-

òàìè (2.61, 2.63), ïîëó÷åííûìè êàê ðåøåíèÿ JIMWLK â Ñ�Ï ñ íà÷àëüíûìè
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1 2

654

3

�èñ. 7: Âêëàäû â èìïàêò �àêòîð ïåðåõîäà γ∗ → VL. Ñåðûé ýëëèïñ îáîçíà÷à-

åò óäàðíóþ âîëíó, áåëûé � àìïëèòóäó ðàñïðåäåëåíèÿ ðîæäåííîãî âåêòîðíîãî

ìåçîíà.

óñëîâèÿìè ïðè áûñòðîòå η0 ñ p
+
target = eη0p+γ . Ïðè ýòîì

η − η0 = ln
s

s0
, (2.64)

ãäå s0 ∼ p+target p
−
target ≪ s � ýòî òèïè÷íûé ìàñøòàá ìèøåíè.

Â (2.62) â Φ2 äàþò âêëàä äèàãðàììû 5 è 6 (è äèàãðàììû â êîòîðûå îíè

ïåðåõîäÿò ïðè çàìåíå q ↔ q̄ ) ñ ~p3 6= ~0, ñì. �èñóíîê 7. Φ1 � ýòî ñóììà âêëàäà

ýòèõ äèàãðàìì ïðè ~p3 = ~0 è âêëàäà äèàãðàìì 2, 3 (è äèàãðàìì â êîòîðûå îíè

ïåðåõîäÿò ïðè çàìåíå q ↔ q̄ ) è 4. Ñ ó÷åòîì êàëèáðîâî÷íîé èíâàðèàíòíîñòè ïî

�îòîíó èìååì äëÿ i = 0, 1, 2

εL · Φi =
Q

p+γ
Φ+
i è εT · Φi = ε⊥ · Φi⊥ . (2.65)

Êîëëèíåàðíàÿ ðàñõîäèìîñòü Âû÷èñëåíèå âñåõ äèàãðàìì íà �èñóíêå 7

êðîìå äèàãðàììû 4 ïîëíîñòüþ ïîâòîðÿåò âû÷èñëåíèå èìïàêò �àêòîðà ðîæ-

äåíèÿ qq̄ ïàðû, ïðåäñòàâëåííîå âûøå. Âêëàä äèàãðàììû 4 äëÿ êîëëèíåàðíûõ

êîíå÷íûõ êâàðêà è àíòèêâàðêà ñîäåðæèò äîïîëíèòåëüíóþ êîëëèíåàðíóþ ðàñõî-

äèìîñòü. Åå íåîáõîäèìî ñîêðàòèòü ñ ïîìîùüþ óðàâíåíèÿ ýâîëþöèè Å�ðåìîâà-
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�àäþøêèíà-Áðîäñêîãî-Ëåïàæà (Å�ÁË) äëÿ àìïëèòóäû ðàñïðåäåëåíèÿ ϕ òâè-

ñòà 2. Â ñõåìå MS îíî èìååò âèä

∂ϕ(x, µF)

∂ lnµ2F
=
αsCF
2π

Γ(1− ǫ)

(4π)ǫ

(

µ2F
µ2

)ǫ∫ 1

0

dz ϕ(z, µF )K(x, z), (2.66)

ãäå CF ≡ (N2
c − 1)/(2Nc) � ýòî îïåðàòîð Êàçèìèðà â �óíäàìåíòàëüíîì ïðåä-

ñòàâëåíèè SU(Nc) è K(x, z) � ýòî ÿäðî Å�ÁË [85, 86, 87℄

K(x, z) =
1− x

1− z

(

1 +

[

1

x− z

]

+

)

θ(x− z)

+
x

z

(

1 +

[

1

z − x

]

+

)

θ(z − x) +
3

2
δ(z − x). (2.67)

Çäåñü äëÿ �óíêöèè F (z), êîòîðàÿ âåäåò ñåáÿ êàê F0 + F1 ln(z − z0) ïðè z → z0,

+ ïðåñêðèïöèÿ îïðåäåëåíà òàê

∫ 1

0

dz

[

1

z − z0

]

+

F (z) ≡
∫ 1

0

dz
F (z)− F0 − F1 ln(z − z0)

z − z0
. (2.68)

Èíòåãðèðóÿ àìïëèòóäó ðàñïðåäåëåíèÿ â �Ï îò 0 äî µF , ìû ïîëó÷àåì êîíòð÷ëåí

äëÿ äèïîëüíîãî âêëàäà â Ñ�Ï, êîòîðûé èìååò âèä

Φ̃β
1(x, µF ) = −

∫ 1

0

dzK(z, x)

[

1

ǫ
+ ln

(

µ2F
µ2

)]

Φβ
0(z). (2.69)

�åçóëüòàòû Èìïàêò �àêòîð â �Ï èìååò âèä

Φ+
0 (x) =

2xx̄
(

p+V
)2

(x̄~p1 − x~p2)
2 + xx̄Q2

, Φβ
0⊥(x) =

(x− x̄)p+V (x̄p
β
1⊥ − xpβ2⊥)

(x̄~p1 − x~p2)
2 + xx̄Q2

, (2.70)

ãäå x̄ ≡ 1− x.

Ñóììà äèïîëüíîãî âêëàäà âñåõ äèàãðàìì è êîíòð÷ëåíà (2.69), îïèñû-

âàþùåãî ýâîëþöèþ àìïëèòóäû ðàñïðåäåëåíèÿ ñ ïîìîùüþ óðàâíåíèÿ Å�ÁË,

êîíå÷íà. Îíà èìååò âèä

Φ+
1 (x) =

∫ x

0

dz

(

x− z

x

)

Φ+
0 (x− z)
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×






1 +

(

1 +

[

1

z

]

+

)

ln







(

((x̄+ z)~p1 − (x− z)~p2)
2 + (x− z)(x̄+ z)Q2

)2

µ2F (x− z)(x̄+ z)Q2













+
1

2
Φ+

0 (x)

[

1

2
ln2
(x̄

x

)

+ 3− π2

6
− 3

2
ln

(

(

(x̄~p1 − x~p2)
2 + xx̄Q2

)2

xx̄µ2FQ
2

)]

+

(

p+γ
)2

2xx̄

∫ x

0

dz
[

(φ5)LL |~p3=~0 + (φ6)LL |~p3=~0
]

+
+ (x↔ x̄, ~p1 ↔ ~p2) (2.71)

äëÿ ïðîäîëüíîãî �îòîíà è

Φβ
1⊥ (x) =

1

4

[

ln2
( x̄

x

)

− π2

3
+ 6− 3 ln

(

(x̄~p1 − x~p2)
2 + xx̄Q2

µ2F

)

+ 3
xx̄Q2

(x̄~p1 − x~p2)2
ln

(

(x̄~p1 − x~p2)
2 + xx̄Q2

xx̄Q2

)]

Φβ
0⊥ (x)

+

∫ x

0

dz

(

x− z

x

)

Φβ
0⊥ (x− z)

[

1 +

(

1 +

[

1

z

]

+

)

× ln

(

((x̄+ z) ~p1 − (x− z) ~p2)
2 + (x− z) (x̄+ z)Q2

µ2F

)

−
(

1 +

[

1

z

]

+

)

(x− z) (x̄+ z)Q2

((x̄+ z) ~p1 − (x− z) ~p2)2

× ln

(

((x̄+ z) ~p1 − (x− z) ~p2)
2 + (x− z) (x̄+ z)Q2

(x− z) (x̄ + z)Q2

)]

+
p+γ
2xx̄

∫ x

0

dz
[

(φ5)
β
TL |~p3=~0 + (φ6)

β
TL |~p3=~0

]

+
+ (x↔ x̄, ~p1 ↔ ~p2) (2.72)

äëÿ ïîïåðå÷íîãî �îòîíà. Âåëè÷èíû (φ5,6)LL è (φ5,6)
β
TL ïðèâåäåíû â ïðèëîæåíèè

Ä, ãäå íåîáõîäèìî ïåðåîáîçíà÷èòü èìïóëüñû (~pq, ~pq̄) → (x~pV , x̄~pV ) è µ → µF .

[φ]+ îáîçíà÷àåò êîíå÷íûé ÷ëåí, ïîëó÷àþùèéñÿ ïîñëå ïðèìåíåíèÿ + ïðåñêðèï-

öèè, îïðåäåëåííîé â (2.68), ê ïîëþñó

1
z
â φ. Çàâèñèìîñòü îò ìàñøòàáà ðåãóëÿ-

ðèçàöèè µ ïîëíîñòüþ ñîêðàùàåòñÿ. Ìàñøòàáà ïåðåíîðìèðîâêè òàêæå íåò, òàê

êàê ïîïðàâêè, ñâÿçàííûå ñ áåãîì êîíñòàíòû ñâÿçè, âîçíèêàþò â èìïàêò �àêòîðå

òîëüêî â ñëåäóþùåì ïðèáëèæåíèè.
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Â ðåçóëüòàòå

Φ+
2 = −

xx̄
(

p+γ
)2
(

(x~pV − ~p1)
2 + (x̄~pV − ~p2)

2 − ~p 2
3 + 2xx̄Q2

)

(

(x~pV − ~p1)
2 + xx̄Q2

)(

(x̄~pV − ~p2)
2 + xx̄Q2

)

− xx̄~p 2
3 Q

2

× ln
(xx̄

e2η

)

ln





(

(x~pV − ~p1)
2 + xx̄Q2

)(

(x̄~pV − ~p2)
2 + xx̄Q2

)

xx̄~p 2
3 Q

2





−
4xx̄

(

p+γ
)2

(x~pV − ~p1)
2 + xx̄Q2

ln
( x̄

eη

)

ln

(

~p 2
3

Q2

)

+

(

p+γ
)2

2xx̄

∫ x

0

dz [(φ5)LL + (φ6)LL]+ + (x↔ x̄, ~p1 ↔ ~p2) (2.73)

äëÿ ïðîäîëüíîãî �îòîíà è

Φβ
2⊥ (x) = p+γ (xp

β
V⊥ − pβ1⊥) (x̄− x)





−2 ln
(

~p 2
3

Q2

)

ln
(

x̄
eη

)

(x~pV − ~p1)2 + xx̄Q2

+ ln
(xx̄

e2η

)

[

1

(x~pV − ~p1)2
ln

(

(x~pV − ~p1)
2 + xx̄Q2

xx̄Q2

)

−

(

(x̄~pV − ~p2)
2 + xx̄Q2

)

ln

(

((x~pV −~p1)2+xx̄Q2)((x̄~pV −~p2)2+xx̄Q2)
xx̄~p 2

3 Q
2

)

((x~pV − ~p1)2 + xx̄Q2) ((x̄~pV − ~p2)2 + xx̄Q2)− xx̄~p 2
3 Q

2

















+
p+γ
2xx̄

∫ x

0

dz
[

(φ5)
β
TL + (φ6)

β
TL

]

+
+ (x↔ x̄, ~p1 ↔ ~p2) (2.74)

äëÿ ïîïåðå÷íîãî �îòîíà.

Îáñóæäåíèå ßâíîé ïðîâåðêîé ìîæíî ïîêàçàòü, ÷òî (2.73, 2.74) êîíå÷íû â

ïðåäåëå Q2 = 0 íå ñìîòðÿ íà íàëè÷èå ÷ëåíîâ lnQ2
, êîòîðûå ñîêðàùàþò äðóã

äðóãà.

Óðàâíåíèÿ ýâîëþöèè äëÿ îïåðàòîðîâ âèëüñîíîâñêèõ ëèíèé ñóììèðóþò

âêëàäû αns ln
n 1/x è αns ln

n−1 1/x , ïðè ýòîì íå ó÷òåíû ñòåïåííûå ïîïðàâêè ∼
Λ2/Q2, ãäå Λ � ýòî íåïåðòóðáàòèâíûé ìàñøòàá, õàðàêòåðíûé äëÿ âåêòîðíîãî

ìåçîíà.
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Ïîëó÷åííûå çäåñü ðåçóëüòàòû ñïðàâåäëèâû äëÿ ïðîèçâîëüíîé êèíåìàòè-

êè. Â ïðåäåëå íóëåâîé ïåðåäà÷è èìïóëüñà ïðè ëèíåàðèçàöèè äâàæäû äèïîëü-

íîãî îïåðàòîðà äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî �îòîíà èõ ìîæíî ìîæíî ñðàâ-

íèòü ñ ðåçóëüòàòîì [89℄, ïîëó÷åííûì â ðàìêàõ ïîäõîäà ÁÔÊË. Ýòî ñðàâíåíèå

íåòðèâèàëüíî èç-çà ðàçëè÷íîãî ðàñïðåäåëåíèÿ ðàäèàöèîííûõ ïîïðàâîê ìåæäó

ÿäðîì èìïàêò �àêòîðàìè â ïîäõîäàõ ÁÔÊË è ÂÝÎ�.

Èòàê, çäåñü ïðåäñòàâëåí èìïàêò �àêòîð ïåðåõîäà γ
(∗)
L,T → VL â Ñ�Ï â

ðàìêàõ ÂÝÎ�. Ýòî âû÷èñëåíèå íå òîëüêî ïîçâîëèò äåòàëüíî èçó÷àòü ïðîöåññû

íàñûùåíèÿ ïðè ìàëûõ x, íî è ïîíÿòü ðàçëè÷èÿ â îïèñàíèè �îòîðîæäåíèÿ ìåæ-

äó ÂÝÎ� è ïîäõîäîì, îñíîâàííîì íà ïàðòîííûõ ðàñïðåäåëåíèÿõ, çàâèñÿùèõ îò

ïîïåðå÷íîãî èìïóëüñà (TMD) â îáùåé êèíåìàòè÷åñêîé îáëàñòè.

Ïîëó÷åííûé ðåçóëüòàò, ñâåðíóòûé ñ ðåøåíèÿìè JIMWLK è Å�ÁË â Ñ�-

ËÏ, âïåðâûå ïîçâîëèò ïðîâåñòè ïîëíûé àíàëèç äè�ðàêöèîííîãî �îòîðîæäå-

íèÿ ëåãêîãî ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà â Ñ�ËÏ.

2.5 Ïîñòðîåíèå ñå÷åíèÿ γ∗P → qq̄P ′

Îïðåäåëèì ìàòðè÷íûé ýëåìåíò A3 òàê, ÷òî ñå÷åíèå γ∗P → qq̄P ′
èìååò

âèä

dσ =
1

8s
(2π)Dδ(D)(pγ + p0 − pq − pq̄ − p′0)|A3|2dρ3. (2.75)

Íàì íåîáõîäèìà ïàðàìåòðèçàöèÿ ìàòðè÷íûõ ýëåìåíòîâ âèëüñîíîâñêèõ ëèíèé

â ïîëå ïðîòîíà

〈P ′(p′0)|T (tr(U z⊥
2
U †
− z⊥

2

)−Nc)|P (p0)〉 ≡ 2πδ(p−00′)Fp0⊥p′0⊥(z⊥) ≡ 2πδ(p−00′)F (z⊥),

(2.76)

〈P ′(p′0)|T (tr(U z
2
U †
x)tr(UxU

†
− z

2
)−Nctr(U z

2
U †
− z

2
))|P (p0)〉

≡ 2πδ(p−00′)F̃p0⊥p′0⊥(z⊥, x⊥) ≡ 2πδ(p−00′)F̃ (z⊥, x⊥). (2.77)
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Çäåñü ìû îïóñòèëè p0⊥ è p′0⊥, ÷òîáû íå ïåðåãðóæàòü îáîçíà÷åíèÿ. Òàêæå ìû

èñïîëüçóåì ñëåäóþùóþ íîðìèðîâêó ïðîòîííûõ ñîñòîÿíèé

〈P ′(p′0)|P (p0)〉 = (2π)D−1δ(p−00′)δ
D−2
⊥ (p00′⊥)δsP sP ′ . (2.78)

Ñîîòâåòñòâóþùèå ïðåîáðàçîâàíèÿ Ôóðüå èìåþò âèä

∫

ddz⊥e
i(z⊥·p⊥)F (z⊥) ≡ F(p⊥), (2.79)

∫

ddz⊥d
dx⊥e

i(p⊥·x⊥)+i(z⊥·q⊥)F̃ (z⊥, x⊥) ≡ F̃(q⊥, p⊥). (2.80)

Ýòè àäðîííûå ìàòðè÷íûå ýëåìåíòû åñòåñòâåííûì îáðàçîì âîçíèêàþò, åñëè ðàñ-

ñìîòðåòü äèïîëüíûé è äâàæäû äèïîëüíûé îïåðàòîðû â ïðîòîííûõ îáêëàäêàõ

è âûäåëèòü äåëüòà �óíêöèè, îòâå÷àþùèå ñîõðàíåíèþ ýíåðãèè-èìïóëüñà. Äè-

ïîëüíûé ìàòðè÷íûé ýëåìåíò èìååò âèä

〈P ′(p′0)|T (tr(U1U
†
2)−Nc)[p1⊥, p2⊥]|P (p0)〉 = (2π)dδ(p1⊥ + p2⊥ + p0′0⊥)

×
∫

ddz⊥e
i
(z⊥·p12⊥)

2 〈P ′(p′0)|T (tr(U z⊥
2
U †
− z⊥

2

)−Nc)|P (p0)〉. (2.81)

Äâàæäû äèïîëüíûé ìàòðè÷íûé ýëåìåíò èìååò âèä

〈P ′(p′0)|T (tr(U1U
†
3)tr(U3U

†
2)−Nctr(U1U

†
2))[p1⊥,p2⊥, p3⊥]|P (p0)〉

= (2π)dδ(p1⊥ + p2⊥ + p3⊥ + p0′0⊥)

∫

ddz⊥d
dx⊥e

i
(z⊥·p12⊥)

2 +i(p3⊥·x⊥)

× 〈P ′(p′0)|T (tr(U z
2
U †
x)tr(UxU

†
− z

2
)−Nctr(U z

2
U †
− z

2
))|P (p0)〉. (2.82)

Â íàøåé êèíåìàòèêå çàêîíû ñîõðàíåíèÿ è �àçîâûé îáúåì âûðàæàþòñÿ òàê

δ(D)(pγ + p0 − pq − pq̄ − p′0) = δ(p−00′)δ(p
+
q + p+q̄ − p+γ )

× δ(d)(pq⊥ + pq̄⊥ − pγ⊥ + p0′0⊥), (2.83)

dρ3 =
dp+q d

dpq⊥

2p+q (2π)
d+1

dp+q̄ d
dpq̄⊥

2p+q̄ (2π)
d+1

dp′−0 d
dp′0⊥

2p′−0 (2π)d+1
. (2.84)
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Ìàòðè÷íûé ýëåìåíò A3 ñîäåðæèò âêëàäû äèïîëÿ â �Ï è Ñ�Ï è äâîéíîãî äè-

ïîëÿ â Ñ�Ï:

A3 =
−2p−0 eqεα√
Nc (2π)

D−2

∫

ddp1⊥d
dp2⊥ (2.85)

×
[

δ(pq1⊥ + pq̄2⊥ − pγ⊥)

{

Φα
0 + αs

Γ(1− ǫ)

(4π)1+ǫ
N2
c − 1

Nc
Φα

1

}

F

(p12⊥
2

)

+ αs
Γ(1− ǫ)

(4π)1+ǫ

∫

ddp3⊥
(2π)d

δ(pq1⊥ + pq̄2⊥ − pγ⊥ − p3⊥)Φ
α
2 F̃

(p12⊥
2
, p3⊥

)

]

.

Òàê êàê �îòîí â íà÷àëüíîì ñîñòîÿíèè ìîæåò íàõîäèòüñÿ â ðàçëè÷íûõ ñïèíîâûõ

ñîñòîÿíèÿõ, ìû ñòðîèì ìàòðèöó ïëîòíîñòè

dσJI =





dσLL dσLT

dσTL dσTT



 , dσTL = dσ∗
LT . (2.86)

Êàæäûé ýëåìåíò ýòîé ìàòðèöû èìååò áîðíîâñêèé âêëàä dσ0, âêëàä Ñ�Ï dσ1

ñ äâóìÿ äèïîëüíûìè îïåðàòîðàìè è âêëàä Ñ�Ï dσ2 ñ äèïîëüíûì è äâàæäû

äèïîëüíûì îïåðàòîðàìè.

dσJI = dσ0JI + dσ1JI + dσ2JI. (2.87)

Áîðíîâñêîå ñå÷åíèå èìååò âèä

dσ0JI =
αemQ

2
q

(2π)4dNc

(

p−0
)2

4xx̄s2
dxdx̄ddpq⊥d

dpq̄⊥δ (1− x− x̄)
(

εIβε
∗
Jγ

)

×
∫

ddp1⊥d
dp2⊥d

dp1′⊥d
dp2′⊥δ (pq1⊥ + pq̄2⊥) δ (p11′⊥ + p22′⊥)

× Φβ
0 (p1⊥, p2⊥) Φ

γ∗
0 (p1′⊥, p2′⊥)F

(p12⊥
2

)

F
∗
(p1′2′⊥

2

)

. (2.88)

Âêëàä Ñ�Ï ñ 2 äèïîëÿìè

dσ1JI = αs
Γ (1− ǫ)

(4π)1+ǫ

(

N2
c − 1

Nc

)

αemQ
2
q

(2π)4dNc

(

p−0
)2

4xx̄s2
dxdx̄ddpq⊥d

dpq̄⊥

× δ (1− x− x̄)
(

εIβε
∗
Jγ

)

∫

ddp1⊥d
dp2⊥d

dp1′⊥d
dp2′⊥

× δ (pq1⊥ + pq̄2⊥) δ (p11′⊥ + p22′⊥)F
(p12⊥

2

)

F
∗
(p1′2′⊥

2

)

×
[

Φβ
1 (p1⊥, p2⊥) Φ

γ∗
0 (p1′⊥, p2′⊥) + Φβ

0 (p1⊥, p2⊥) Φ
γ∗
1 (p1′⊥, p2′⊥)

]

. (2.89)
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×òîáû âûäåëèòü â ýòîì âêëàäå êîíå÷íóþ ÷àñòü, íåîáõîäèìî çàìåíèòü Φ1 â (2.89)

íà Φ1R èç (2.46) è ïîëîæèòü ǫ = 0. Îñòàâøàÿñÿ ðàñõîäÿùàÿñÿ ÷àñòü èìååò âèä

(dσ1JI)div = αs
Γ(1− ǫ)

(4π)1+ǫ

(

N2
c − 1

2Nc

)

(SV + S∗
V ) dσ0JI. (2.90)

Çàìåíÿÿ Φ2 ðåãóëÿðèçîâàííûì âêëàäîì Φ′
2 èç (2.36, 2.37), êîòîðûé ñîäåð-

æèò âû÷èòàòåëüíîå ñëàãàåìîå, ïîëó÷àåì êîíå÷íûé âêëàä â Ñ�Ï ñ äèïîëüíûì

è äâàæäû äèïîëüíûì îïåðàòîðàìè

dσ2JI = αs
Γ (1− ǫ)

(4π)1+ǫ
αemQ

2
q

(2π)4(d−1)Nc

(

p−0
)2

2xx̄s2
dxdx̄ddpq⊥d

dpq̄⊥δ (1− x− x̄)
(

εIβε
∗
Jγ

)

×
∫

ddp1⊥d
dp2⊥d

dp1′⊥d
dp2′⊥δ (pq1⊥ + pq̄2⊥ − p3⊥) δ (p11′⊥ + p22′⊥ + p33′⊥) δ (p3′⊥)

× ddp3⊥ddp3′⊥

(2π)d

[

Φ′β
2 (p1⊥, p2⊥, p3⊥) Φ

γ∗
0 (p1′⊥, p2′⊥)F

∗
(p1′2′⊥

2

)

F̃

(p12⊥
2
, p3⊥

)

+Φ′γ∗
2 (p1′⊥, p2′⊥, p3′⊥) Φ

β
0 (p1⊥, p2⊥)F

(p12⊥
2

)

F̃
∗
(p1′2′⊥

2
, p3′⊥

)

δ (p3⊥)
]

.

(2.91)

Â ýòîì âûðàæåíèè ìîæíî ïîëîæèòü ǫ = 0.

2.5.1 Áîðíîâñêîå ñå÷åíèå dσ0

Èñïîëüçóÿ (2.18) è (2.19) è ñóììèðóÿ ïî ñïèðàëüíîñòÿì êâàðêà è àíòè-

êâàðêà, ïîëó÷àåì

∑

helicities

Φ+
0 (p1⊥, p2⊥)Φ

+
0 (p

′
1⊥, p

′
2⊥) =

32(p+γ )
4x3x̄3

(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)
, (2.92)

∑

helicities

Φ+
0 (p1⊥, p2⊥)Φ

i
0(p

′
1⊥, p2′⊥)

∗ =
16(p+γ )

3x2x̄2piq1′⊥(1− 2x)

(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)
, (2.93)

∑

helicities

Φi
0(p1⊥, p2⊥)Φ

k
0(p

′
1⊥, p2′⊥)

∗

=
8(p+γ )

2xx̄[(1− 2x)2gri⊥g
lk
⊥ − grk⊥ g

li
⊥ + grl⊥g

ik
⊥ ]pq1⊥rpq1′⊥l

(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)
. (2.94)
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Â ðåçóëüòàòå

dσ0LL =
2αemQ

2
q

(2π)8Nc
dxdx̄d2pq⊥d

2pq̄⊥δ(1− x− x̄)x2x̄2Q2

×
∣

∣

∣

∣

∣

∫

d2p1⊥
~p 2
q1 + xx̄Q2

F(p1q⊥ +
pqq̄⊥
2

)

∣

∣

∣

∣

∣

2

, (2.95)

dσ0TL =
αemQ

2
q

(2π)8Nc
dxdx̄d2pq⊥d

2pq̄⊥δ(1− x− x̄)xx̄(1− 2x)Q (2.96)

×
[

∫

d2p1⊥
~p 2
q1 + xx̄Q2

F(p1q⊥ +
pqq̄⊥
2

)

][

∫

d2p′1⊥(ε⊥ · pq1′⊥)
~p 2
q1′ + xx̄Q2

F(p1′q⊥ +
pqq̄⊥
2

)

]∗

,

dσ0TT =
αemQ

2
q

2(2π)8Nc
dxdx̄d2pq⊥d

2pq̄⊥δ(1− x− x̄)[(1− 2x)2gki⊥ g
lj
⊥ − gkj⊥ g

li
⊥ + gkl⊥g

ij
⊥ ]

×
[

∫

d2p1⊥(ε⊥ipq1⊥k)

~p 2
q1 + xx̄Q2

F(p1q⊥ +
pqq̄⊥
2

)

][

∫

d2p′1⊥(ε⊥jpq1′⊥l)

~p 2
q1′ + xx̄Q2

F(p1′q⊥ +
pqq̄⊥
2

)

]∗

.

(2.97)

2.5.2 Äèïîëü - äèïîëüíûé âêëàä â Ñ�Ï dσ1

LL ïåðåõîä Ñîáèðàÿ (2.89), (2.46) è (2.18) è ñóììèðóÿ ïî ïîëÿðèçàöèÿì

ε+Φ−
0 +ε

−Φ+
0 ñ ïîìîùüþ óñëîâèÿ êàëèáðîâî÷íîé èíâàðèàíòíîñòè Φ−

0 = Q2

2(p+γ )
2Φ

+
0 ,

èìååì

dσ1LL = αs
Γ(1− ǫ)

(4π)1+ǫ

(

N2
c − 1

2Nc

)

(SV + S∗
V )dσ0LL

+
αsQ

2

8π

(

N2
c − 1

Nc

)

αemQ
2
q

(2π)8Nc

dxdx̄d2pq⊥d
2pq̄⊥δ(1− x− x̄)

×
∫

d2p1⊥d
2p2⊥d

2p′1⊥d
2p′2⊥δ(pq1⊥ + pq̄2⊥)

δ(p11′⊥ + p22′⊥)

~p 2
q1′ + xx̄Q2

× F

(p12⊥
2

)

F
∗
(p1′2′⊥

2

)

[

6x2x̄2

~p 2
q1 + xx̄Q2

ln

(

x2x̄2µ4Q2

(x~pq̄ − x̄~pq)2(~p 2
q1 + xx̄Q2)2

)

+
(p−0 )

2

s2p+γ
tr((C4

‖ + C5
1‖ + C6

1‖)p̂q̄γ
+p̂q)

]

+ h.c. (2.98)
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Ìû ïàðàìåòðèçóåì êîíå÷íûå ÷àñòè C ñëåäóþùèì îáðàçîì

(p−0 )
2

s2p+γ
tr(C4

||p̂q̄γ
+p̂q) =

∫ x

0

dz [(φ4)LL]+ + (q ↔ q̄) , (2.99)

(p−0 )
2

s2p+γ
tr(Cn

1||p̂q̄γ
+p̂q) =

∫ x

0

dz [(φn)LL]+ |~p3=~0 + (q ↔ q̄) , (2.100)

ãäå n = 5 è 6. Âûðàæåíèÿ äëÿ (φn)LL äàíû â ïðèëîæåíèè Ä. Äëÿ n = 6 èíòåãðàë

áåðåòñÿ àíàëèòè÷åñêè

(p−0 )
2

s2p+γ
tr(C6

1||p̂q̄γ
+p̂q) =

−2x2x̄3~p 2
1

(~p 2
q1 + xx̄Q2 − x̄~p 2

1 )
2
ln

(

xx̄Q2 + ~p 2
q1

x̄~p 2
1

)

+
2x2x̄2

~p 2
q1 + xx̄Q2

[

4Li2

(

~p 2
q1 + xx̄Q2 − x̄~p 2

1

~p 2
q1 + xx̄Q2

)

+ 3 ln

(

~p 2
1

µ2

)

− 8

]

+
2x2x̄2

~p 2
q1 + xx̄Q2 − x̄~p 2

1

[

3 ln

(

~p 2
q1 + xx̄Q2

x̄~p 2
1

)

+ 1

]

+ (q ↔ q̄). (2.101)

LT ïåðåõîä

dσ1TL = αs
Γ(1− ǫ)

(4π)1+ǫ

(

N2
c − 1

2Nc

)

(SV + S∗
V ) dσ0TL

+
αsQ

8π

(

N2
c − 1

Nc

)

αemQ
2
q

(2π)8Nc
dxdx̄d2pq⊥d

2pq̄⊥δ(1− x− x̄)ε∗T i

×
∫

d2p1⊥d
2p2⊥d

2p′1⊥d
2p2′⊥δ(pq1⊥ + pq̄2⊥)δ(p11′⊥ + p22′⊥)F

(p12⊥
2

)

F
∗
(p1′2′⊥

2

)

×
[

(p−0 )
2

s2
tr((C ′4i

⊥ + C ′5i
1⊥ + C ′6i

1⊥)p̂q̄γ
+p̂q)

†

~p 2
q1 + xx̄Q2

+
3xx̄(1− 2x)piq1′⊥

(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)

×
(

ln

(

x3x̄3µ8Q2(x~pq̄ − x̄~pq)
−4

(~p 2
q1 + xx̄Q2)2(~p 2

q1′ + xx̄Q2)

)

− xx̄Q2

~p 2
q1′

ln

(

xx̄Q2

~p 2
q1′ + xx̄Q2

))

+
(p−0 )

2

s2

tr((C4
‖ + C5

1‖ + C6
1‖)p̂q̄(γ

ip̂q1′⊥ − 2xpiq1′⊥)γ
+p̂q)

2p+γ xx̄
(

~p 2
q1′ + xx̄Q2

)



 . (2.102)

Çäåñü

(p−0 )
2tr(C4

||p̂q̄((1− 2x)piq1′⊥ − 1
2
[p̂q1′⊥, γi⊥])γ

+p̂q)

s2p+γ
=

∫ x

0

dz[(φ4)
i
LT ]+ + (q ↔ q̄) ,

(2.103)
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(p−0 )
2tr(Cn

1||p̂q̄((1− 2x)piq1′⊥ − 1
2[p̂q1′⊥, γ

i
⊥])γ

+p̂q)

s2p+γ

=

∫ x

0

dz[(φn)
i
LT ]+|~p3=~0 + (q ↔ q̄) , (2.104)

(p−0 )
2

s2
tr(C4i

⊥ p̂q̄γ
+p̂q) =

∫ x

0

dz[(φ4)
i
TL]+ + (q ↔ q̄) , (2.105)

(p−0 )
2

s2
tr(Cni

1⊥p̂q̄γ
+p̂q) =

∫ x

0

dz[(φn)
i
TL]+|~p3=~0 + (q ↔ q̄) , (2.106)

ãäå n = 5, 6. Âûðàæåíèÿ äëÿ (φn) äàíû â ïðèëîæåíèè Ä. Òàêæå êàê è äëÿ LL

ïåðåõîäà âêëàä äèàãðàììû 6 ìîæíî ïðîèíòåãðèðîâàòü äî êîíöà

(p−0 )
2tr(C6

1||p̂q̄((1− 2x)piq1′⊥ − 1
2
[p̂q1′⊥, γi⊥])γ

+p̂q)

s2p+γ

= (1− 2x)piq1′⊥
(p−0 )

2

s2p+γ
tr(C6

1||p̂q̄γ
+p̂q), (2.107)

(p−0 )
2

s2
tr(C6i

1⊥p̂q̄γ
+p̂q) =

−xx̄(1− 2x)p iq1⊥
~p 2
q1 + xx̄Q2 − x̄~p 2

1

ln

(

x̄~p 2
1

~p 2
q1 + xx̄Q2

)

+
xx̄(1− 2x)piq1⊥
~p 2
q1 + xx̄Q2

[

4Li2

(

x̄~p 2
1

~p 2
q1 + xx̄Q2

+ 1

)

+ 3 ln

(

~p1
2

µ2

)

− 8

]

+
−xx̄pi1⊥
3~p 2

1

[

π2 − 6Li2

(

x̄~p 2
1

~p 2
q1 + xx̄Q2

+ 1

)]

+ xx̄
(

xpiq1⊥ − x̄piq⊥
)

×
(

−x̄~p 2
1

(~p 2
q1 + xx̄Q2 − x̄~p 2

1 )
2
ln

(

x̄~p 2
1

~p 2
q1 + xx̄Q2

)

+
1

(~p 2
q1 + xx̄Q2 − x̄~p 2

1 )

[

2 ln

(

x̄~p 2
1

~p 2
q1 + xx̄Q2

)

− 1

])

+ (q ↔ q̄). (2.108)

TT ïåðåõîä

dσ1TT = αs
Γ(1− ǫ)

(4π)1+ǫ

(

N2
c − 1

2Nc

)

(SV + S∗
V ) dσ0TT

+
αs
8π

(

N2
c − 1

Nc

)

αemQ
2
q

(2π)8Nc

dxdx̄d2pq⊥d
2pq̄⊥δ(1− x− x̄)(εT iε

∗
Tk)

∫

d2p1⊥
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× d2p2⊥d
2p′1⊥d

2p′2⊥δ(pq1⊥ + pq̄2⊥)δ(p11′⊥ + p22′⊥)F
(p12⊥

2

)

F
∗
(p1′2′⊥

2

)

×
{

3

2

pq1⊥rpq1′⊥l
(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)
[(1− 2x)2gri⊥g

lk
⊥ − grk⊥ g

li
⊥ + grl⊥g

ik
⊥ ]

×
[

ln

(

xx̄µ4

(x~pq̄ − x̄~pq)2(~p 2
q1 + xx̄Q2)

)

− xx̄Q2

~p 2
q1

ln

(

xx̄Q2

~p 2
q1 + xx̄Q2

)]

+
(p−0 )

2

2s2xx̄

tr[(C4i
⊥ + C5i

1⊥ + C6i
1⊥)p̂q̄(p

j
q1′⊥(1− 2x)− 1

2[p̂q1′⊥ , γ
j]γ+p̂q]

~p 2
q1′ + xx̄Q2

+ h.c.|p1↔p′1
i↔k

}

. (2.109)

Çäåñü

(p−0 )
2

2s2
tr(C4i

⊥ p̂q̄(p
j
q1′⊥(1− 2x)− 1

2
[p̂q1′⊥, γ

j
⊥])γ

+p̂q) =

∫ x

0

dz
[

(φij4 )TT

]

+
+ (q ↔ q̄) ,

(2.110)

(p−0 )
2

2s2
tr(Cni

1⊥p̂q̄(p
j
q1′⊥(1− 2x)− 1

2
[p̂q1′⊥, γ

j
⊥])γ

+p̂q) =

∫ x

0

dz
[

(φijn )TT
]

+
|~p3=~0

+(q ↔ q̄) , (2.111)

ãäå n = 5 , 6. Âûðàæåíèÿ φn ïðèâåäåíû â ïðèëîæåíèè Ä. Âêëàä äèàãðàììû 6

èíòåãðèðóåòñÿ àíàëèòè÷åñêè

(p−0 )
2

s2
tr(C6i

1⊥p̂q̄(p
k
q1′⊥(1− 2x)− 1

2
[p̂q1′⊥, γ

k
⊥])γ

+p̂q)

= xx̄
[

gik⊥ (~p1 · ~pq1′) + pk1⊥p
i
q1′⊥ + (2x− 1)pi1⊥p

k
q1′⊥
]

×
[

−x̄2~p 2
1

(~p 2
q1 + xx̄Q2 − x̄~p 2

1 )
2
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(
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1
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+
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1

[
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(
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+
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(
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1
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))]
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piq1⊥p
k
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i
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]
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×
[

−1

~p 2
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1

(
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1
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1

(~p 2
q1 + xx̄Q2 − x̄~p 2

1 )
2
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(

x̄~p 2
1

~p 2
q1 + xx̄Q2

)]

+ (q ↔ q̄) . (2.112)

2.5.3 Âêëàä äèïîëü - äâîéíîé äèïîëü â Ñ�Ï dσ2

LL ïåðåõîä

dσ2LL =
αsQ

2

8π

αemQ
2
q

(2π)8Nc

dxdx̄d2pq⊥d
2pq̄⊥δ(1− x− x̄)

×
∫

d2p1⊥d
2p2⊥d

2p′1⊥d
2p′2⊥

∫

d2p3⊥

(2π)2
δ(pq1⊥ + pq̄2⊥ − p3⊥)
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F̃

(p12⊥
2
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)

∫

F
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×
(
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)}

+
Q2(p−0 )

2

p+γ s
2
tr((C5

2‖ + C6
2‖)p̂q̄γ

+p̂q)

)

+ h.c. (2.113)

Çäåñü

(p−0 )
2

s2p+γ
tr(Cn

2||p̂q̄γ
+p̂q) =

∫ x

0

dz [(φn)LL]+ + (q ↔ q̄) , (2.114)

ãäå n = 5, 6. Âûðàæåíèÿ φn ïðèâåäåíû â ïðèëîæåíèè Ä.
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LT ïåðåõîä

dσ2TL =
αsQ

8π

αemQ
2
q

(2π)8Nc

dxdx̄d2pq⊥d
2pq̄⊥δ(1− x− x̄)

∫

d2p1⊥d
2p2⊥ (2.115)

× d2p′1⊥d
2p′2⊥

d2p3⊥d2p′3⊥
(2π)2
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2
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tr((C ′5i
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∗
)]

.

Çäåñü

(p−0 )
2

s2
tr(Cni

2⊥p̂q̄γ
+p̂q) =

∫ x

0

dz
[

(φin)LT
]

+
dz + (q ↔ q̄) , (2.116)

(p−0 )
2

s2p+γ
tr(Cn

2||p̂q̄(p
i
q1′⊥(1− 2x)− 1

2
[p̂q1′⊥, γ

i
⊥])γ

+p̂q) =

∫ x

0

dz
[

(φin)TL
]

+
+ (q ↔ q̄) .

(2.117)

Âûðàæåíèÿ (φ5,6)LT è (φ5,6)TL ïðèâåäåíû â ïðèëîæåíèè Ä.
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TT ïåðåõîä

dσ2TT =
αs
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αemQ
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}

+
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2
[p̂q1′⊥ , γ

j])γ+p̂q]

)

+ h.c.|p1,p3↔p′1,p
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(2.118)

Çäåñü

(p−0 )
2

2s2
tr(Cni

2⊥p̂q̄(p
j
q1′⊥(1− 2x)− 1

2
[p̂q1′⊥, γ

j
⊥])γ

+p̂q)

=

∫ x

0

dz
[

(φijn )TT
]

+
dz + (q ↔ q̄) . (2.119)

Âûðàæåíèÿ (φij5 )TT è (φij6 )TT ïðèâåäåíû â ïðèëîæåíèè Ä.

2.6 Ñå÷åíèå γ∗P → qq̄gP ′

Îïðåäåëèì A4 òàê, ÷òîáû ñå÷åíèå γ∗P → qq̄gP ′
èìåëî âèä

dσ(qq̄g) =
1

8s
(2π)Dδ(D)(pγ + p0 − pq − pq̄ − pg − p′0)|A4|2dρ4 , (2.120)
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ãäå

δ(D)(pγ + p0 − pq − pq̄ − pg − p′0) = δ(p−00′)δ(p
+
q + p+q̄ + p+g − p+γ )

× δ(d)(pq⊥ + pq̄⊥ + pg⊥ − pγ⊥ + p0′0⊥) (2.121)

è �àçîâûé îáúåì

dρ4 =
dp+q d

dpq⊥

2p+q (2π)
d+1

dp+q̄ d
dpq̄⊥

2p+q̄ (2π)
d+1

dp+g d
dpg⊥

2p+g (2π)
d+1

dp′−0 d
dp′0⊥

2p′−0 (2π)d+1
.

Èñïîëüçóÿ èìïàêò �àêòîð ïåðåõîäà γ∗ → qq̄g,

A4 =
−eq2p−0 εα
(2π)D−2

√
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gµ−ǫ
∫

ddp1⊥d
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×Φα
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Nc
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2

) +

∫
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δ(pq1⊥ + pq̄2⊥ + pgγ⊥ − p3⊥)Φ
α
4 F̃(

p12⊥
2
, p3⊥)

}

.

(2.122)

Ýòî ñå÷åíèå èìååò âêëàä dσ3 ñ äâóìÿ äèïîëüíûìè îïåðàòîðàìè, âêëàä dσ4 ñ

äèïîëüíûì è äâàæäû äèïîëüíûì îïåðàòîðàìè è âêëàä dσ5 ñ äâóìÿ äâàæäû

äèïîëüíûìè îïåðàòîðàìè

dσ(qq̄g) = dσ3 + dσ4 + dσ5. (2.123)

Âêëàä ñ äâóìÿ äèïîëÿìè èìååò âèä
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. (2.124)

Âêëàä ñ äèïîëåì è äâîéíûì äèïîëåì èìååò âèä

dσ4JI =
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µ2ǫ
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× δ(1− xq − xq̄ − z)
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. (2.125)

Âêëàä ñ äâóìÿ äâàæäû äèïîëüíûìè îïåðàòîðàìè èìååò âèä
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4 (p′1⊥, p

′
2⊥, p

′
3⊥)F̃

(p12⊥
2
, p3⊥

)

F̃
∗
(p1′2′⊥

2
, p′3⊥

)

. (2.126)

Âûðàæåíèÿ äëÿ ΦaΦ
∗
b ïðèâåäåíû â ïðèëîæåíèè Å â D-ìåðíîì ïðîñòðàíñòâå. Â

4-ìåðíîì ïðîñòðàíñòâå èõ ìîæíî èñïîëüçîâàòü äëÿ âû÷èñëåíèÿ ñå÷åíèÿ ðîæ-

äåíèÿ òðåõ ñòðóé.

2.7 Ñå÷åíèå γ∗P → 2jets P ′

Âûðàæåíèÿ äëÿ èìïàêò �àêòîðîâ ïåðåõîäîâ γ∗ → qq̄ è γ∗ → qq̄g ìîæíî

èñïîëüçîâàòü äëÿ ïîñòðîåíèÿ ÈÊ- êîíå÷íîãî ñå÷åíèÿ ðîæäåíèÿ äâóõ ñòðóé. Äëÿ

ýòîãî íåîáõîäèìî ñîêðàòèòü ìÿãêèå è êîëëèíåàðíûå ðàñõîäèìîñòè â ñå÷åíèè

ðîæäåíèÿ qq̄ â Ñ�Ï (âèðòóàëüíîé ÷àñòè) ñ ñèíãóëÿðíûìè âêëàäàìè â ñå÷åíèå

ðîæäåíèÿ qq̄g îò îáëàñòè �àçîâîãî ïðîñòðàíñòâà, ãäå ðîæäåííûé ãëþîí ìÿãêèé

èëè êîëëèíåàðåí êâàðêó èëè àíòèêâàðêó.

Ìû ïðîäåìîíñòðèðóåì ýòî ñîêðàùåíèå íà ïðèìåðå ýêñêëþçèâíîãî äè-

�ðàêöèîííîãî �îòîðîæäåíèÿ γ∗P → 2jetsP ′, êîòîðîå ýêñïåðèìåíòàëüíî èçó-

÷àëîñü â [97℄. Çäåñü �ýêñêëþçèâíûé� îçíà÷àåò, ÷òî â äåòåêòîðå íàáëþäàåòñÿ
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òîëüêî äâå ñòðóè è ïðîòîí. Òàê êàê ìû õîòèì ïîëó÷èòü ñå÷åíèå äè��åðåíöè-

àëüíîå ïî èìïóëüñàì ñòðóé, ìû èíòåãðèðóåì ïî èìïóëüñó óõîäÿùåãî ïðîòîíà.

Çäåñü ìû èñïîëüçóåì êîíóñíûé (
one) àëãîðèòì â ïðåäåëå ìàëîãî ïàðàìåòðà

R, êàê îí îïðåäåëåí â [98℄.

Îïðåäåëèì ñòðóþ ðàäèóñà R2
, R2 ≪ 1. Äâå ÷àñòèöû �îðìèðóþò ñòðóþ

ñ èìïóëüñîì ðàâíûì ñóììå èõ èìïóëüñîâ, åñëè äëÿ íèõ îáåèõ âûïîëíÿåòñÿ

óñëîâèå

∆φ2 +∆Y 2 < R2, (2.127)

ãäå∆φ� ýòî ðàçíîñòü àçèìóòàëüíûõ óãëîâ ÷àñòèöû è ñòðóè,∆Y � ýòî ðàçíîñòü

áûñòðîò ÷àñòèöû è ñòðóè. �àññìîòðèì ñòðóþ èç êâàðêà è ãëþîíà. Åå èìïóëüñ

pj = xjp
+
γ n

µ
1 +

~p 2
j

2p+γ xj
nµ2 + pµj⊥, xj = xq + z, ~pj = ~pq + ~pg. (2.128)

Â ïðåäåëå ìàëûõ R, p−q + p−g ∼ ~p 2
j

2p+γ xj
ñ òî÷íîñòüþ äî O(R), è ñòðóÿ áåçìàññîâà

â ýòîì ïðèáëèæåíèè. �àçíîñòè àçèìóòàëüíûõ óãëîâ è áûñòðîò èìåþò âèä

∆φ = arccos
~pj · ~pg
|~pj| |~pg|

, ∆Y =
1

2
ln
x2j~p

2
g

z2~p 2
j

. (2.129)

Ââåäÿ ïåðåìåííóþ

~∆q =
xq
xj
~pg −

z

xj
~pq (2.130)

êîòîðàÿ ðàâíà 0 äëÿ êîëëèíåàðíûõ êâàðêà è ãëþîíà, ïîëó÷àåì óñëîâèå òîãî,

÷òî ãëþîí â êîíóñå

~∆2
q < R2

~p 2
j z

2

x2j
. (2.131)

Ñîîòâåòñòâóþùåå óñëîâèå äëÿ êâàðêà

~∆2
q < R2

~p 2
j x

2
q

x2j
. (2.132)

Äëÿ ïîëó÷åíèÿ ýêñêëþçèâíîãî ñå÷åíèÿ ðîæäåíèÿ äâóõ ñòðóé â ïðåäåëå ìàëûõ

R íàì íóæíî ñå÷åíèå ðîæäåíèÿ qq̄ (�Ï è Ñ�Ï) è âêëàä â ñå÷åíèå ðîæäåíèÿ

qq̄g, â êîòîðîì ãëþîí ìÿãîê èëè êîëëèíåàðåí êâàðêó èëè àíòèêâàðêó, òàê ÷òî

îíè îáðàçóþò îäíó ñòðóþ.
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Îáîçíà÷èì ïåðåìåííûå, îòíîñÿùèåñÿ ê ñòðóå xj, xj̄, pj⊥ è pj̄⊥. Èç âèð-

òóàëüíîé ÷àñòè âêëàä â ñå÷åíèå ðîæäåíèÿ ñòðóé ïîëó÷àåòñÿ ïðîñòî çàìåíîé

ïåðåìåííûõ â (2.88�2.91) :

(x, pq⊥) → (xj, pj⊥), (x̄, pq̄⊥) → (xj̄, pj̄⊥) , (2.133)

è ñèììåòðèçàöèåé j ↔ j̄.

Äëÿ êàæäîé êîìïîíåíòû ñå÷åíèÿ ðîæäåíèÿ ïàðòîíîâ dσn èç (2.123) è

(2.87) îáîçíà÷èì ñîîòâåòñòâóþùèé âêëàä â ñå÷åíèå ðîæäåíèÿ ñòðóé dσ′
n.

Âêëàä êîëëèíåàðíûõ ãëþîíîâ ìîæíî íàéòè ñ ïîìîùüþ ïðèáëèæåíèÿ

êâàçè-ðåàëüíûõ ýëåêòðîíîâ [99℄. Äåéñòâèòåëüíî, ðåàëüíûé âêëàä â ñå÷åíèå â

êîí�èãóðàöèè, êîãäà îäíà ñòðóÿ ñîñòîèò èç êâàðêà è ãëþîíà, à âòîðàÿ èç àí-

òèêâàðêà èìååò âèä

dσ′
3JI(xq, ~pq)|col = dσ′

0JI(xj, ~pj)αs
Γ(1− ǫ)

(4π)1+ǫ
N2
c − 1

2Nc
nj, (2.134)

ãäå nj ïðîïîðöèîíàëüíî �÷èñëó ñòðóé â êâàðêå"

nj = 4

∫ xj

α

xjdz

z(xj − z)

µ−2ǫ

Γ(1− ǫ)π
d
2

∫

~∆ 2
q<

R2~p 2
j

x2
j

min(z2,(xj−z)2)
dd~∆q

× 1

4

(xj − z)
(

dz2 + 4xj (xj − z)
)

x3j
~∆2
q

. (2.135)

Ýòîò ðåçóëüòàò ìîæíî âîñïðîèçâåñòè â êîëëèíåàðíîì ïðåäåëå êâàäðàòà èìïàêò

�àêòîðîâ ðîæäåíèÿ qq̄g, êàê ïîêàçàíî â ïðèëîæåíèè Å.

Çäåñü ìû ââåëè ñòðóþ j ñ ïîìîùüþ çàìåíû ïåðåìåííûõ (2.128)

(~pq, ~pg) → (~pj ≡ ~pq + ~pg, ~∆q), (x, z) → (xj ≡ x+ z, z), (2.136)

âòîðóþ ñòðóþ j̄ ñ ïîìîùüþ

~pq̄ → ~pj̄, xq̄ → xj̄ = 1− xj, (2.137)

è ïðîèíòåãðèðîâàëè âíóòðè êîíóñà (2.131�2.132). Âêëàä êîí�èãóðàöèè, â êî-

òîðîé â îäíîé èç ñòðóé àíòèêâàðê è ãëþîí âîññòàíàâëèâàåòñÿ èç ñèììåòðèè
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îòíîñèòåëüíî çàìåíû j ↔ j̄. Ïîëíûé êîëëèíåàðíûé âêëàä èìååò âèä

nj + nj̄ = 4

[

1

2

(

ln
(xj̄xj

α2

)

− 3

2

)

ln

(

R4~pj
2~pj̄

2

µ4

)

+
1

ǫ

(

ln
(xj̄xj

α2

)

− 3

2

)

− 1

2
ln2
(xj̄xj

α2

)

+
1

2
ln

(

xj
xj̄

)

ln

(

~pj
2

~p 2
j̄

)

− 1

2
ln2
(

xj
xj̄

)

− π2

3
+

7

2
+ ln(8)

]

.

(2.138)

Â ìÿãêîãëþîííîì ïðèáëèæåíèè ñå÷åíèå ðîæäåíèÿ qq̄g âûãëÿäèò òàê

dσ′
3JI |soft = dσ′

0JIαs
N2
c − 1

2Nc

Γ(1− ǫ)

(4π)1+ǫ
S, (2.139)

S ≡ (4π)1+ǫ

Γ(1− ǫ)

∫
∣

∣

∣

∣

pµq
(pq · pg)

− pµq̄
(pq̄ · pg)

∣

∣

∣

∣

2
dz

z

ddpg
(2π)d

, (2.140)

÷òî ïðîäåìîíñòðèðîâàíî íåïîñðåäñòâåííî èç ñâåðòêè èìïàêò �àêòîðîâ â ïðè-

ëîæåíèè Å. Ìÿãêî�îòîííûé ìíîæèòåëü íóæíî ïðîèíòåãðèðîâàòü ïî

ωg =
1

2

(

zp+γ +
~p 2
g

zp+γ

)

< E ≪ p+γ , (2.141)

ãäå ωg � ýòî ýíåðãèÿ èçëó÷åííîãî ãëþîíà, E � ýíåðãåòè÷åñêîå ðàçðåøåíèå äå-

òåêòîðà. Â ìÿãêîì ïðåäåëå âñå êîìïîíåíòû 4-èìïóëüñà ãëþîíà ñòðåìÿòñÿ ê 0.

Ýòîãî ìîæíî äîñòè÷ü èçìåíåíèåì ìàñøòàáà ïîïåðå÷íîãî èìïóëüñà ãëþîíà

~pg = z~u (2.142)

è ïåðåõîäîì ê ïðåäåëó z → 0. Â ýòîì ïðåäåëå îáëàñòü èíòåãðèðîâàíèÿ òàêîâà

z

(

1 +
~u 2

(p+γ )
2

)

<
2E

p+γ
≪ 1, (2.143)

è ìû èìååì

S =

∫ 2E

p+γ

α

zd−3dz

∫

~u 2<(p+γ )2(
2E

zp+γ
−1)

µ−2ǫddu⊥

Γ(1− ǫ)π
d
2

4
(

~pj
xj
− ~pj̄

xj̄

)2

(

~u− ~pj̄
xj̄

)2 (

~u− ~pj
xj

)2 , (2.144)

êàê ïðîäåìîíñòðèðîâàíî â ïðèëîæåíèè Å. Çäåñü òàêæå ââåäåíî îáðåçàíèå ïî

ïðîäîëüíîìó èìïóëüñó α äëÿ ðåãóëÿðèçàöèè ìÿãêèõ ðàñõîäèìîñòåé.



136

Îäíàêî â ñóììå nj + nj̄ + S îáëàñòü, â êîòîðîé ãëþîí îäíîâðåìåííî ìÿã-

êèé è êîëèíåàðíûé êâàðêó èëè àíòèêâàðêó, ó÷òåíà äâàæäû. ×òîáû èçáåæàòü

äâîéíîãî ñ÷åòà, ìû îãðàíè÷èâàåì èíòåãðèðîâàíèå â S òàê, ÷òîáû ãëþîíû íà-

õîäèëèñü âíå êîíóñîâ (2.131). Íîâàÿ îáëàñòü èíòåãðèðîâàíèÿ èìååò âèä

Ω =

{

~u 2 < (p+γ )
2

(

2E

zp+γ
− 1

)}

∩ Ωnc , (2.145)

Ωnc ≡
{

(

~u− ~pj
xj

)2

>
R2~p 2

j

x2j

}

∩
{

(

~u− ~pj̄
xj̄

)2

>
R2~p 2

j̄

x2
j̄

}

. (2.146)

Îáîçíà÷èì S ′
âêëàä S ñ íîâîé îáëàñòüþ èíòåãðèðîâàíèÿ

S ′ ≡ 4

∫ 2E

p+γ

α

dz

z

∫

Ω

d~u

π

4
(

~pj
xj
− ~pj̄

xj̄

)2

(

~u− ~pj̄
xj̄

)2 (

~u− ~pj
xj

)2

= 4

∫ 2E

p+γ

α

dz

z

∫

Ωnc

d~u

π

(

~pj
xj
− ~pj̄

xj̄

)2

(

~u− ~pj̄
xj̄

)2 (

~u− ~pj
xj

)2 + 4 I(R,E)

= 4 ln

(

2E

αp+γ

)

ln

(

(~pjxj̄ − xj~pj̄)
4

(R2~p 2
j x

2
j)(R

2~p 2
j̄
x2
j̄
)

)

+ 4 I(R,E) , (2.147)

ãäå ìû ââåëè

I(R,E) ≡ −
∫ 2E

p+γ

0

dz

z

∫

{~u 2>(p+γ )2(
2E

zp+γ
−1)}∩Ωnc

d~u

π

(

~pj
xj
− ~pj̄

xj̄

)2

(

~u− ~pj̄
xj̄

)2 (

~u− ~pj
xj

)2 . (2.148)

Èíòåãðàë I(R,E) ñõîäèòñÿ è íå çàâèñèò íè îò α, íè îò ǫ. Â [69℄ ïîêàçàíî, ÷òî

îí ïîäàâëåí êàê 1/s. Ïîýòîìó ìû ïðåíåáðåãàåì ýòèì âêëàäîì.

Íàêîíåö,

S ′ = 4 ln

(

2E

αp+γ

)

ln

(

(~pjxj̄ − xj~pj̄)
4

(R2~p 2
j x

2
j)(R

2~p 2
j̄
x2
j̄
)

)

. (2.149)

Êîìáèíèðóÿ (2.138) è (2.149), èìååì

S ′ + nj + nj̄ = 2

[

ln

(

(xj̄~pj − xj~pj̄)
4

x2
j̄
x2jR

4~p 2
j̄
~p 2
j

)

ln

(

4E2

xj̄xj(p
+
γ )

2

)
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+ 2 ln
(xj̄xj

α2

)

(

1

ǫ
− ln

(

xj̄xjµ
2

(xj̄~pj − xj~pj̄)2

))

− ln2
(xj̄xj

α2

)

+
3

2
ln

(

16µ4

R4~p 2
j ~p

2
j̄

)

− ln

(

xj
xj̄

)

ln

(

xj~p
2
j̄

xj̄~p
2
j

)

− 3

ǫ
− 2π2

3
+ 7

]

. (2.150)

Äîáàâëÿÿ ðàñõîäÿùóþñÿ ÷àñòü âèðòóàëüíîãî âêëàäà (2.47), ìû ñîêðàùàåì lnα

è

1
ǫ è ïîëó÷àåì

SR = S ′ + nj + nj̄ + SV + S∗
V

= 4

[

1

2
ln

(

(xj̄~pj − xj~pj̄)
4

x2
j̄
x2jR

4~p 2
j̄
~p 2
j

)

(

ln

(

4E2

xj̄xj(p
+
γ )

2

)

+
3

2

)

+ ln (8)− 1

2
ln

(

xj
xj̄

)

ln

(

xj~p
2
j̄

xj̄~p
2
j

)

+
13− π2

2

]

, (2.151)

÷òî äåìîíñòðèðóåò êîíå÷íîñòü íàéäåííîãî ñå÷åíèÿ.

Èòàê, ÷òîáû ïîëó÷èòü êîíå÷íîå ñå÷åíèå ýêñêëþçèâíîãî äè�ðàêöèîííîãî

�îòîðîæäåíèÿ äâóõ ñòðóé â êîíóñíîì àëãîðèòìå â ïðåäåëå ìàëîãî ðàñòâîðà

êîíóñà R, íåîáõîäèìî â ñå÷åíèè ðîæäåíèÿ qq̄ ïàðû ïåðåîáîçíà÷èòü èìïóëüñû

â ñîîòâåòñòâèè ñ (2.133), è çàìåíèòü SV + S∗
V → SR â (2.98) äëÿ LL ïåðåõîäà,

â (2.102) äëÿ LT ïåðåõîäà è â (2.109) äëÿ TT ïåðåõîäà. Âû÷èñëåííîå ñå÷å-

íèå ïîëó÷åíî áåç êîëëèíåàðíîãî èëè ìÿãêîãî ïðèáëèæåíèé, èñïîëüçîâàííûõ â

ïðåäûäóùèõ ðàáîòàõ, â ïðîèçâîëüíîé êèíåìàòèêå, ò.å. äëÿ ïðîèçâîëüíîé âèð-

òóàëüíîñòè �îòîíà, ïðîèçâîëüíîé ïåðåäà÷è â t êàíàëå è ïðîèçâîëüíîé ìàññû

ðîæäåííîé ñèñòåìû.
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�ëàâà 3. Ïðåîáðàçîâàíèå êàëèáðîâî÷íî

èíâàðèàíòíûõ îïåðàòîðîâ

3.1 Íåîáõîäèìûå âûðàæåíèÿ

Â ýòîì ðàçäåëå ìû ïðèäåðæèâàåìñÿ îáîçíà÷åíèé ðàáîòû [100℄. Ìû áóäåì

èñïîëüçîâàòü ñîñòîÿíèÿ |~q〉 ñ îïðåäåëåííûì äâóìåðíûì (çäåñü íåò íåîáõîäèìî-

ñòè ââîäèòü ðàçìåðíîñòíóþ ðåãóëÿðèçàöèþ) ïîïåðå÷íûì èìïóëüñîì ðåäæåîíà

~q è ñîñòîÿíèÿ |~r〉 ñ îïðåäåëåííîé äâóìåðíîé êîîðäèíàòîé ðåäæåîíà ~r, íîðìè-

ðîâàííûå òàê

〈~q|~q ′〉 = δ(~q − ~q ′) , 〈~r|~r ′〉 = δ(~r − ~r ′) , 〈~r|~q〉 = ei~q ~r

2π
. (3.1)

ßäðî ÁÔÊË [49℄ îáîçíà÷åíî îïåðàòîðîì K̂. Îí ïðåäñòàâèì â âèäå ñóììû âèð-

òóàëüíîé (ñâÿçàííîé ñ ðåäæåâñêîé òðàåêòîðèåé ãëþîíà) è ðåàëüíîé (ñâÿçàííîé

ñ ðîæäåíèåì ðåàëüíûõ ÷àñòèö ïðè ñòîëêíîâåíèè ðåäæåîíîâ) ÷àñòåé

K̂ = ω̂1 + ω̂2 + K̂r , (3.2)

ãäå 1 è 2 � ýòî èíäåêñû, îáîçíà÷àþùèå ðåäæåîíû,

〈~qi|ω̂i|~q ′
i 〉 = δ(~qi − ~q ′

i )ω(−~q 2
i ) , (3.3)

ãäå ω(t) � ýòî òðàåêòîðèÿ ãëþîíà (õîòÿ ÷àñòî íàçûâàþò òðàåêòîðèåé 1 + ω(t))

è

〈~q1, ~q2|K̂r|~q ′
1 , ~q

′
2〉 = δ(~q1 + ~q2 − ~q ′

1 − ~q ′
2)

1
√

~q 2
1 ~q

2
2

Kr(~q1, ~q
′
1 ; ~q)

1
√

~q ′2
1 ~q

′2
2

, (3.4)

ãäå ~q = ~q1 + ~q2 è Kr(~q1, ~q
′
1 ; ~q) îïðåäåëåíî â [49℄. Ïîÿâëåíèå êîðíåé ñâÿçàíî ñ

íîðìèðîâêîé ñîñòîÿíèé (3.1). Îò íèõ ìîæíî èçáàâèòüñÿ, ïåðåéäÿ ê ñîñòîÿíèÿì
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|~q〉, íîðìèðîâàííûì â ñîîòâåòñòâèå ñ 〈~q|~q ′〉 = ~q 2δ(~q − ~q ′). Â �Ï

K(B)
r (~q1, ~q

′
1 ; ~q) =

αsNc

2π2

(

~q 2
1 ~q

′ 2
2 + ~q ′ 2

1 ~q 2
2

~k 2
− ~q 2

)

, (3.5)

ãäå

~k = ~q1 − ~q ′
1 = ~q ′

2 − ~q2 è (B) îáîçíà÷àåò �Ï.

Â òåðìèíàõ ÿäðà K̂, s-êàíàëüíûé ñêà÷îê àìïëèòóäû ðàññåÿíèÿ äëÿ ïðî-

öåññà A+B → A′ + B′
èìååò âèä

− 4i(2π)2δ(~qA − ~qB)dis
sAA′B′

AB = 〈A′Ā|
(

~̂q 2
1 ~̂q

2
2

)− 1
2

eY K̂
(

~̂q 2
1 ~̂q

2
2

)− 1
2 |B̄′B〉 , (3.6)

ãäå Y = ln(s/s0), s0 � ýòî õàðàêòåðíûé ìàñøòàá ïîïåðå÷íûõ èìïóëüñîâ, qA =

pA′ − pA, qB = pB − pB′
è ñîñòîÿíèÿ 〈A′Ā| è |B̄′B〉 íîðìèðîâàíû òàê

〈~q1, ~q2|B̄′B〉 = 4p−Bδ(~qB − ~q1 − ~q2)ΦB′B(~q1, ~q2) , (3.7)

〈A′Ā|~q1, ~q2〉 = 4p+Aδ(~qA − ~q1 − ~q2)ΦA′A(~q1, ~q2) , (3.8)

ãäå p± = (p0 ± pz)/
√
2 è èìïàêò �àêòîðû Φ âûðàæàþòñÿ ÷åðåç ðåäæåîííûå

âåðøèíû â ñîîòâåòñòâèå ñ [49℄.

ßäðî K̂ ñèììåòðè÷íî, êàê âèäíî èç (3.2)�(3.5), òî åñòü K̂ = K̂T
èëè

〈~q1, ~q2|K̂|~q ′
1 , ~q

′
2〉 = 〈~q ′

1 , ~q
′
2 |K̂|~q1, ~q2〉 . (3.9)

Îäíàêî ÿäðî êîí�îðìíî èíâàðèàíòíîå â ìåáèóñîâñêîì ïðåäñòàâëåíèè â �Ï [40,

101, 102℄ îòëè÷àåòñÿ îò K̂. Îíî èìååò âèä

K̂ =
(

~̂q 2
1 ~̂q

2
2

)− 1
2

K̂
(

~̂q 2
1 ~̂q

2
2

)1
2

. (3.10)

Ïåðåõîä ê ýòîìó ÿäðó âîçìîæåí áëàãîäàðÿ èíâàðèàíòíîñòè ñêà÷êà (3.6) ïî îò-

íîøåíèþ ê ïðåîáðàçîâàíèþ

K̂ → Ô−1K̂Ô , 〈A′Ā|
(

~̂q 2
1 ~̂q

2
2

)− 1
2 → 〈A′Ā|

(

~̂q 2
1 ~̂q

2
2

)− 1
2 Ô ,

(

~̂q 2
1 ~̂q

2
2

)− 1
2 |B̄′B〉 → Ô−1

(

~̂q 2
1 ~̂q

2
2

)− 1
2 |B̄′B〉 (3.11)
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ñ ëþáûì íåñèíãóëÿðíûì îïåðàòîðîì Ô. Äëÿ Ô =
(

~̂q 2
1 ~̂q

2
2

)1/2

èìååì (3.10) è

ïðàâàÿ ÷àñòü (3.6) ïðèíèìàåò âèä

〈A′Ā|
(

~̂q 2
1 ~̂q

2
2

)− 1
2

eY K̂
(

~̂q 2
1 ~̂q

2
2

)− 1
2 |B̄′B〉 = 〈A′Ā|eY K̂

(

~̂q 2
1 ~̂q

2
2

)−1

|B̄′B〉 . (3.12)

Ïîñëå ïðèâåäåíèÿ ÿäðà ê âèäó K (3.10), êîòîðûé ÿâëÿåòñÿ êîí�îðìíî

èíâàðèàíòíûì â ìåáèóñîâñêîì ïðåäñòàâëåíèè â �Ï, âîçìîæíû äîïîëíèòåëüíûå

ïðåîáðàçîâàíèÿ ÿäðà ñ Ô = 1− αsÛ . Ñ òî÷íîñòüþ Ñ�Ï îíè äàþò

K̂ → K̂ − αs[K̂(B), Û ] , 〈A′Ā| → 〈A′Ā| −
(

〈A′Ā|
)(B)

αsÛ ,

(

~̂q 2
1 ~̂q

2
2

)−1

|B̄′B〉 →
(

~̂q 2
1 ~̂q

2
2

)−1

|B̄′B〉+ αsÛ
(

~̂q 2
1 ~̂q

2
2

)−1
(

|B̄′B〉
)(B)

. (3.13)

Â [50℄ áûëî ïîêàçàíî, ÷òî ïðåîáðàçîâàíèå (3.13) óñòðàíÿåò ðàçëè÷èå ìåæ-

äó ÿäðàìè ÁÔÊË è ÁÊ â ëèíåéíîì ïðèáëèæåíèè [25℄ è ïîçâîëÿåò ïîñòðîèòü

êâàçèêîí�îðìíîå ÿäðî â ìåáèóñîâñêîì ïðåäñòàâëåíèè â âèäå

K̂QC = K̂ − αs[K̂(B), Û ] . (3.14)

Îïåðàòîð Û áûë íàéäåí â âèäå ñóììû Û = Û1 + Û2. Ïåðâàÿ ÷àñòü áûëà

ïîñòðîåíà â èìïóëüñíîì ïðåäñòàâëåíèè

〈~q1, ~q2|αsÛ1|~q ′
1 , ~q

′
2 〉 =

αsNc

2π2

[

−δ(~q − ~q ′)

(

~k

~k 2
− ~q1
~q 2
1

)(

~k

~k 2
+
~q2
~q 2
2

)

ln~k 2

+δ(~q1 − ~q ′
1)δ (~q2 − ~q ′

2)

(

∫

d2l

(

1

~l 2
−

~l(~l − ~q1)

2~l 2(~l − ~q1)2
−

~l(~l − ~q2)

2~l 2(~l − ~q2)2

)

ln~l 2

−πβ0
4Nc

ln
(

~q 21 ~q
2
2

)

)

]

, (3.15)

ãäå ~q = ~q1 + ~q2, ~q
′ = ~q ′

1 + ~q ′
2 , β0 � ýòî ïåðâûé êîý��èöèåíò β-�óíêöèè è

~k = ~q1− ~q ′
1 . Çàìåòèì, ÷òî èíòåãðàë ïî

~l ðàñõîäèòñÿ ïðè ~l = 0, è, âîîáùå ãîâîðÿ,

÷ëåí 1/~l 2 òðåáóåò ðåãóëÿðèçàöèè. Íî íàì íåîáõîäèìî äåéñòâèå U1 íà íåêîòîðîå

ñîñòîÿíèå, ò. å. èíòåãðàë ïî

~k îò ïðîèçâåäåíèÿ ýòîãî ìàòðè÷íîãî ýëåìåíòà è

�óíêöèè îò

~k, à íå ñàì ìàòðè÷íûé ýëåìåíò. Â ýòîì èíòåãðàëå ðàñõîäèìîñòè
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ïðè

~l = 0 è ~k = 0 ñîêðàùàþòñÿ è ïîëó÷àåòñÿ êîíå÷íûé ðåçóëüòàò (ðàçóìååòñÿ,

÷ëåíû 1/~l 2 è 1/~k 2
äîëæíû áûòü îäèíàêîâî ðåãóëÿðèçîâàíû). Âòîðàÿ ÷àñòü

îïåðàòîðà

〈~r1~r2|αsÛ2M |~r ′
1~r

′
2〉 =

αsNc

4π2

∫

d~r0
~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

~r 2
01~r

2
02

)

×
[

δ(~r11′)δ(~r02′) + δ(~r01′)δ(~r22′)− δ(~r11′)δ(r22′)

]

, (3.16)

áûëà íàéäåíà â ìåáèóñîâñêîì ïðåäñòàâëåíèè, ÷òî îáîçíà÷åíî M (çäåñü òàêæå

îáîçíà÷åíî ~rij′ = ~ri − ~r ′
j ).

Êâàçèêîí�îðìíîå ÿäðî K̂QC , îïðåäåëåííîå â (3.14)�(3.16), áûëî ïîñòðîå-

íî â ìåáèóñîâñêîì ïðåäñòàâëåíèè. Ñåé÷àñ åãî ÿâíûé âèä â ýòîì ïðåäñòàâëåíèè

èçâåñòåí äëÿ òåîðèé ñ �åðìèîíàìè è ñêàëÿðàìè â ëþáîì ïðåäñòàâëåíèè öâåòî-

âîé ãðóïïû [103℄.

Òàê êàê ïåðåõîä ê ìåáèóñîâñêîìó ïðåäñòàâëåíèþ ïîäðàçóìåâàåò ñóæåíèå

îáëàñòè ñîñòîÿíèé íà êîòîðîå äåéñòâóåò îïåðàòîð, ñâÿçü îïåðàòîðà â ýòîì ïðåä-

ñòàâëåíèè ñ åãî ïîëíîé �îðìîé íå î÷åâèäíà. Â ÷àñòíîñòè íåòðèâèàëüíà çàäà÷à

âîññòàíîâëåíèÿ îïåðàòîðà Û2 (è K̂QC
) â ïîëíîì ïðåäñòàâëåíèè â èìïóëüñíîì

ïðîñòðàíñòâå ïî ìåáèóñîâñêîé �îðìå (3.16). Â ýòîé ãëàâå äåìîíñòðèðóåòñÿ âîç-

ìîæíîñòü òàêîãî âîññòàíîâëåíèÿ.

3.2 Ñâÿçü ìåæäó ïîëíûì è ìåáèóñîâñêèì

ïðåäñòàâëåíèÿìè

Âîçìîæíîñòü ïîñòðîèòü ïîëíóþ �îðìó ÿäðà ïî ìåáèóñîâñêîé îñíîâàíà

íà êàëèáðîâî÷íîé èíâàðèàíòíîñòè ÿäðà. Çàìåòèì, ÷òî ýòî ñâîéñòâî ÿäðà âìå-

ñòå ñ êàëèáðîâî÷íîé èíâàðèàíòíîñòüþ èìïàêò �àêòîðîâ äëÿ áåñöâåòíûõ ÷à-

ñòèö áûëî èñïîëüçîâàíî äëÿ ïåðåõîäà ê ìåáèóñîâñêîìó ïðåäñòàâëåíèþ â [40℄.

Òîëüêî áëàãîäàðÿ ýòîìó ñâîéñòâó ñêà÷îê (3.6) ìîæíî ïåðåïèñàòü, èñïîëüçóÿ ìå-

áèóñîâñêîå ïðåäñòàâëåíèå K̂. Äëÿ íà÷àëà ìû îïèøåì ïåðåõîä ê ìåáèóñîâñêîìó
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ïðåäñòàâëåíèþ. Êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü èìïàêò �àêòîðîâ îçíà÷àåò

〈A′Ā|~q, 0〉 = 〈A′Ā|0, ~q〉 = 〈~q, 0|B̄′B〉 = 〈0, ~q|B̄′B〉 = 0 , (3.17)

à êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü ÿäðà K̂ âûðàæàåòñÿ â âèäå

Kr(~q1, ~q
′
1 ; ~q)|~q1=0 = Kr(~q1, ~q

′
1 ; ~q)|~q ′

1=0

= Kr(~q1, ~q
′
1 ; ~q)|~q1=~q = Kr(~q1, ~q

′
1 ; ~q)|~q ′

1=~q
= 0. (3.18)

Êàê âèäíî èç (3.2), (3.4) è (3.6), ýòè ñâîéñòâà ãàðàíòèðóþò îòñóòñòâèå êóëîíîâ-

ñêèõ ðàñõîäèìîñòåé â ñêà÷êàõ.

Èç (3.10), (3.4) è ýòèõ ñâîéñòâ òàêæå ñëåäóåò

〈A′Ā|eY K̂|~q, 0〉 = 〈A′Ā|eY K̂|0, ~q〉 = 0 . (3.19)

Ýòî îçíà÷àåò, ÷òî 〈A′Ā|eY K̂|Ψ〉 = 0, åñëè 〈~r1, ~r2|Ψ〉 íå çàâèñèò îò ~r1 èëè îò ~r2.

Ïðè ýòîì â (3.12) ìîæíî ñäåëàòü çàìåíó

〈~r1, ~r2|
(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉 → 〈~r1, ~r2|
(

(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉
)

M
= 〈~r1, ~r2|

(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉

− 1

2
〈~r1, ~r1|

(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉 − 1

2
〈~r2, ~r2|

(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉 , (3.20)

íå èçìåíèâ çíà÷åíèå ñêà÷êà (3.6). Ýòà çàìåíà ïåðåâîäèò ñîñòîÿíèå

(

~̂q 21 ~̂q
2
2

)−1

|B̄′B〉 â ìåáèóñîâñêîå ïðåäñòàâëåíèå. Çàìåòèì, ÷òî ýòî ïðåîáðàçîâàíèå îäíî-

çíà÷íî, åñëè ó÷åñòü òðåáîâàíèå ñèììåòðèè ïðè ïåðåñòàíîâêå ðåäæåîíîâ. Â èì-

ïóëüñíîì ïðåäñòàâëåíèè îíî èìååò âèä

〈~q1, ~q2|
(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉M = 〈~q1, ~q2|
(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉

− 1

2
(δ(~q1 − ~qB)δ(~q2) + δ(~q2 − ~qB)δ(~q1))

∫

d~l1d~l2〈~l1,~l2|
(

~̂q 21 ~̂q
2
2

)−1|B̄′B〉. (3.21)

Äàëåå ìîæíî ïåðåéòè îò K ê KM , íå ìåíÿÿ ñêà÷êà. Ýòî äîñòèãàåòñÿ îòáðàñû-

âàíèåì â K ÷ëåíîâ, êîòîðûå ðàâíû 0 â ìåáèóñîâñêîì ïðîñòðàíñòâå, è ÷ëåíîâ,

êîòîðûå ïðè äåéñòâèè íà ñîñòîÿíèå â ìåáèóñîâñêîì ïðîñòðàíñòâå âûâîäÿò åãî
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èç ýòîãî ïðîñòðàíñòâà. Äëÿ ÿäðà â êîîðäèíàòíîì ïðåäñòàâëåíèè 〈~r1, ~r2|K̂|~r ′
1 , ~r

′
2〉

èìååì

〈~r1, ~r2|K̂M |~r ′
1 , ~r

′
2〉 = 〈~r1, ~r2|K̂|~r ′

1 , ~r
′
2〉t

− a〈~r1, ~r1|K̂|~r ′
1 , ~r

′
2〉t − (1− a)〈~r2, ~r2|K̂|~r ′

1 , ~r
′
2〉t , (3.22)

ãäå èíäåêñ t îçíà÷àåò îòáðàñûâàíèå ÷ëåíîâ ∼ δ(~r1′2′). Íåîïðåäåëåííîñòü â âûáî-

ðå a íå èìååò çíà÷åíèÿ â ñèëó ñèììåòðèè èìïàêò �àêòîðîâ 〈A′Ā| îòíîñèòåëüíî
ïåðåñòàíîâêè ðåäæåîíîâ. Ýòó íåîïðåäåëåííîñòü ìîæíî óñòðàíèòü, ïîòðåáîâàâ

ñîîòâåòñòâóþùåé ñèììåòðèè ÿäðà. Ïîýòîìó ìû íå áóäåì â äàëüíåéøåì ê íåé

âîçâðàùàòüñÿ.

Èòàê, â ïðîñòðàíñòâå ïîïåðå÷íûõ êîîðäèíàò ìåáèóñîâñêîå ïðåäñòàâëåíèå

ÿäðà K îäíîçíà÷íî ñòðîèòñÿ ïî ïîëíîìó ïðåäñòàâëåíèþ ñ ó÷åòîì ñèììåòðèè

îòíîñèòåëüíî ïåðåñòàíîâêè ðåäæåîíîâ (êîòîðûå ÿâëÿþòñÿ áîçîíàìè). ßñíî, ÷òî

ýòî óòâåðæäåíèå ñïðàâåäëèâî äëÿ îïåðàòîðîâ, îïðåäåëåííûõ êàê â èìïóëüñíîì,

òàê è â êîîðäèíàòíîì ïðîñòðàíñòâàõ.

Âîîáùå ãîâîðÿ, îïåðàòîðû â ìåáèóñîâñêîì ïðåäñòàâëåíèè íå îïðåäåëåíû

â èìïóëüñíîì ïðîñòðàíñòâå. Ïðè÷èíà â òîì, ÷òî â êîîðäèíàòíîì ïðîñòðàíñòâå

îíè ìîãóò áûòü ñèíãóëÿðíû ïðè ~r1′2′ = 0, òàê ÷òî èõ íåïîñðåäñòâåííîå ïðåîá-

ðàçîâàíèå â èìïóëüñíîå ïðîñòðàíñòâî íåâîçìîæíî. Èñïîëüçóÿ òðàíñëÿöèîííóþ

èíâàðèàíòíîñòü, �îðìàëüíî ìîæíî íàïèñàòü

〈~q1, ~q2|K̂M |~q ′
1 , ~q

′
2〉=

∫

d~r1
2π

d~r2
2π

d~r ′
1

2π

d~r ′
2

2π
e−i~q1~r1−i~q2~r2+i~q

′
1~r

′
1+i~q

′
2~r

′
2 〈~r1, ~r2|K̂M |~r ′

1 , ~r
′
2〉

= δ(~q1 + ~q2 − ~q ′
1 − ~q ′

2)KM(~q1, ~q2;~k), (3.23)

ãäå

~k = ~q1 − ~q ′
1 = ~q ′

2 − ~q2 è

KM(~q1, ~q2;~k) =

∫

d~r11′

2π

d~r22′

2π
d~r1′2′e

−i~q1~r11′−i~q2~r22′−i~k~r1′2′〈~r1, ~r2|K̂M |~r ′
1 , ~r

′
2〉. (3.24)

Íî èç-çà óïîìÿíóòîé âûøå ñèíãóëÿðíîñòè èíòåãðàë ïî ~r1′2′ â (3.24) ìîæåò ðàñõî-

äèòüñÿ. ×òîáû èçáåæàòü ðàñõîäèìîñòè, ðàçîáüåì 〈~r1, ~r2|K̂M |~r ′
1 , ~r

′
2〉 íà äâå ÷àñòè

〈~r1, ~r2|K̂M |~r ′
1 , ~r

′
2〉 = 〈~r1, ~r2|K̂M1|~r ′

1 , ~r
′
2〉+ 〈~r1, ~r2|K̂M2|~r ′

1 , ~r
′
2〉, (3.25)
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ãäå 〈~r1, ~r2|K̂M2|~r ′
1 , ~r

′
2〉 èìååò íåèíòåãðèðóåìóþ ñèíãóëÿðíîñòü ïðè ~r1′2′ = 0, à

èíòåãðàë (3.24) ñ K̂M1 âìåñòî K̂M êîíå÷åí. Òîãäà îïðåäåëèì

KM(~q1, ~q2;~k)− =

∫

d~r11′

2π

d~r22′

2π
d~r1′2′e

−i~q1~r11′−i~q2~r22′−i~k~r1′2′〈~r1, ~r2|K̂M1|~r ′
1 , ~r

′
2〉

+

∫

d~r11′

2π

d~r22′

2π
d~r1′2′e

−i~q1~r11′−i~q2~r22′ (e−i
~k~r1′2′ − 1)〈~r1, ~r2|K̂M2|~r ′

1 , ~r
′
2〉. (3.26)

Òàêèì îáðàçîì ìû âû÷èòàåì ÷ëåíû, ðàñõîäÿùèåñÿ ïðè ~r1′2′ = 0. ×òîáû èíòå-

ãðàë (3.26) áûë õîðîøî îïðåäåëåí, ïîòðåáóåì, ÷òîáû 〈~r1, ~r2|K̂M2|~r ′
1 , ~r

′
2〉 ñòðåìè-

ëîñü ê 0 áûñòðåå ÷åì 1/~r 2
1′2′. ßäðî ÁÔÊË îáëàäàåò ýòèì ñâîéñòâîì, ÷òî îòðàæà-

åò åãî ÈÊ-ñòàáèëüíîñòü, òî åñòü îòñóòñòâèå ðàñõîäèìîñòåé ïðè ìàëûõ

~k. Åñëè

îáîçíà÷èòü

〈~q1, ~q2|K̂|~q ′
1 , ~q

′
2〉 = δ(~q1 + ~q2 − ~q ′

1 − ~q ′
2)K(~q1, ~q2;~k), (3.27)

òî èç (3.22) ñëåäóåò, ÷òî

KM(~q1, ~q2;~k)− = K(~q1, ~q2;~k)−

− (aδ(~q2) + (1− a)δ(~q1))

∫

d~l1d~l2δ(~q1 + ~q2 −~l1 −~l2)K(~l1,~l2;~l1 − ~q ′
1)− , (3.28)

ãäå K(~q1, ~q2;~k)− îçíà÷àåò K(~q1, ~q2;~k) áåç ÷ëåíîâ íåçàâèñèìûõ îò òðåòüåãî àðãó-

ìåíòà K(~q1, ~q2;~k).

Êàê ìû óæå ãîâîðèëè, ìåáèóñîâñêîå ïðåäñòàâëåíèå ÿäðà ÁÔÊË îäíî-

çíà÷íî ñòðîèòñÿ ïî ïîëíîìó ñ ó÷åòîì ñèììåòðèè îòíîñèòåëüíî ïåðåñòàíîâîê

ðåäæåîíîâ. Îáðàòíîå óòâåðæäåíèå òîæå âåðíî. Ìåáèóñîâñêîå ïðåäñòàâëåíèå

ÿäðà ÁÔÊË ïîëíîñòüþ îïðåäåëÿåò ïîëíîå ÿäðî ñèììåòðè÷íîå îòíîñèòåëüíî

ïåðåñòàíîâêè ðåäæåîíîâ. Äëÿ ñïðàâåäëèâîñòè ýòîãî óòâåðæäåíèÿ íåîáõîäèìû

òðè ñâîéñòâà ÿäðà ÁÔÊË â ïîëíîì ïðåäñòàâëåíèè. Ïåðâîå � ýòî êàëèáðîâî÷íàÿ

èíâàðèàíòíîñòü ((3.10), (3.18), (3.27))

Kr(~q1, ~q2; ~q1) = Kr(~q1, ~q2;−~q2) = 0. (3.29)

Âòîðîå � ÈÊ ñòàáèëüíîñòü, îáåñïå÷èâàþùàÿ ñõîäèìîñòü èíòåãðàëà (3.26). Òðå-

òüå � îòñóòñòâèå ÷ëåíîâ, ïðîïîðöèîíàëüíûõ δ(~q1) èëè δ(~q2) â ÿäðå. Ýòî ñâîéñòâî

�èêñèðóåò îñòàòî÷íóþ ñâîáîäó, ñâÿçàííóþ ñ òàêèìè ÷ëåíàìè.
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Òðè ýòèõ ñâîéñòâà (ñ ó÷åòîì ñèììåòðèçàöèè îòíîñèòåëüíî çàìåíû ðå-

äæåîíîâ) îáåñïå÷èâàþò åäèíñòâåííîñòü âîññòàíîâëåííîãî ÿäðà. Äåéñòâèòåëüíî,

ïóñòü ñóùåñòâóþò äâà ðàçëè÷íûõ ÿäðà â ïîëíîì ïðåäñòàâëåíèè K(1)
è K(2)

ñ

îäèíàêîâûì ìåáèóñîâñêèì ïðåäñòàâëåíèåì. Òîãäà ìåáèóñîâñêîå ïðåäñòàâëåíèå

èõ ðàçíîñòè ðàâíî 0. Èç (3.28) ñëåäóåò, ÷òî â ýòîì ñëó÷àå

K(1)(~q1, ~q2;~k)− −K(2)(~q1, ~q2;~k)− = 0, (3.30)

ò.å. îíè ìîãóò îòëè÷àòüñÿ òîëüêî ÷ëåíàìè, íå çàâèñÿùèìè îò

~k. Ñ äðóãîé ñòîðî-

íû, êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü òðåáóåò îáðàùåíèÿ â 0 ðàçíîñòè (3.30) ïðè

~k = ~q1 è ~k = −~q2. Ïîýòîìó îíà ðàâíà 0 òîæäåñòâåííî.
Èòàê, îäíîçíà÷íîñòü âîññòàíîâëåíèÿ K̂ ïî K̂M äîêàçàíà. Ýòî äîêàçàòåëü-

ñòâî ïîêàçûâàåò, êàê òåõíè÷åñêè âîññòàíîâèòü ïîëíîå ÿäðî.

3.3 Âîññòàíîâëåíèå U2 ïî ìåáèóñîâñêîé �îðìå

Ìû ïðîäåìîíñòðèðóåì âîññòàíîâëåíèå ïîëíîé �îðìû îïåðàòîðà ïî åãî

ìåáèóñîâñêîé �îðìå íà ïðèìåðå îïåðàòîðà U2 (3.16). Âî-ïåðâûõ, íåîáõîäèìî îò-

ìåòèòü, ÷òî Û â ïðåîáðàçîâàíèè (3.13) íå ìîæåò áûòü ïðîèçâîëüíûì, åñëè ìû

õîòèì ñîõðàíèòü âîçìîæíîñòü èñïîëüçîâàòü ìåáèóñîâñêîå ïðåäñòàâëåíèå ïî-

ñëå ýòîãî ïðåîáðàçîâàíèÿ. Äåéñòâèòåëüíî, â ýòîì ñëó÷àå ïðåîáðàçîâàíèå (3.13)

äîëæíî ñîõðàíÿòü êàëèáðîâî÷íóþ èíâàðèàíòíîñòü èìïàêò �àêòîðîâ 〈A′Ā| è
ÿäðà K̂. Ïîýòîìó Û äîëæåí áûòü êàëèáðîâî÷íî èíâàðèàíòåí òàêæå êàê è K̂.
Áîëåå òîãî, áåç ïîòåðè îáùíîñòè ìîæíî ñ÷èòàòü, ÷òî îí íå ñîäåðæèò ÷ëåíîâ ñ

δ(~q1) èëè δ(~q2) â èìïóëüñíîì ïðîñòðàíñòâå, òàê êàê òàêèå ÷ëåíû íå äàþò âêëàäà

â ñêà÷îê (3.6). Äðóãèìè ñëîâàìè, Û èìååò òå æå ñâîéñòâà, ÷òî è K̂. Äëÿ ïåðâîé
÷àñòè îïåðàòîðà Û1 ýòè ñâîéñòâà ëåãêî ïðîñëåäèòü èç (3.15). Ñëåäîâàòåëüíî, Û2

òàêæå èìååò ýòè ñâîéñòâà è ìîæåò áûòü îäíîçíà÷íî âîññòàíîâëåí èç (3.16).

×òîáû ýòî ñäåëàòü, ïåðåâåäåì (3.16) â èìïóëüñíîå ïðåäñòàâëåíèå. Êàê



146

îáñóæäàëîñü ðàíåå, îïåðàòîð îáùåãî âèäà â ìåáèóñîâñêîì ïðåäñòàâëåíèè â

êîîðäèíàòíîì ïðîñòðàíñòâå ìîæåò áûòü ñèíãóëÿðåí ïðè ~r1′2′ = 0. Ïîýòîìó

íåïîñðåäñòâåííîå ïðåîáðàçîâàíèå â èìïóëüñíîå ïðåäñòàâëåíèå íåâîçìîæíî è

ïîëíûé îïåðàòîð â èìïóëüñíîì ïðîñòðàíñòâå ñòðîèòñÿ ñ ïîìîùüþ (3.28) ÷åðåç

ÔM(~q1, ~q2;~k)−, îïðåäåëåííûé â (3.26). Íî êàê âèäíî èç (3.16), íàø ìàòðè÷íûé

ýëåìåíò 〈~r1~r2|Û2M |~r ′
1~r

′
2〉 íå èìååò ðàñõîäèìîñòåé ïðè ~r1′2′ = 0, õîòÿ òàêèå ñèíãó-

ëÿðíîñòè åñòü â åãî îòäåëüíûõ ÷àñòÿõ. Ïîýòîìó ìîæíî èëè ðàññìàòðèâàòü ýòè

÷àñòè ïî-îòäåëüíîñòè è âû÷èòàòü ñèíãóëÿðíîñòè (ñëåäóÿ (3.26)) â êàæäîé èç

íèõ, èëè ðàññìàòðèâàòü èõ âìåñòå è íå âû÷èòàòü ñèíãóëÿðíîñòè. Çäåñü âûáðàí

âòîðîé ïóòü âû÷èñëåíèÿ 〈~q1~q2|Û2M |~q ′
1~q

′
2〉 êàê öåëîãî.

Ïðè ýòîì âîçíèêàþò òåõíè÷åñêèå ñëîæíîñòè, ñâÿçàííûå ñ ðàçäåëåíèåì

ðåàëüíîé è âèðòóàëüíîé ÷àñòåé. Êàê âèäíî èç (3.16), â 〈~r1~r2|Û2M |~r ′
1~r

′
2〉 åñòü ÷ëå-

íû ñ ÓÔ ðàñõîäèìîñòÿìè ïðè ~r01 = 0 è ~r02 = 0, êîòîðûå ñîêðàùàþòñÿ â ñóììå.

Ìû ðàññìàòðèâàåì èõ âìåñòå. Äðóãàÿ ñëîæíîñòü â òîì, ÷òî êàê è K(~q1, ~q2;~k),

U2(~q1, ~q2;~k) (îïðåäåëåííûé ñ ïîìîùüþ (3.27) ñ çàìåíîé K → U2) èìååò ðàñõîäè-

ìîñòü ïðè

~k = 0 â âèðòóàëüíîé (∼ δ(~k)) è ðåàëüíîé ÷àñòÿõ. Îíè ñîêðàùàþòñÿ

â ñóììå, íî ÷òîáû ýòî ïðîäåìîíñòðèðîâàòü, íåîáõîäèìî ïåðåïèñàòü ÷ëåí ñ δ(~k)

â èíòåãðàëüíîé �îðìå.

Îïðåäåëÿÿ U2M(~q1, ~q2;~k) â ñîîòâåòñòâèè ñ (3.23), (3.24) ñ çàìåíîé K̂M→
Û2M , èñïîëüçóÿ (3.16) è èíòåãðèðóÿ äåëüòà �óíêöèè, ïîëó÷àåì

αsU2M(~q1, ~q2;~k) =
αsNc

4π2

∫

d~r1
2π

d~r2
2π

~r 2
12

~r 2
1 ~r

2
2

ln

(

~r 2
12

~r 2
1 ~r

2
2

)

×
[

e−i
~k ~r1−i~q2 ~r2 + e−i~q1 ~r1+i

~k ~r2 − e−i
~k ~r12
]

. (3.31)

�àçäåëèì Û2 íà äâå ÷àñòè, Û2 = Û r
2 + Û v

2 , ñäåëàâ â (3.31) ñëåäóþùóþ çàìåíó

~r 2
12

~r 2
1 ~r

2
2

ln

(

~r 2
12

~r 2
1 ~r

2
2

)

=
1

~r 2
1

ln

(

~r 2
12

~r 2
2

)

+
1

~r 2
2

ln

(

~r 2
12

~r 2
1

)

− 2
~r1~r2
~r 2
1 ~r

2
2

ln

(

~r 2
12

~r 2
1 ~r

2
2

)

+
1

~r 2
1

ln

(

1

~r 2
1

)

+
1

~r 2
2

ln

(

1

~r 2
2

)

, (3.32)
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òàê ÷òî ïåðâûå 3 ÷ëåíà âõîäÿò â Û r
2 , à îñòàëüíûå � â Û v

2 . Òîãäà U
r
2M(~q1, ~q2;~k)

âû÷èñëÿåòñÿ ñ ïîìîùüþ èíòåãðàëîâ

∫

d~r1
2π

d~r2
2π

1

~r 2
1

ln

(

~r 2
12

~r 2
2

)

e−i~a~r1−i
~b~r2 =

1

~b 2
ln

(

(~a+~b)2

~a 2

)

, (3.33)

∫

d~r1
2π

d~r2
2π

~r1~r2
~r 2
1 ~r

2
2

ln

(

~r 2
12

~r 2
1

)

e−i~a~r1−i
~b~r2 = − ~a~b

~a 2~b 2
ln

(

(~a+~b)2

~b 2

)

, (3.34)

∫

d~r

2π
e−i~a~r

~r

~r 2
=

−i~a
~a 2

,

∫

d~r

2π
e−i~a~r

~r

~r 2
ln(~r 2) =

−i~a
~a 2

(

2ψ(1)− ln

(

~a 2

4

))

. (3.35)

�åçóëüòàò èìååò âèä

αsU
r
2M(~q1, ~q2, ~k) =

αsNc

4π2

[

2

~k 2
ln(~k 2) +

1

~q 2
1

ln

(

~q ′ 2
1

~k 2

)

+
1

~q 2
2

ln

(

~q ′ 2
2

~k 2

)

+
1

~k 2
ln

(

~q ′ 2
1 ~q ′ 2

2

~q 2
1 ~q

2
2

)

− 2
~q1~k

~k 2~q 2
1

ln
(

~q ′ 2
1

)

+ 2
~q2~k

~k 2~q 2
2

ln
(

~q ′ 2
2

)

−2 (ψ(1) + ln 2)

(

2

~k 2
− 2~q1~k

~q 2
1
~k 2

+
2~q2~k

~q 2
2
~k 2

)]

, (3.36)

ãäå ~q ′
1 = ~q1 − ~k, ~q ′

2 = ~q2 + ~k.

Äâà ïîñëåäíèõ ÷ëåíà â (3.32) ïîñëå èíòåãðèðîâàíèÿ (3.31) äàþò âêëàäû,

ïðîïîðöèîíàëüíûå δ(~q1), δ(~q2) è δ(k) ñ ðàñõîäÿùèìèñÿ êîý��èöèåíòàìè. ×ëå-

íû ïðîïîðöèîíàëüíûå δ(~q1) è δ(~q2) ìîæíî îòáðîñèòü. Êîý��èöèåíò ïðè δ(k)

ïðåäñòàâèì â âèäå èíòåãðàëà [100℄:

∫

d~r
1

~r 2
ln

(

1

~r 2

)

(

ei~q1 ~r + ei~q2 ~r − 2
)

=

∫

d~l
d~r1
2π

d~r2
2π

~r1~r2
~r 2
1 ~r

2
2

e−i
~l (~r1+~r2)

[

ei~q1 ~r1 ln(~r 2
2 ) + ei~q2 ~r2 ln(~r 2

1 )− ln(~r 2
1 ~r

2
2 )
]

=

∫

d~l
[

2ψ(1) + ln 4− ln(~l 2)
]

(

2

~l 2
−

~l(~l − ~q1)

~l 2(~l − ~q1)2
−

~l(~l − ~q2)

~l 2(~l − ~q2)2

)

. (3.37)

Íàêîíåö, â ðåàëüíóþ ÷àñòü (3.36) íåîáõîäèìî äîáàâèòü ÷ëåíû, íå çàâèñÿùèå îò

~k, òàê, ÷òîáû îíà áûëà ðàâíà 0 ïðè ~q ′
1 = 0 è ~q ′

2 = 0. �åçóëüòàò èìååò âèä

〈~q1, ~q2|αsÛ2|~q ′
1 , ~q

′
2 〉 = δ(~q11′ + ~q22′)

αsNc

4π2

[

2

~k 2
ln(~k 2) +

1

~q 2
1

ln

(

~q ′ 2
1 ~q 2

2

~k 2~q 2

)
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+
1

~q 2
2

ln

(

~q ′ 2
2 ~q 2

1

~k 2~q 2

)

+
1

~k 2
ln

(

~q ′ 2
1 ~q ′ 2

2

~q 2
1 ~q

2
2

)

− 2
~q1~k

~k 2~q 2
1

ln
(

~q ′ 2
1

)

+ 2
~q2~k

~k 2~q 2
2

ln
(

~q ′ 2
2

)

−2
~q1~q2
~q 2
1 ~q

2
2

ln(~q 2)

]

− αsNc

4π2
δ(~q22′)δ (~q11′)

∫

d~l ln~l 2

(

2

~l 2
−

~l(~l − ~q1)

~l 2(~l − ~q1)2

−
~l(~l − ~q2)

~l 2(~l − ~q2)2

)

− (ψ(1) + ln 2) 〈~q1, ~q2|K̂B|~q ′
1 , ~q

′
2 〉 , (3.38)

ãäå

〈~q1, ~q2|K̂(B)|~q ′
1 , ~q

′
2 〉 = δ(~q11′ + ~q22′)

αsNc

2π2

[

2

~k 2
− 2

~q1~k

~k 2~q 2
1

+ 2
~q2~k

~k 2~q 2
2

−2
~q1~q2
~q 2
1 ~q

2
2

− δ(~k)

∫

d~l

(

2

~l 2
−

~l(~l − ~q1)

~l 2(~l − ~q1)2
−

~l(~l − ~q2)

~l 2(~l − ~q2) 2

)]

. (3.39)

ßñíî, ÷òî ïîñëåäíèé ÷ëåí â (3.38) íå äàåò âêëàä â êîììóòàòîð [K̂(B), Û2]. Ïî-

ýòîìó îí ìîæåò áûòü îòáðîøåí.

Äëÿ ïîëíîãî îïåðàòîðà Û = Û1 + Û2, èñïîëüçóÿ (3.15) è (3.38), èìååì

〈~q1, ~q2|αsÛ |~q ′
1 , ~q

′
2 〉 = δ(~q11′ + ~q22′)

αsNc

4π2

[

1

~q 2
1

ln

(

~q ′ 2
1 ~q 2

2

~k 2~q 2

)

+
1

~q 2
2

ln

(

~q ′ 2
2 ~q 2

1

~k 2~q 2

)

+
1

~k 2
ln

(

~q ′ 2
1 ~q ′ 2

2

~q 2
1 ~q

2
2

)

− 2~q1~k

~k 2~q 2
1

ln

(

~q ′ 2
1

~k 2

)

+
2~q2~k

~k 2~q 2
2

ln

(

~q ′ 2
2

~k 2

)

− 2~q1~q2
~q 2
1 ~q

2
2

ln

(

~q 2

~k 2

)

]

− αsβ0
8π

ln
(

~q 2
1 ~q

2
2

)

δ(~q11′)δ(~q22′)− (ψ(1) + ln 2) 〈~q1, ~q2|K̂(B)|~q ′
1 , ~q

′
2 〉 . (3.40)

Çàìåòèì, ÷òî çà èñêëþ÷åíèåì ÷ëåíîâ ñ K̂(B)
(êîòîðûå ìîæíî îòáðîñèòü), îïå-

ðàòîð íå èìååò âèðòóàëüíîé ÷àñòè.

3.4 Ìåáèóñîâñêàÿ �îðìà Û

Ìû âîññòàíîâèëè îïåðàòîð Û2 ïî åãî ìåáèóñîâñêîé �îðìå è ïîëó÷èëè

ïîëíûé îïåðàòîð Û â èìïóëüñíîì ïðåäñòàâëåíèè. Îäíàêî ìåáèóñîâñêîå ïðåä-

ñòàâëåíèå ÷àñòî ÿâëÿåòñÿ óäîáíûì. Ïîýòîìó â ýòîì ðàçäåëå ìû ïîñòðîèì ìåáè-

óñîâñêîå ïðåäñòàâëåíèå Û . Òàê êàê Û2 áûë ïîñòðîåí â ýòîì ïðåäñòàâëåíèè (3.16),



149

íåîáõîäèìî íàéòè ìåáèóñîâñêîå ïðåäñòàâëåíèå Û1. Êàê îïèñàíî âûøå, Û1 èìååò

òå æå ñâîéñòâà (êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü è îòñóòñòâèå ÷ëåíîâ ñ δ(~q1) èëè

δ(~q2)) êàê è K̂. Â ñîîòâåòñòâèå ñ ïðåñêðèïöèåé (3.22), ñíà÷àëà íåîáõîäèìî íàéòè

〈~r1, ~r2|αsÛ1|~r ′
1 , ~r

′
2〉 =

αsNc

4π2

∫

d~q1
2π

d~q2
2π

d~k

(2π)2
ei~q1~r11′+i~q2~r22′+i

~k~r1′2′

[

− 2

~k 2
ln~k 2

+2

(

~k~q1
~k 2~q 2

1

−
~k~q2
~k 2~q 2

2

+
~q1~q2
~q 2
1 ~q

2
2

)

ln~k 2 + δ(~k)

(

−πβ0
2Nc

ln
(

~q 21 ~q
2
2

)

+

∫

d2l

(

2

~l 2
−

~l(~l − ~q1)

~l 2(~l − ~q1)2
−

~l(~l − ~q2)

~l 2(~l − ~q2)2

)

ln~l 2

)]

. (3.41)

Òàê êàê ïîäûíòåãðàëüíîå âûðàæåíèå (â êâàäðàòíûõ ñêîáêàõ) íå èìååò ÷ëå-

íîâ áåç

~k, ïîñëå èíòåãðèðîâàíèÿ íå áóäåò ÷ëåíîâ ñ δ(~r1′2′), êîòîðûå íåîáõîäè-

ìî îòáðàñûâàòü. Â ïðèíöèïå, ñëåäóþùèå øàãè îïðåäåëåíû â (3.22). Íî êàê è

â ïðåäûäóùåì ðàçäåëå íà ïóòè âñòðå÷àþòñÿ òåõíè÷åñêèå òðóäíîñòè, ñâÿçàí-

íûå ñ ðàçäåëåíèåì ðåàëüíîé è âèðòóàëüíîé ÷àñòåé, òàê êàê îíè ðàñõîäÿòñÿ

ïî-îòäåëüíîñòè. Â (3.41) ïåðâûé ÷ëåí â êâàäðàòíûõ ñêîáêàõ è ïåðâûé ÷ëåí â

èíòåãðàëå ïî

~l èìåþò ÈÊ ñèíãóëÿðíîñòü è äîëæíû ðàññìàòðèâàòüñÿ âìåñòå.

Òîëüêî ýòè ÷ëåíû äàþò âêëàä ∼ δ(~r11′)δ(~r22′) â ïðîñòðàíñòâå ïðèöåëüíûõ ïà-

ðàìåòðîâ (â ýòîì ïðîñòðàíñòâå èõ ìîæíî íàçâàòü �âèðòóàëüíûìè�). Íî âòîðîé

èç ýòèõ ÷ëåíîâ èìååò íå òîëüêî ÈÊ, íî è ÓÔ ðàñõîäèìîñòü, òàê ÷òî êîý��è-

öèåíò ïðè δ(~r11′)δ(~r22′) ñîäåðæèò ÓÔ ñèíãóëÿðíîñòü. Ïîýòîìó åãî íåîáõîäèìî

çàïèñàòü â èíòåãðàëüíîì âèäå êàê â ïðåäûäóùåì ðàçäåëå

∫

d~q1
2π

d~q2
2π

d~k

(2π)2
ei~q1~r11′+i~q2~r22′+i

~k~r1′2′

(

− 2

~k 2
ln~k 2 + δ(~k)

∫

d2l
2

~l 2
ln~l 2

)

= −δ(~r11′)δ(~r22′)
∫

d~k

~k 2
ln~k 2

(

2ei
~k~r1′2′ − 2

)

= δ(~r11′)δ(~r22′)

∫

d~r0
d~k1
2π

d~k2
2π

×
~k1~k2
~k 2
1
~k 2
2

(

ei
~k1~r01+i~k2~r02 ln(~k 2

1
~k 2
2 )− ei(

~k1+~k2)~r01 ln(~k 2
1 )− ei(

~k1+~k2)~r02 ln(~k 2
2 )

)

= δ(~r11′)δ(~r22′)

∫

d~r0

[

~r 2
12

~r 2
01~r

2
02

(2ψ(1) + ln 4)
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+
~r01~r02
~r 2
01~r

2
02

ln
(

~r 2
01~r

2
02

)

− 1

~r 2
01

ln
(

~r 2
01

)

− 1

~r 2
02

ln
(

~r 2
02

)

]

, (3.42)

ãäå èñïîëüçîâàíû èíòåãðàëû (3.35). ßñíî, ÷òî ïðåäñòàâëåíèå (3.42) íå åäèí-

ñòâåííî. Èñïîëüçóÿ ðàâåíñòâî

∫

d~r0

[ ~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
01~r

2
02

(~r 2
12)

2

)

−
(

1

~r 2
01

− 1

~r 2
02

)

ln

(

~r 2
01

~r 2
02

)

]

= 0, (3.43)

ïðèõîäèì ê ïðåäñòàâëåíèþ

∫

d~q1
2π

d~q2
2π

d~k

(2π)2
ei~q1~r11′+i~q2~r22′+i

~k~r1′2′

(

− 2

~k 2
ln~k 2 + δ(~k)

∫

d2l
2

~l 2
ln~l 2

)

= δ(~r11′)δ(~r22′)

∫

d~r0
~r 2
12

~r 2
01~r

2
02

[

(2ψ(1) + ln 4) + ln

(

~r 2
12

~r 2
01~r

2
02

)

]

. (3.44)

ÓÔ ðàñõîäèìîñòü â ýòîì âêëàäå äîëæíà ñîêðàùàòü àíàëîãè÷íûå ðàñõîäèìî-

ñòè â îñòàëüíûõ âêëàäàõ. Èõ âû÷èñëåíèå ïðÿìîëèíåéíî. Èñïîëüçóÿ èíòåãðà-

ëû (3.35), èìååì

∫

d~q1
2π

d~q2
2π

d~k

(2π)2
ei~q1~r11′+i~q2~r22′+i

~k~r1′2′

[

2~q1~k

~q 2
1
~k 2

ln~k 2 + δ(~k)

∫

d2l
(~q1 −~l)~l

(~q1 −~l)2~l 2
ln~l 2

]

= δ(~r22′)

[

− ~r 2
12

~r 2
11′~r

2
21′

(

2ψ(1) + ln 4− ln
(

~r 2
21′
)

)

+
1

~r 2
11′

ln

(

~r 2
11′

~r 2
21′

)

+
1

~r 2
21′

(

2ψ(1) + ln 4− ln(~r 2
21′)
)

]

. (3.45)

Êàê ñëåäóåò èç (3.22), ÷ëåíû ñ ïîñëåäíåé ñòðî÷êå íå ðàáîòàþò â ìåáèóñîâñêîì

ïðåäñòàâëåíèè è ìîãóò áûòü îòáðîøåíû. ×ëåíû â (3.41), ñîîòâåòñòâóþùèå ÷ëå-

íàì â êâàäðàòíûõ ñêîáêàõ â ëåâîé ÷àñòè (3.45) ïîñëå çàìåíû ~q1 ↔ ~q2, ~k ↔ −~k
äàþò âêëàä ðàâíûé ïðàâîé ÷àñòè (3.45) ïîñëå çàìåíû ~r1 ↔ ~r2, ~r

′
1 ↔ ~r ′

2 . ×òîáû

íàéòè îñòàëüíûå ÷ëåíû (3.41), êðîìå (3.35) íåîáõîäèìî Ôóðüå ïðåîáðàçîâàíèå

ln ~q 2
. Òàê êàê îíî ñèíãóëÿðíî, íåîáõîäèìà ðåãóëÿðèçàöèÿ (èëè äîîïðåäåëåíèå).

Ïðè �èêñèðîâàííîì ~r 2 6= 0 èìååì

∫

d~k

2π
ei
~k ~r ln(~k 2) = − 2

~r 2
. (3.46)
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Ýòîò ðåçóëüòàò ìîæíî ïîëó÷èòü, ïðåäñòàâèâ ln~k 2 = −(d/dα)(~k 2)−α|α=0 è èñ-

ïîëüçóÿ

∫

d~k

2π
(~k 2)−αei

~k ~r =
2

~r 2
Γ(1− α)

Γ(1 + α)
α

(

~r 2

4

)α

. (3.47)

Íî ïðåäåëû α → 0 è ~r 2 → 0 íå êîììóòèðóþò. Ýòî îçíà÷àåò, ÷òî ðåçóëüòàò (3.46)

íåëüçÿ èñïîëüçîâàòü ïðè ïðîèçâîëüíî ìàëûõ ~r 2
. Âìåñòî ýòîãî íåîáõîäèìî çà-

ìåíèòü 1/~r 2 → 1/(~r 2)R, ãäå ðåãóëÿðèçàöèÿ äîëæíà ïîçâîëèòü ñäåëàòü ïðåîá-

ðàçîâàíèå Ôóðüå,

∫

d~r

2π

−2

(~r 2)R
e−i

~k ~r = ln(~k 2). (3.48)

Òàê êàê

∫

d~r

2π

−2e−i
~k ~r

~r 2
θ(~r 2 − c2)|c→0 = ln(~k 2) + ln c2 − 2ψ(1)− ln 4, (3.49)

ýòîãî ìîæíî äîáèòüñÿ, îïðåäåëèâ 1/(~r 2)R ïðè ~r 2 → 0 ñëåäóþùèì îáðàçîì

∫

d~r

2π

−2

(~r 2)R
θ(c2 − ~r 2)|c→0 = − ln c2 + 2ψ(1) + ln 4. (3.50)

Ôèêñèðóÿ a = 1
2
â (3.22) òðåáîâàíèåì ñèììåòðèè ïðè çàìåíå ~r1 ↔ ~r2,

ïîëó÷àåì

〈~r1~r2|αsÛ1M |~r ′
1~r

′
2〉=

αsNc

4π2

∫

d~r0

{

δ(~r11′)δ(~r02′)

[

~r 2
12 ln

(

~r 2
01

)

~r 2
01~r

2
02

+
1

~r 2
02

ln

(

~r 2
02

~r 2
01

)

]

+δ(~r22′)δ(~r01′)

[

~r 2
12 ln

(

~r 2
02

)

~r 2
01~r

2
02

+
1

~r 2
01

ln

(

~r 2
01

~r 2
02

)

]

+ δ(~r11′)δ(r22′)
~r 2
12 ln

(

~r 2
12

~r 2
01~r

2
02

)

~r 2
01~r

2
02

}

+
1

π~r 2
1′2′

[

2~r11′~r22′

~r 2
11′~r

2
22′

− ~r11′~r12′

~r 2
11′~r

2
12′

− ~r21′~r22′

~r 2
21′~r

2
22′

]

− (ψ(1) + ln 2) 〈~r1, ~r2|K̂(B)
M |~r ′

1 , ~r
′
2 〉

+
αsβ0
8π2

[

δ(~r11′)

(

1

(~r 2
22′)R

− 1

~r 2
12′

)

+ δ(~r22′)

(

1

(~r 2
11′)R

− 1

~r 2
21′

)

]

, (3.51)

ãäå K̂
(B)
M � ýòî ÿäðî ÁÔÊË â �Ï â ìåáèóñîâñêîé �îðìå

〈~r1~r2|K̂(B)
M |~r ′

1~r
′
2〉 =

αsNc

2π2

∫

d~r0
~r 2
12

~r 2
01~r

2
02
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×
[

δ(~r11′)δ(~r02′) + δ(~r01′)δ(~r22′)− δ(~r11′)δ(r22′)

]

. (3.52)

Ìåáèóñîâñêàÿ �îðìà Û ïðåäñòàâèìà â âèäå ñóììû (3.51) è (3.16),

〈~r1~r2|αsÛM |~r ′
1~r

′
2〉 =

αsNc

4π2

∫

d~r0

{

δ(~r11′)δ(~r02′)

[

~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

~r 2
02

)

+
1

~r 2
02

ln

(

~r 2
02

~r 2
01

)]

+ δ(~r22′)δ(~r01′)

[

~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12

~r 2
01

)

+
1

~r 2
01

ln

(

~r 2
01

~r 2
02

)]

}

+
1

π~r 2
1′2′

[

2~r11′~r22′

~r 2
11′~r

2
22′

− ~r11′~r12′

~r 2
11′~r

2
12′

− ~r21′~r22′

~r 2
21′~r

2
22′

]

− (ψ(1) + ln 2) 〈~r1, ~r2|K̂B
M |~r ′

1 , ~r
′
2 〉

+
αsβ0
8π2

[

δ(~r11′)

(

1

(~r 2
22′)R

− 1

~r 2
12′

)

+ δ(~r22′)

(

1

(~r 2
11′)R

− 1

~r 2
21′

)

]

. (3.53)

Íåîáõîäèìî îòìåòèòü, ÷òî ïåðåâîä (3.40) â ìåáèóñîâñêóþ �îðìó â êîîðäèíàò-

íîì ïðîñòðàíñòâå â ñîîòâåòñòâèå ñ ïðåñêðèïöèåé (3.22) â òî÷íîñòè ïðèâîäèò

ê (3.53).

3.5 Îáñóæäåíèå

Èòàê, ìû îáñóäèëè ñâÿçü ìåæäó ìåáèóñîâñêèì è ïîëíûì ïðåäñòàâëåíèÿ-

ìè êàëèáðîâî÷íî èíâàðèàíòíûõ îïåðàòîðîâ, óäåëèâ îñîáîå âíèìàíèå ÿäðó ÁÔ-

ÊË è îïåðàòîðó U , ïðèâîäÿùåìó ÿäðî ÁÔÊË ê êâàçèêîí�îðìíîìó âèäó.

Â ýòîì ïðåäñòàâëåíèè ÿäðî ÁÔÊË â �Ï èíâàðèàíòíî îòíîñèòåëüíî êîí-

�îðìíûõ ïðåîáðàçîâàíèé [40℄, à â Ñ�Ï ìîæåò áûòü ïðåîáðàçîâàíî ê ïðîñòîé

êâàçèêîí�îðìíîé �îðìå. Âàæåí âîïðîñ âîññòàíîâëåíèÿ ïîëíîé �îðìû ÿäðà

ïî åãî ìåáèóñîâñêîé �îðìå. Â îáùåì ñëó÷àå ïîíÿòíî, ÷òî îïåðàòîðû íå ìîãóò

áûòü âîññòàíîâëåíû ïî ñâîèì êâàçèêîí�îðìíûì �îðìàì, òàê êàê ýòè �îðìû

äåéñòâóþò â ñóæåííîì ïðîñòðàíñòâå �óíêöèé. Áîëåå òîãî, â îáùåì ñëó÷àå ìåáè-

óñîâñêàÿ �îðìà ìîæåò áûòü ÿâíî âûïèñàíà òîëüêî â êîîðäèíàòíîì ïðåäñòàâ-

ëåíèè. Ïðåîáðàçîâàíèå â èìïóëüñíîå ïðåäñòàâëåíèå ìîæåò áûòü íåâîçìîæíî
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èç-çà ñèíãóëÿðíîñòåé ïðè ñîâïàäàþùèõ ïðèöåëüíûõ ïàðàìåòðàõ. Îäíàêî äëÿ

ÿäðà ÁÔÊË ìåáèóñîâñêàÿ è ïîëíàÿ �îðìû ÿäðà ýêâèâàëåíòíû. Ïðè÷èíà ýòîìó

� êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü è ÈÊ ñòàáèëüíîñòü ÿäðà.

Ìû ïîêàçàëè, ÷òî ëþáîé êàëèáðîâî÷íî èíâàðèàíòíûé ÈÊ ñòàáèëüíûé

äâóõòî÷å÷íûé îïåðàòîð äîïóñêàåò âîññòàíîâëåíèå ïîëíîé �îðìû ïî ñâîåé ìå-

áèóñîâñêîé �îðìå. Ìû ïîêàçàëè òàêæå, ÷òî âîññòàíîâëåííàÿ �îðìà åäèíñòâåí-

íà ñ òî÷íîñòüþ äî ÷ëåíîâ ïðîïîðöèîíàëüíûõ δ(~q1) èëè δ(~q2) è ñèììåòðèè îòíî-

ñèòåëüíî ïåðåñòàíîâêè ðåäæåîíîâ. Äëÿ îïåðàòîðà U , ïðèâîäÿùåãî ÿäðî ÁÔÊË

ê êâàçèêîí�îðìíîìó âèäó, âîñïîëüçîâàâøèñü ïîñòðîåííîé ïðîöåäóðîé, ìû ïî-

ëó÷èëè ìåáèóñîâñêóþ è ïîëíóþ �îðìû. Èçíà÷àëüíî ýòîò îïåðàòîð áûë ïîëó÷åí

â âèäå ñóììû äâóõ ÷àñòåé, îäíà èç êîòîðûõ áûëà ïîñòðîåíà â ïîëíîé �îðìå

â èìïóëüñíîì ïðåäñòàâëåíèè, à äðóãàÿ â ìåáèóñîâñêîé �îðìå â êîîðäèíàòíîì

ïðåäñòàâëåíèè.
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Çàêëþ÷åíèå

Îñíîâíûå ðåçóëüòàòû, ïîëó÷åííûå â äèññåðòàöèè:

1. Óðàâíåíèå ýâîëþöèè ïî áûñòðîòå äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè â

�Ï, Ñ�Ï, åãî êâàçèêîí�îðìíàÿ �îðìà, ëèíåàðèçîâàííàÿ �îðìà.

2. Óðàâíåíèÿ ýâîëþöèè ïî áûñòðîòå äëÿ êâàäðóïîëüíîãî è äâàæäû äèïîëü-

íîãî îïåðàòîðîâ â Ñ�Ï, èõ êâàçèêîí�îðìíàÿ �îðìà.

3. �åøåíèå óðàâíåíèÿ ÁÔÊË â Ñ�ËÏ äëÿ ðàññåÿíèÿ âïåðåä.

4. Èìïàêò �àêòîðû ýêñêëþçèâíîãî äè�ðàêöèîííîãî �îòîðîæäåíèÿ äâóõ

ñòðóé â Ñ�Ï, ïðîäîëüíî ïîëÿðèçîâàííîãî ëåãêîãî âåêòîðíîãî ìåçîíà â

Ñ�Ï, òðåõ ñòðóé â �Ï â îáùåé êèíåìàòèêå.

5. Ïðîöåäóðà âîññòàíîâëåíèÿ ïîëíîé �îðìû êàëèáðîâî÷íî èíâàðèàíòíîãî

îïåðàòîðà ïî åãî ìåáèóñîâñêîé �îðìå.

6. Ïîëíàÿ è ìåáèóñîâñêàÿ �îðìû îïåðàòîðà, ïðèâîäÿùåãî ïîëíîå ÿäðî ÁÔ-

ÊË â Ñ�Ï ê êâàçèêîí�îðìíîìó âèäó.

ß èñêðåííå áëàãîäàðåí ñâîåìó íàó÷íîìó êîíñóëüòàíòó Â. Ñ. Ôàäèíó çà

ïëîäîòâîðíûå îáñóæäåíèÿ, ñâîèì ñîàâòîðàì ß. Áàëèöêîìó, �. Áóññàðè, Ñ. Âàë-

ëîíó, �. Å. �åðàñèìîâó, Ä. Þ. Èâàíîâó, À. Ïàïà, Â. Ñ. Ôàäèíó, �. Ôèîðå, Ë.

Øèìàíîâñêîìó çà ñîòðóäíè÷åñòâî, À. Ñ. Àðàê÷ååâó, Å. Ì. Áàëäèíó, À. Áîá-

ðîâó, Ë. Â. Êàðäàïîëüöåâó, Ì. �. Êîçëîâó, �. Í. Ëè, À. È. Ìèëüøòåéíó, À.

Â. �åçíè÷åíêî, È. �. Ñîêîëîâîé, À. Ë. Ôåëüäìàíó çà îáñóæäåíèå íàó÷íûõ è

îðãàíèçàöèîííûõ âîïðîñîâ.

Îñíîâíûå ðåçóëüòàòû îïóáëèêîâàíû â ñëåäóþùèõ ðàáîòàõ:
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Ïðèëîæåíèå À.

SU (3)-òîæäåñòâà

Çäåñü ìû ïðèâîäèì ñïèñîê èñïîëüçóåìûõ SU(3)-òîæäåñòâ.

Ui · Uj · Uk = (UiU
†
l ) · (UjU

†
l ) · (UkU

†
l ) = (U †

l Ui) · (U
†
l Uj) · (U

†
l Uk), (À.1)

εijhεi′j′h′(U1)
i′

i (U1)
j′

j = 2(U †
1)
h
h′, U1 · U1 · U3 = 2tr(U †

1U3). (À.2)

Ýòè òîæäåñòâà ñëåäóþò èç îïðåäåëåíèÿ ãðóïïû, à èìåííî èç óíèòàðíîñòè è

òîãî, ÷òî îïðåäåëèòåëü U ðàâåí 1.

(

U2U
†
5U1 + U1U

†
5U2

)

·U5 ·U3 = −B123+
1

2
(B155B325+B255B315−B355B215). (À.3)

Ýòî òîæäåñòâî ìîæíî ïðîâåðèòü, èñïîëüçóÿ (1.43) ñ l = 5 è çàòåì ðàçëàãàÿ

ïðîèçâåäåíèå ñèìâîëîâ Ëåâè-×èâèòà:

εijhε
i′j′h′ =

∣

∣

∣

∣

∣

∣

∣

∣

∣

δi
′

i δj
′

i δh
′

i

δi
′

j δj
′

j δh
′

j

δi
′

h δj
′

h δh
′

h

∣

∣

∣

∣

∣

∣

∣

∣

∣

. (À.4)

Ñëåäóþùåå çàïèñûâàåòñÿ òàê,

0 = [
(

U0U5
†U3U0

†U5

)

· U1 · U2 − U1 · U2 · U5tr
(

U0
†U3

)

tr
(

U5
†U0

)

+ tr
(

U0U5
†) (U2U0

†U3 + U3U0
†U2

)

· U1 · U5 +
(

U0U5
†U2

)

·
(

U3U0
†U5

)

· U1

+
(

U0U5
†U3

)

·
(

U2U0
†U5

)

· U1 + (1 ↔ 2)] + (5 ↔ 0). (À.5)

Ýòî òîæäåñòâî ñâÿçûâàåò öâåòîâûå ñòðóêòóðû â G12〈3〉, G1〈23〉 è G〈13〉2. Ïóòåì

ïðåîáðàçîâàíèÿ 1 ↔ 2 ↔ 3 ìîæíî ïîëó÷èòü åùå 2 òîæäåñòâà è ïîëíîñòüþ

èñêëþ÷èòü 3 öâåòîâûå ñòðóêòóðû èç G12〈3〉, G〈1〉23 è G1〈2〉3.

0 = tr
(

U0
†U2

) (

U0U5
†U3 + U3U5

†U0

)

· U1 · U5

−
(

U0U5
†U3

)

·
(

U2U0
†U5

)

· U1 −
(

U3U5
†U0

)

·
(

U5U0
†U2

)

· U1
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− tr
(

U5U0
†) (U2U5

†U3 + U3U5
†U2

)

· U0 · U1

+
(

U3U5
†U2U0

†U5

)

· U0 · U1 +
(

U5U0
†U2U5

†U3

)

· U0 · U1

−
(

U0U5
†U3

)

·
(

U2U0
†U1

)

· U5 −
(

U1U0
†U2

)

·
(

U3U5
†U0

)

· U5

+
(

U1U0
†U5

)

·
(

U3U5
†U2

)

· U0 +
(

U2U5
†U3

)

·
(

U5U0
†U1

)

· U0. (À.6)

Ýòî òîæäåñòâî ñâÿçûâàåò âñå öâåòîâûå ñòðóêòóðû â G1〈23〉 è äâå ñòðóêòóðû â

G〈123〉. Ïîñëå ïðåîáðàçîâàíèÿ 1 ↔ 2 ↔ 3 îíî ïåðåõîäèò â 5 ðàçíûõ òîæäåñòâ,

÷òî ïîçâîëÿåò èçáàâèòüñÿ îò 6 ñòðóêòóð.

0 = tr
(

U0
†U2

) (

U0U5
†U1 + U1U5

†U0

)

· U3 · U5

+
(

U0U5
†U2U0

†U1 + U1U0
†U2U5

†U0

)

· U3 · U5

− tr
(

U0U5
†) (U1U0

†U2 + U2U0
†U1

)

· U3 · U5

−
(

U0U5
†U1

)

·
(

U2U0
†U5

)

· U3 −
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

−
(

U1U0
†U5

)

·
(

U3U5
†U2

)

· U0 +
(

U1U5
†U2

)

·
(

U3U0
†U5

)

· U0 (À.7)

+
(

U2U5
†U1

)

·
(

U5U0
†U3

)

· U0 −
(

U2U5
†U3

)

·
(

U5U0
†U1

)

· U0 + (5 ↔ 0).

Ýòî òîæäåñòâî ñâÿçûâàåò 2 öâåòîâûå ñòðóêòóðû â G〈12〉3 è îäíó ñòðóêòóðó â

G〈123〉. Ïîñëå ïðåîáðàçîâàíèÿ 1 ↔ 2 ↔ 3 îíî òàêæå ïåðåõîäèò â 5 ðàçíûõ

òîæäåñòâ, ÷òî ïîçâîëÿåò èçáàâèòüñÿ îò 6 ñòðóêòóð.

0 = [U0 · U1 · U2tr
(

U0
†U5

)

tr
(

U5
†U3

)

− tr
(

U5U0
†) (U1U5

†U3 + U3U5
†U1

)

· U0 · U2 +
(

U0U5
†U1

)

·
(

U3U0
†U5

)

· U2

+
(

U1U5
†U0

)

·
(

U5U0
†U3

)

· U2 + (1 ↔ 2)]− (5 ↔ 0). (À.8)

Ýòî òîæåñòâî ñâÿçûâàåò äâå öâåòîâûå ñòðóêòóðû â G〈13〉2, 2 öâåòîâûå ñòðóê-

òóðû â G1〈23〉 è îäíó ñòðóêòóðó â G12〈3〉. Ïîñëå ïðåîáðàçîâàíèÿ 1 ↔ 2 ↔ 3

îíî ïåðåõîäèò â 2 ðàçíûå ñòðóêòóðû, ÷òî ïîçâîëÿåò èçáàâèòüñÿ îò åùå òðåõ

ñòðóêòóð.

0 = 2tr
(

U5U0
†) (U2U5

†U3 + U3U5
†U2

)

· U0 · U1

+
(

U0U5
†U1 + U1U5

†U0

)

·
(

U2U0
†U3 + U3U0

†U2

)

· U5



159

+
(

U0U5
†U2 − U2U5

†U0

)

·
(

U3U0
†U1 − U1U0

†U3

)

· U5

+
(

U0U5
†U3 − U3U5

†U0

)

·
(

U2U0
†U1 − U1U0

†U2

)

· U5 − (5 ↔ 0). (À.9)

Ýòà òîæåñòâî ñâÿçûâàåò 3 öâåòîâûå ñòðóêòóðû â G〈132〉 è îäíó öâåòîâóþ ñòðóê-

òóðó â G1〈23〉. Ïîñëå ïðåîáðàçîâàíèÿ 1 ↔ 2 ↔ 3 îíî ïåðåõîäèò â 2 ðàçíûõ

òîæäåñòâà, ÷òî ïîçâîëÿåò èçáàâèòüñÿ îò åùå òðåõ ñòðóêòóð.

Âñå ýòè òîæäåñòâà (À.5�À.9) ìîæíî ïðîâåðèòü, èñïîëüçóÿ (1.43) ñ l = 1

è çàòåì ðàñêëàäûâàÿ ïðîèçâåäåíèå ñèìâîëîâ Ëåâè-×èâèòà ñ ïîìîùüþ (À.4).

0 = 2tr(U0
†U3)

(

U1U5
†U2

)

· U0 · U5 −
(

U1U5
†U2

)

·
(

U3U0
†U5

)

· U0

−
(

U1U5
†U2

)

·
(

U5U0
†U3

)

· U0 − 2
(

U1U5
†U2

)

· U3 · U5

−
(

U1U5
†U2U0

†U3

)

· U0 · U5 −
(

U3U0
†U1U5

†U2

)

· U0 · U5 + (1 ↔ 2). (À.10)

Ýòî òîæäåñòâî ìîæíî äîêàçàòü íåïîñðåäñòâåííî, èñïîëüçóÿ (1.46).

0 = 2tr
(

U0
†U5

) (

U1U5
†U2

)

· U0 · U3 − tr
(

U0
†U1

) (

U0U5
†U2 + U2U5

†U0

)

· U3 · U5

+
(

U0U5
†U1

)

·
(

U2U0
†U3

)

· U5 +
(

U0U5
†U1

)

·
(

U2U0
†U5

)

· U3

+
(

U1U5
†U0

)

·
(

U3U0
†U2

)

· U5 +
(

U1U5
†U0

)

·
(

U5U0
†U2

)

· U3

−
(

U1U5
†U2

)

·
(

U3U0
†U5 + U5U0

†U3

)

· U0

−
(

U1U5
†U2U0

†U5

)

· U0 · U3 −
(

U5U0
†U1U5

†U2

)

· U0 · U3 + (1 ↔ 2). (À.11)

0 = tr
(

U0
†U2

) (

U0U5
†U1 + U1U5

†U0

)

· U3 · U5 − 2
(

U1U5
†U2 + U2U5

†U1

)

· U3 · U5

+ U0 · U3 · U5tr
(

U0
†U1U5

†U2

)

+ U0 · U3 · U5tr
(

U0
†U2U5

†U1

)

−
(

U1U5
†U2U0

†U3

)

· U0 · U5 −
(

U3U0
†U2U5

†U1

)

· U0 · U5

−
(

U1U5
†U2U0

†U5

)

· U0 · U3 −
(

U5U0
†U2U5

†U1

)

· U0 · U3

−
(

U0U5
†U1

)

·
(

U2U0
†U3

)

· U5 −
(

U1U5
†U0

)

·
(

U3U0
†U2

)

· U5

−
(

U0U5
†U1

)

·
(

U2U0
†U5

)

· U3 −
(

U1U5
†U0

)

·
(

U5U0
†U2

)

· U3. (À.12)
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0 = tr
(

U5
†U1

) (

U2U0
†U5 + U5U0

†U2

)

· U0 · U3

+
(

U0U5
†U1

)

·
(

U3U0
†U2

)

· U5 +
(

U1U5
†U0

)

·
(

U2U0
†U3

)

· U5 (À.13)

+
(

U2U0
†U1U5

†U0

)

· U3 · U5 −
(

U5U0
†U2U5

†U1

)

· U0 · U3 − (1 ↔ 2, 0 ↔ 5).

Ýòè òîæäåñòâà (À.11�À.13) òàêæå ìîæíî ïðîâåðèòü, èñïîëüçóÿ (1.43) ñ l = 3 è

çàòåì ðàñêëàäûâàÿ ïðîèçâåäåíèå ñèìâîëîâ Ëåâè-×èâèòû ñ ïîìîùüþ (À.4).

0 =
(

U2U5
†U0 − U0U5

†U2

)

·
(

U3U0
†U1 − U1U0

†U3

)

· U5

+
(

U3U5
†U2 − U2U5

†U3

)

·
(

U5U0
†U1 − U1U0

†U5

)

· U0

+
(

U1U0
†U2 − U2U0

†U1

)

·
(

U3U5
†U0 − U0U5

†U3

)

· U5 + (0 ↔ 5). (À.14)

Ýòî òîæäåñòâî ìîæíî äîêàçàòü, èñïîëüçóÿ (1.43) ñ l = 5 è (À.4).

0 = (U1U0
†U5 + U5U0

†U1) · U2 · U3

+ 2(U3U0
†U5 + U5U0

†U3) · U1 · U2 − U1 · U2 · U3tr(U0
†U5)

+ 3(U3U0
†U1 + U1U0

†U3) · U2 · U5 − 3U1 · U2 · U5tr(U0
†U3) + (1 ↔ 2). (À.15)

Ýòî òîæäåñòâî íåîáõîäèìî äëÿ âû÷èñëåíèÿ âêëàäà êâàðêà. Åãî ìîæíî äîêàçàòü

ñ ïîìîùüþ (1.43) ñ l = 2 è (À.4).
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Ïðèëîæåíèå Á.

Êîìïîíåíòû ÿäåð

Ôóíêöèè G è H èìåþò ñëåäóþùèé âèä:

G1 =−
(

−~r04
2~r12

2 + ~r02
2
(

~r12
2 − ~r14

2
)

+
(

~r01
2 + ~r02

2 − ~r12
2
)

~r24
2

2~r012~r022~r042~r242

+
~r04

2 − 2~r02
2

2~r022~r042 (~r242 − ~r022)
+

1

~r012~r242 − ~r022~r142

×
[

2~r12
2

~r042
− ~r12

4

2~r012~r242
− ~r14

2

~r042
−
(

~r02
2 − ~r04

2
) (

~r14
2 − ~r01

2
)

~r24
2

~r044 (~r242 − ~r022)

])

× ln

(

~r02
2

~r242

)

− 1

2~r044
+ (0 ↔ 4, 1 ↔ 2) . (Á.1)

G2 = − 1

~r044
+ ln

(

~r02
2

~r242

)

(Á.2)

×
(

1

(~r022 − ~r242)

[

(

1

~r044
+

1

2~r022~r242

)

(

~r02
2 + ~r24

2
)

2
− 2

~r042

]

− ~r02
2 − ~r24

2

4~r022~r042~r242

)

.

G3 = G2|1↔2. (Á.3)

G4 =

(

(

~r02
2 − ~r24

2
) (

~r02
2~r14

2 − ~r01
2~r24

2
)

2~r012~r022~r142~r242~r042
− ~r02

2 + ~r24
2

2~r022~r242~r042
(Á.4)

+
1

2~r012~r142
+

~r12
4

2~r012~r022~r142~r242

+

(

(

~r01
2 − ~r14

2
) (

~r02
2 − ~r24

2
)

2~r012~r022~r042~r142~r242
− ~r02

2 + ~r24
2

2~r012~r022~r142~r242

)

~r12
2

)

ln

(

~r01
2

~r142

)

−G1.

G5 =
2

~r044
+

(

1

~r012 − ~r142

[

4

~r042
− ~r01

2 + ~r14
2

~r044
− 1

~r012

]

− 1

~r012~r042

)

ln

(

~r01
2

~r142

)

.

(Á.5)

G6 =

(

~r12
2 − ~r24

2

2~r012~r142~r242
+
~r14

2
(

~r24
2 − ~r02

2
)

+ ~r01
2
(

~r14
2 − ~r12

2 + ~r24
2
)

2~r012~r042~r142~r242

)

ln

(

~r01
2

~r142

)

.

(Á.6)

G7 = G5|1↔2, G8 = G6|1↔2,0↔4. (Á.7)
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G9 =
~r01

2 − ~r04
2 + ~r14

2

4~r012~r042~r142
ln

(

~r01
2

~r142

)

. (Á.8)

Âî âñåõ ýòèõ âûðàæåíèÿõ i ↔ j îáîçíà÷àåò ïåðåñòàíîâêó. Êàê è ðàíüøå, ýòî

îçíà÷àåò, ÷òî ìû äîëæíû âûïîëíèòü çàìåíó ~ri ↔ ~rj.

H1 =
1

8

[

(

~r02
2 − ~r12

2
) (

~r14
2
(

~r02
2 − ~r24

2
)

+ ~r04
2
(

~r24
2 − ~r12

2
))

~r012~r022~r042~r142~r242

+
~r12

2 − ~r14
2 − ~r24

2

~r042~r142~r242
+
~r24

2 − ~r12
2 − ~r14

2

~r022~r042~r142

]

ln

(

~r01
2

~r142

)

. (Á.9)

H2 =
1

8

[

~r12
2

~r012~r142~r022
+

~r12
2

~r012~r142~r242
+
~r01

2 − ~r02
2

~r012~r042~r242
+ 2

~r14
2 − ~r04

2 + ~r01
2

~r012~r042~r142

− ~r12
2

~r042~r142~r242
+
~r01

2 − ~r12
2

~r012~r042~r022
− ~r24

2

~r042~r142~r022

]

ln

(

~r01
2

~r142

)

. (Á.10)

H3 =
1

8

[

~r01
2 − ~r02

2

~r012~r042~r242
+

~r12
2

~r012~r142~r242
− ~r12

2

~r042~r142~r242

+
~r12

2

~r012~r042~r022
+
~r24

2 − ~r14
2

~r042~r142~r022
− ~r12

2

~r012~r142~r022

]

ln

(

~r01
2

~r142

)

. (Á.11)

H4 =
−1

4~r044
− 1

8

[

~r12
2(~r14

2 − ~r01
2)(~r02

2 + ~r24
2)

~r012~r022~r042~r142~r242
+

~r12
2

~r012~r142~r242
− ~r12

4

~r012~r022~r142~r242

+
~r24

2 + ~r02
2 − ~r14

2

~r022~r042~r142
+
~r01

2 − ~r02
2 − ~r24

2

~r012~r042~r242

+
1

~r012 − ~r142

(

~r12
2 − ~r02

2

~r012~r022
− ~r12

2 + ~r02
2

~r022~r142
− 4~r14

2

~r044
+

8

~r042

)

+
1

~r012~r242 − ~r022~r142

(

2~r12
4

~r022~r142
+

4~r02
2~r14

2

~r044
− 8~r12

2

~r042

)]

ln

(

~r01
2

~r142

)

. (Á.12)

H5 =
1

8

[

~r13
2~r02

2

~r012~r032~r042~r242
− ~r12

2~r13
2

~r012~r032~r142~r242
+

~r12
2

~r012~r142~r242
+

~r13
2

~r012~r032~r142

+
~r12

2~r13
2

~r012~r142~r342~r022
− ~r03

2~r12
2

~r012~r042~r342~r022
+
~r14

2 − ~r34
2

~r032~r042~r142
− ~r12

2

~r042~r142~r242

− ~r13
2~r24

2

~r042~r142~r342~r022
+

~r12
2~r34

2

~r032~r042~r142~r242
− ~r13

2

~r012~r142~r342
+

~r13
2

~r042~r142~r342

+
~r24

2

~r042~r142~r022
− ~r12

2

~r012~r142~r022
+
~r03

2 − ~r01
2

~r012~r042~r342
+

~r12
2

~r012~r042~r022

+
~r03

2 − ~r23
2

~r032~r042~r242
+
~r23

2 − ~r34
2

~r042~r342~r022
− ~r02

2

~r012~r042~r242
− ~r13

2

~r012~r032~r042

]

ln

(

~r01
2

~r142

)

, (Á.13)
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H6 =
1

8

[

~r12
2~r13

2

~r012~r032~r142~r242
− ~r13

2~r02
2

~r012~r032~r042~r242
− ~r12

2~r34
2

~r032~r042~r142~r242
+
~r13

2 − ~r01
2

~r012~r032~r042

− ~r03
2~r12

2

~r012~r042~r342~r022
− ~r13

2~r24
2

~r042~r142~r342~r022
+

~r12
2~r13

2

~r012~r142~r342~r022
+
~r03

2 − ~r01
2

~r012~r042~r342

+
~r23

2 − ~r03
2

~r032~r042~r242
+ 2

~r04
2 − ~r14

2 − ~r01
2

~r012~r142~r042
+
~r24

2 − ~r14
2

~r042~r142~r022
+

~r02
2

~r012~r042~r242

+
~r12

2

~r042~r142~r242
− ~r13

2

~r012~r142~r342
+

~r13
2

~r042~r142~r342
− ~r12

2

~r012~r142~r242
− ~r13

2

~r012~r032~r142

+
~r12

2

~r012~r042~r022
+

~r34
2

~r032~r042~r142
− ~r12

2

~r012~r142~r022
+

~r23
2

~r042~r342~r022

]

ln

(

~r01
2

~r142

)

. (Á.14)
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Ïðèëîæåíèå Â.

Ïîñòðîåíèå 4-òî÷å÷íîãî êîí�îðìíîãî îïåðàòîðà

Çäåñü ìû âûâîäèì óðàâíåíèå ýâîëþöèè äëÿ îïåðàòîðà

((

U2U
†
5U1 + U1U

†
5U2

)

· U5 · U3 − 2B123

)

= (−3B123 +
1

2
(B155B325 +B255B315 − B355B215)). (Â.1)

Èñïîëüçóÿ èåðàðõèþ Áàëèöêîãî, (1.46) è (À.10�À.12), ïîñëå ñâåðòêè ïîëó÷àåì

∂

∂η

((

U2U
†
5U1 + U1U

†
5U2

)

· U5 · U3 − 2B123

)

=
αs
4π2

∫

d~r0

×
(

A35
~r 2
35

~r 2
03~r

2
05

+ A13
~r 213
~r 2
03~r

2
01

+ A23
~r 2
23

~r 2
03~r

2
02

+A15
~r 2
15

~r 2
01~r

2
05

+A25
~r 2
25

~r 2
02~r

2
05

+A12
~r 2
12

~r 2
01~r

2
02

)

.

(Â.2)

Çäåñü

A35 = −2
(

U2U
†
5U1 + U1U

†
5U2

)

· U5 · U3 +
(

U3U
†
5U1 + U1U

†
5U3

)

· U5 · U2

+
(

U3U
†
5U2 + U2U

†
5U3

)

· U5 · U1

+
(

U2U5
†U1 + U1U5

†U2

)

·
(

U3U0
†U5 + U5U0

†U3

)

· U0

−
(

U2U5
†U0

)

·
(

U3U0
†U1

)

· U5 −
(

U0U5
†U2

)

·
(

U1U0
†U3

)

· U5

−
(

U0U5
†U1

)

·
(

U2U0
†U3

)

· U5 −
(

U1U5
†U0

)

·
(

U3U0
†U2

)

· U5. (Â.3)

A13 =
(

U0U5
†U2

)

·
(

U1U0
†U3

)

· U5 +
(

U2U5
†U0

)

·
(

U3U0
†U1

)

· U5

+
(

U3U0
†U1U5

†U2

)

· U0 · U5 +
(

U2U5
†U1U0

†U3

)

· U0 · U5

− 2
(

U1U0
†U3 + U3U0

†U1

)

· U0 · U2 −
(

U3U5
†U2 + U2U5

†U3

)

· U1 · U5

−
(

U1U5
†U2 + U2U5

†U1

)

· U3 · U5 + 4U1 · U2 · U3. (Â.4)
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A15 =
[

tr
(

U0
†U1

) (

U2U5
†U0 + U0U5

†U2

)

+ tr
(

U5
†U0

) (

U1U0
†U2 + U2U0

†U1

)]

· U3 · U5 +
(

U2U5
†U0

)

·
(

U5U0
†U1

)

· U3 +
(

U0U5
†U2

)

·
(

U1U0
†U5

)

· U3

− 2U5 · U2 · U3tr
(

U5
†U1

)

− 2U1 · U2 · U3 − 4
(

U1U5
†U2 + U2U5

†U1

)

· U3 · U5

+
(

U5U0
†U1U5

†U2

)

· U0 · U3 +
(

U2U5
†U1U0

†U5

)

· U0 · U3. (Â.5)

A12 = −2
(

U1U0
†U2 + U2U0

†U1

)

· U3 · U0 − tr
(

U5
†U0

) (

U1U0
†U2 + U2U0

†U1

)

· U3 · U5 + 4U1 · U2 · U3 + 2U5 · U2 · U3tr
(

U5
†U1

)

+ 2U5 · U1 · U3tr
(

U5
†U2

)

− U0 · U3 · U5

(

tr
(

U0
†U1U5

†U2

)

+ tr
(

U0
†U2U5

†U1

))

. (Â.6)

A23 = A13|~r1↔~r2, A25 = A15|~r1↔~r2. (Â.7)

Íàø àíçàö äëÿ ñîñòàâíûõ êîí�îðìíûõ îïåðàòîðîâ âûãëÿäèò ñëåäóþùèì îáðà-

çîì [25℄

Oconf = O +
1

2

∂O

∂η

∣

∣

∣

∣

∣

~r 2
mn

~r 2
im

~r 2
in

→ ~r 2
mn

~r 2
im

~r 2
in

ln

(

~r 2
mna

~r 2
im

~r 2
in

) , (Â.8)

ãäå a � ïðîèçâîëüíàÿ ïîñòîÿííàÿ. Òàêèì îáðàçîì,

Bconf
123 = B123 +

1

2

∂B123

∂η

∣

∣

∣

∣

∣

~r 2
mn

~r 2
im

~r 2
in

→ ~r 2
mn

~r 2
im

~r 2
in

ln

(

~r 2
mna

~r 2
im

~r 2
in

)

= B123 +
αs3

8π2

∫

d~r0

[

~r 2
12

~r 2
01~r

2
02

ln

(

a~r 2
12

~r 2
01~r

2
02

)

× (−B123 +
1

6
(B100B320 + B200B310 −B300B210)) + (1 ↔ 3) + (2 ↔ 3)

]

,

(Â.9)

(−3B123 +
1

2
(B155B325 + B255B315 −B355B215))

conf

= (−3B123 +
1

2
(B155B325 +B255B315 − B355B215))

+
1

2

∂

∂η
(−3B123 +

1

2
(B155B325 + B255B315 −B355B215))

∣

∣

∣

∣

∣

~r 2
mn

~r 2
im

~r 2
in

→ ~r 2
mn

~r 2
im

~r 2
in

ln

(

~r 2
mna

~r 2
im

~r 2
in

)
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= (−3B123 +
1

2
(B155B325 +B255B315 − B355B215))

+
αs
8π2

∫

d~r0

(

A35
~r 2
35

~r 2
03~r

2
05

ln

(

~r 2
35a

~r 2
03~r

2
05

)

+A13
~r 213
~r 2
03~r

2
01

ln

(

~r 213a

~r 2
03~r

2
01

)

A15
~r 2
15

~r 2
01~r

2
05

ln

(

~r 2
15a

~r 2
01~r

2
05

)

++A23
~r 2
23

~r 2
03~r

2
02

ln

(

~r 2
23a

~r 2
03~r

2
02

)

+ A25
~r 2
25

~r 2
02~z

2
05

ln

(

~r 2
25a

~r 2
02~z

2
05

)

+A12
~r 2
12

~r 2
01~r

2
02

ln

(

~r 2
12a

~r 2
01~r

2
02

))

. (Â.10)

Â 3-ãëþîííîì ïðèáëèæåíèè

(−3B123 +
1

2
(B155B325 + B255B315 −B355B215))

3g
= 3(−B123 + B155 + B325 +B255 +B315 − B355 − B215 − 6). (Â.11)

Ñëåäîâàòåëüíî,

(−3B123 +
1

2
(B155B325 + B255B315 −B355B215))

conf

3g
= 3(−B123 + B155 + B325 +B255 +B315 − B355 − B215 − 6) +

3

2

∂

∂η
(−B123

+ B155 + B325 +B255 +B315 − B355 − B215 − 6)

∣

∣

∣

∣

∣

~r 2
mn

~r 2
im

~r 2
in

→ ~r 2
mn

~r 2
im

~r 2
in

ln

(

~r 2
mna

~r 2
im

~r 2
in

)

= 3(−Bconf
123 + Bconf

155 + Bconf
325 + Bconf

255 + Bconf
315 − Bconf

355 −Bconf
215 − 6). (Â.12)
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Ïðèëîæåíèå �.

Íåîáõîäèìûå äëÿ ëèíåàðèçàöèè èíòåãðàëû

Â êîí�îðìíî èíâàðèàíòíûõ èíòåãðàëàõ ìîæíî ïîëîæèòü ~r0 = 0 è âû-

ïîëíèòü èíâåðñèþ, çàòåì âû÷èñëèòü èíòåãðàë, èñïîëüçóÿ èíòåãðàëû èç ïðèëî-

æåíèÿ A â [95℄ è

∫

d2+2ǫr15
π1+ǫΓ (1− ǫ)

r35
2

r152r252
=
r213 + r223 − r212

r212

(

1

ǫ
+ ln

(

r212
)

)

+ O (ǫ) , (�.1)

çàòåì ñíîâà âûïîëíèòü èíâåðñèþ è âîññòàíîâèòü ~r0. Êîý��èöèåíòû ïðè ζ(3)

âîññòàíàâëèâàþòñÿ èç êîí�îðìíîé èíâàðèàíòíîñòè [36℄.

∫

d~r5
π
Z12 =

~r32
2

8~r032~r022
ln2
(

~r32
2~r10

2

~r132~r202

)

− ~r12
2

8~r012~r022
ln2
(

~r12
2~r30

2

~r132~r202

)

. (�.2)

∫

d~r5
π
F100 + (2 ↔ 3) =

(

3~r23
2

4~r022~r032
− ~r12

2

~r012~r022
− ~r13

2

~r012~r032

)

ln2
(

~r03
2~r12

2

~r022~r132

)

+

(

3~r12
2

4~r012~r022
− 3~r13

2

4~r012~r032
− ~r23

2

2~r022~r032

)

ln2
(

~r02
2~r13

2

~r012~r232

)

+

(

3~r13
2

4~r012~r032
− 3~r12

2

4~r012~r022
− ~r23

2

2~r022~r032

)

ln2
(

~r03
2~r12

2

~r012~r232

)

+
3

2
S̃123I

(

~r12
2

~r012~r022
,
~r13

2

~r012~r032
,
~r23

2

~r022~r032

)

+ 6πζ (3) (δ(~r20) + δ(~r30)) + 24πζ(3)δ (~r10)− 36πζ (3) δ23δ(~r20)

− 36πζ(3)(δ13 + δ12)δ (~r10) + 72πζ(3)δ13δ12δ (~r10) . (�.3)

Çäåñü δij = 1, åñëè ~ri = ~rj, è δij = 0 â ïðîòèâíîì ñëó÷àå,

I(a, b, c) =

∫ 1

0

dx

a(1− x) + bx− cx(1− x)
ln

(

a(1− x) + bx

cx(1− x)

)

(�.4)

=

∫ 1

0

∫ 1

0

∫ 1

0

dx1dx2dx3δ(1− x1 − x2 − x3)

(ax1 + bx2 + cx3)(x1x2 + x1x3 + x2x3)

=

∫ 1

0

dx

∫ 1

0

dz
1

cx(1− x)z + (b(1− x) + ax)(1− z)
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� ñèììåòðè÷íàÿ �óíêöèÿ ñâîèõ àðãóìåíòîâ, îïðåäåëåííàÿ â [104℄,

S̃123 = (�.5)

(

~r12
4

~r014~r024
+

~r13
4

~r014~r034
+

~r23
4

~r024~r034
− 2~r13

2~r12
2

~r014~r022~r032
− 2~r23

2~r12
2

~r012~r024~r032
− 2~r13

2~r23
2

~r012~r022~r034

)

.

∫

d~r5
π
F230 + (2 ↔ 3) =

(

~r12
2

2~r012~r022
+

~r13
2

2~r012~r032
− 3~r23

2

4~r022~r032

)

ln2
(

~r03
2~r12

2

~r022~r132

)

+

(

3~r13
2

4~r012~r032
− 3~r12

2

4~r012~r022
+

~r23
2

~r022~r032

)

ln2
(

~r02
2~r13

2

~r012~r232

)

+

(

3~r12
2

4~r012~r022
− 3~r13

2

4~r012~r032
+

~r23
2

~r022~r032

)

ln2
(

~r03
2~r12

2

~r012~r232

)

− 3

2
S̃123I

(

~r12
2

~r012~r022
,
~r13

2

~r012~r032
,
~r23

2

~r022~r032

)

− 12πζ (3) (δ(~r20) + δ(~r30) + δ (~r10)) + 36πζ (3) δ23δ(~r20)

+ 36πζ(3)(δ13 + δ12)δ (~r10)− 72πζ(3)δ13δ12δ (~r10) . (�.6)

∫

d~r5
π

({F150 + (0 ↔ 5)}+ (2 ↔ 3))

= −1

2

(

~r12
2

~r012~r022
+

~r13
2

~r012~r032

)

ln2
(

~r03
2~r12

2

~r022~r132

)

+
~r23

2

2~r022~r032
ln2
(

~r03
2~r12

2

~r012~r232

)

+
~r23

2

2~r022~r032
ln2
(

~r02
2~r13

2

~r012~r232

)

. (�.7)
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Ïðèëîæåíèå Ä.

Êîíå÷íàÿ ÷àñòü âèðòóàëüíûõ ïîïðàâîê

Èíòåãðàëû äëÿ èìïàêò �àêòîðà ðîæäåíèÿ ñòðóé Íåîáõîäèìû ñëåäó-

þùèå èíòåãðàëû

Ik1 (~q1, ~q2, ∆1, ∆2) ≡
1

π

∫

dd~l
(

lk⊥
)

[

(~l − ~q1)2 +∆1

] [

(~l − ~q2)2 +∆2

]

~l 2
, (Ä.1)

I2(~q1, ~q2, ∆1, ∆2) ≡
1

π

∫

dd~l
[

(~l − ~q1)2 +∆1

] [

(~l − ~q2)2 +∆2

], (Ä.2)

Ik3 (~q1, ~q2, ∆1, ∆2) ≡
1

π

∫

dd~l
(

lk⊥
)

[

(~l − ~q1)2 +∆1

] [

(~l − ~q2)2 +∆2

], (Ä.3)

Ijk(~q1, ~q2, ∆1, ∆2) ≡
1

π

∫ dd~l
(

lj⊥l
k
⊥

)

[

(~l − ~q1)2 +∆1

] [

(~l − ~q2)2 +∆2

]

~l 2
. (Ä.4)

Àðãóìåíòû ýòèõ èíòåãðàëîâ áóäóò ðàçëè÷íûìè äëÿ êàæäîé äèàãðàììû, ïîýòî-

ìó ìû èõ ÿâíî âûïèøåì ïðè îáñóæäåíèè äèàãðàìì.

ßâíûå âûðàæåíèÿ äëÿ ïåðâûõ òðåõ èíòåãðàëîâ (Ä.1-Ä.3) ïîëó÷àþòñÿ

íåïîñðåäñòâåííûì âû÷èñëåíèåì ñ ïîìîùüþ �åéíìàíîâñêèõ ïàðàìåòðîâ. Ìû

èñïîëüçóåì ñëåäóþùèå ïåðåìåííûå:

ρ1 ≡
(

~q 2
12 +∆12

)

−
√

(~q 2
12 +∆12)

2
+ 4~q 2

12∆2

2~q 2
12

, (Ä.5)

ρ2 ≡
(

~q 2
12 +∆12

)

+

√

(~q 2
12 +∆12)

2
+ 4~q 2

12∆2

2~q 2
12

, (Ä.6)

ãäå ∆ij = ∆i −∆j .

Èìååì

Ik1 =
qk1⊥

2 [~q 2
12 (~q

2
1 +∆1) (~q 2

2 +∆2)− (~q 2
1 − ~q 2

2 +∆12) (~q 2
1 ∆2 − ~q 2

2 ∆1)]
(Ä.7)
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×
{

(

~q 2
2 +∆2

)

~q 2
12 + ~q 2

2 (∆1 +∆2) + ∆2

(

∆21 − 2~q 2
1

)

(ρ1 − ρ2) ~q
2
12

× ln

[( −ρ1
1− ρ1

)(

1− ρ2
−ρ2

)]

+
(

~q 2
2 +∆2

)

ln

[

∆2

(

~q 2
1 +∆1

)2

∆1 (~q 2
2 +∆2)

2

]

+ (1 ↔ 2)

}

,

I2 =
1

~q 2
12 (ρ1 − ρ2)

ln

[( −ρ1
1− ρ1

)(

1− ρ2
−ρ2

)]

,

è

Ik3 =

(

~q 2
12 +∆12

)

qk1 +
(

~q 2
21 +∆21

)

qk2
2 (ρ1 − ρ2) (~q 2

12)
2

ln

[( −ρ1
1− ρ1

)(

1− ρ2
−ρ2

)]

− qk12
2~q 2

12

ln

(

∆1

∆2

)

. (Ä.8)

Â íåêîòîðûõ ñëó÷àÿõ äåéñòâèòåëüíàÿ ÷àñòü ∆1 èëè ∆2 áóäåò îòðèöàòåëüíîé è

èíòåãðàëû ïðèîáðåòóò ìíèìóþ ÷àñòü.

Ïîñëåäíèé èíòåãðàë (Ä.4) ìîæíî ðàçëîæèòü

Ijk = I11

(

qj1⊥q
k
1⊥

)

+ I12

(

qj1⊥q
k
2⊥ + qj2⊥q

k
1⊥

)

+ I22

(

qj2⊥q
k
2⊥

)

, (Ä.9)

ñ

I11 = −1

2

[

~q 2
2 q1⊥k − (~q1 · ~q2) q2⊥k

]

[

~q 2
1 ~q

2
2 − (~q1 · ~q2)2

]2

[(

~q1 · ~q2
~q 2
1

)

ln

(

~q 2
1 +∆1

∆1

)

qk1⊥ + (~q2 · ~q21) Ik3

+
{

~q 2
2 (~q1 · ~q12) + ∆1~q

2
2 −∆2 (~q1 · ~q2)

}

Ik1

]

, (Ä.10)

I12 =
−1

4
[

~q 2
1 ~q

2
2 − (~q1 · ~q2)2

] ln

(

~q 2
1 +∆1

∆1

)

+
~q 2
2 (~q1 · ~q2)

2
[

~q 2
1 ~q

2
2 − (~q1 · ~q2)2

]2

[(

~q 2
1 +∆1

) (

q1⊥kI
k
1

)

+
(

q1⊥kI
k
3

)]

−
(

~q 2
1 ~q

2
2

)

+ (~q1 · ~q2)2

4
[

~q 2
1 ~q

2
2 − (~q1 · ~q2)2

]2

[(

~q 2
2 +∆2

) (

q1⊥kI
k
1

)

+
(

q1⊥kI
k
3

)]

+ (1 ↔ 2) , (Ä.11)

I22 = I11|(1↔2) . (Ä.12)



171

Ïîñëåäíåå âûðàæåíèå íàâîäèò íà ìûñëü, ÷òî ñóùåñòâóåò ñèíãóëÿðíîñòü ïðè

ïàðàëëåëüíûõ ~q1 è ~q2. Îäíàêî, ýòà ñèíãóëÿðíîñòü íå �èçè÷åñêàÿ. Îíà âîçíèêàåò

òîëüêî ïðè ðàçëîæåíèè ïî äàííîìó íàáîðó òåíçîðîâ (qj1q
k
1 , q

j
1q
k
2 + qj2q

k
1 , q

j
2q
k
2).

Ìîæíî ïîêàçàòü, ÷òî îíà èñ÷åçàåò ïðè ðàçëîæåíèè ïî íå ìèíèìàëüíîìó íàáîðó

òåíçîðîâ (qj1q
k
1 , q

j
1q
k
2 + qj2q

k
1 , q

j
2q
k
2 , g

jk
⊥ ).

Äèàãðàììà 4 Çäåñü èíòåãðàëû èìåþò ñëåäóþùèå àðãóìåíòû

~q1 = ~p1 −
(

x− z

x

)

~pq, ~q2 =

(

x− z

x

)

(x~pq̄ − x̄~pq) ,

∆1 = (x− z) (x̄+ z)Q2, ∆2 = −x (x̄+ z)

x̄ (x− z)
~q 2
2 − i0 . (Ä.13)

Çàïèøåì âêëàäû â èìïàêò �àêòîðû â ýòèõ ïåðåìåííûõ. Îíè èìåþò âèä:

âêëàä (ïðîäîëüíûé Ñ�Ï) × (ïðîäîëüíûé �Ï):

(φ4)LL = −4(x− z)(x̄+ z)

z
[−x̄(x− z)(z + 1)I2 + q2⊥k(2x

2 − (2x− z)(z + 1))Ik1 ] ,

(Ä.14)

âêëàä (ïðîäîëüíûé Ñ�Ï) × (ïîïåðå÷íûé �Ï):

(φ4)
j
LT = (1− 2x)pq1′

j
⊥ (φ4)LL

− 4(x− z)(x̄+ z)(1− 2x+ z)[(~q2 · ~pq1′)gj⊥k + qj2⊥pq1′⊥k]I
k
1 , (Ä.15)

âêëàä (ïîïåðå÷íûé Ñ�Ï) × (ïðîäîëüíûé �Ï):

(φ4)
i
TL = 2{[(x− x̄− z)qi2⊥q1⊥k + (−8xx̄− 6xz + 2z2 + 3z + 1)qj1⊥q2⊥k]I

k
1

− 2[4x2 − x(3z + 5) + (z + 1)2]q2⊥kI
ik + (x− x̄− z) (~q2 · ~q1) I i

+ I2[(x− x̄− z)qi2⊥ + x̄(2(x− z)2 − 5x+ 3z + 1)qi1⊥]

− x̄[2(x− z)2 − 5x+ 3z + 1]I i3

+
xx̄(1− 2x)

z
[2q2⊥kI

ik + I i3 − qi1⊥(2q2⊥kI
k
1 + I2)]} , (Ä.16)

âêëàä (ïîïåðå÷íûé Ñ�Ï) × (ïîïåðå÷íûé �Ï):

(φ4)
ij
TT = 2x̄[q2⊥k − (x− z)q1⊥k](p

i
q1′⊥I

jk − gij⊥pq1′⊥lI
kl)

+
[

(z + 1)((~q1 · ~q2) piq1′⊥ − (~q1 · ~pq1′)qi2⊥)
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+ (x− x̄− 2z)(x− x̄− z)(~q2 · ~pq1′)qi1⊥
]

Ij1

+ 2(x− z)[(2x̄+ z)(~q2 · ~pq1′)− x̄(~q1 · ~pq1′)]I ij

+ [(1− z)((~q1 · ~pq1′)qj2⊥ − (~q2 · ~pq1′)qj1⊥)− (1− 2x)(x̄− x+ z) (~q1 · ~q2) pjq1′⊥]I i1
− 2

[

(x− z)(x̄qj1⊥ − (2x̄+ z)qj2⊥)pq1′⊥k

+ (1− 2x)
(

4x2 − (3z + 5)x+ (z + 1)2
)

q2⊥kpq1′
j
⊥

]

I ik

− x̄ (x̄− x)
(

2(x− z)2 − 5x+ 3z + 1
)

pjq1′⊥I
i
3

+ x̄ (x̄ + z) (piq1′⊥I
j
3 − gij⊥pq1′⊥kI

k
3 )

+ I2

[

gij⊥ ((1− z)(~q2~pq1′)− x̄(1 + x− z)(~q1~pq1′))

+ ((1− z)qj2⊥ − x̄(1 + x− z)qj1⊥)pq1′
i
⊥

− (x̄− x)
(

(x̄− x + z)qi2⊥ − x̄
(

2(x− z)2 − 5x+ 3z + 1
)

qi1⊥
)

pq1′
j
⊥

]

+Ik1

[

gij⊥ ((x− x̄+ z)(~q1~pq1′)q2⊥k + (1− z)(~q2~pq1′)q1⊥k − (z + 1) (~q1~q2) pq1′⊥k)

+ qj1⊥((x− x̄+ z)q2⊥kp
i
q1′⊥ − (z + 1)qi2⊥pq1′⊥k)

+ qj2⊥((x− x̄− 2z)(x− x̄− z)qi1⊥pq1′⊥k + (1− z)q1⊥kpq1′
i
⊥)

− (1− 2x)((1− 2x+ z)qi2⊥q1⊥k − (2z2 + 3z − x(8x̄+ 6z) + 1)qi1⊥q2⊥k)pq1′
j
⊥

]

+
xx̄

z

[

(x− x̄)2pjq1′⊥(2q2⊥kI
ik + I i3 − qi1⊥(I2 + 2q2⊥kI

k
1 ))

+ piq1′⊥(q
j
1⊥(I2 + 2q2⊥kI

k
1 )− 2q2⊥kI

jk − Ij3)

+ gij⊥((~q1 · ~pq1′)(I2 + 2q2⊥kI
k
1 ) + pq1′⊥k(2q2⊥lI

kl + Ik3 ))
]

. (Ä.17)

Äèàãðàììà 5 Çäåñü èíòåãðàëû èìåþò ñëåäóþùèå àðãóìåíòû

~q1 = ~pq1 −
z

x
~pq, ~q2 =

(

x− z

x

)

~p3 −
z

x
~p1 , (Ä.18)

∆1 =
z(x− z)

x2x̄
(~p 2
q̄2 + xx̄Q2), ∆2 = (x− z)(x̄+ z)Q2 , (Ä.19)

Ñ òàêèìè àðãóìåíòàìè ïîäêîðåííûå âûðàæåíèÿ â (Ä.6) ÿâëÿþòñÿ ïîëíûìè

êâàäðàòàìè

ρ1 = −xx̄Q
2

~p 2
q̄2

, ρ2 =
x(x̄+ z)

x̄(x− z)
. (Ä.20)



173

Â ïåðåìåííûõ (Ä.18), âêëàäû â èìïàêò �àêòîðû èìåþò âèä

âêëàä (ïðîäîëüíûé Ñ�Ï) × (ïðîäîëüíûé �Ï):

(φ5)LL =
4(x− z)(−2x(x̄+ z) + z2 + z)

xz

×
[

x̄(x− z)I2 − (zq1⊥k − x (x̄+ z) q2⊥k) I
k
1

]

, (Ä.21)

âêëàä (ïðîäîëüíûé Ñ�Ï) × (ïîïåðå÷íûé �Ï):

(φ5)
j
LT = (x̄− x)pjq1′⊥ (φ5)LL

+
4(x− z)(x− x̄− z)

x

(

zqk1⊥ − x(x̄+ z)qk2⊥
)

pq1′⊥l
(

gj⊥kI
l
1 − gl⊥kI

j
1

)

,

(Ä.22)

âêëàä (ïîïåðå÷íûé Ñ�Ï) × (ïðîäîëüíûé �Ï):

(φ5)
i
TL = 2

[

(x− x̄− z) (~q1 · ~q2)− x̄(x− z)2Q2 + (
z

x
− x)~q 2

1

]

I i1 +
2

x
qi1⊥I

k
1

×
[

xq2⊥k(−8xx̄− 6xz + 2z2 + 3z + 1) + 2q1⊥k(2xz − 2x2 + x− z2)
]

+ 2qi2⊥q1⊥k(x− x̄− z)Ik1 + 2
x̄

x
(x(8x− 3)− 6xz + 2z2 + z)I i1 +

2

x
I2

×
[

xqi2⊥(x− x̄− z) + qi1⊥(8x
3 − 6x2(z + 2) + x(z + 3)(2z + 1)− 2z2)

]

− 4

x

[

(x− z)(x̄+ z)q1⊥k + x(4x2 − x(3z + 5) + (z + 1)2)q2⊥k
]

I ik

− 4

z
xx̄(x− x̄)

[

q2⊥kI
ik + I i3 − qi1⊥

(

q2⊥kI
k
1 + I2

)]

, (Ä.23)

âêëàä (ïîïåðå÷íûé Ñ�Ï) × (ïîïåðå÷íûé �Ï):

(φ5)
ij
TT = −2(x− z)

[z

x
(~q1 · ~pq1′)− (2x̄+ z)(~q2 · ~pq1′)

]

I ij

+
[

−x̄(x− z)2Q2piq1′⊥ + (x̄− x+ 2z)(x̄− x+ z)(~q2 · ~pq1′)qi1⊥
− (~q1 · ~pq1′)((z + 1)qi2⊥ − 2

z

x
(2x− z)qi1⊥)

+ ((z + 1) (~q1 · ~q2)−
(

x+
z

x

)

~q 2
1 )p

i
q1′⊥

]

Ij1

− 2
x̄

x
(xq2⊥k + (x− z)q1⊥k)

(

gij⊥pq1′⊥lI
kl − pq1′

i
⊥I

jk
)

+
[

x̄ (x− x̄) (x− z)2Q2pjq1′⊥ − (z − 1)(~q1 · ~pq1′)qj2⊥
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+ (z − 1)(~q2 · ~pq1′)qj1⊥ +
x− x̄

x

(

(x2 − z)~q 2
1 + x(x̄− x+ z)(~q1 · ~q2)

)

pkq1′⊥

]

I i1

+ 2

[

x− x̄

x

(

x(4x2 − (3z + 5)x+ (z + 1)2)q2⊥k + (x− z)(x̄+ z)q1⊥k
)

pjq1′⊥

− x− z

x

(

x(2x− z − 2)qj2⊥ + zqj1⊥

)

pq1′⊥k

]

I ik

+
x̄ (x̄− x)

x

(

2z2 − 6xz + z + x(8x− 3)
)

pjq1′⊥I
i
3

+
[

(x− x̄)pjq1′⊥

(

(x̄− x+ z)qi2⊥

+

(

6(z + 2)x− 8x2 − (z + 3)(2z + 1) + 2
z2

x

)

qi1⊥

)

+ (1− z)(gij⊥(~q2 · ~pq1′) + qk2⊥p
i
q1′⊥) + (2x+ z − 3)(gik⊥ (~q1 · ~pq1′) + qk1⊥p

i
q1′⊥)

]

I2

+
(

3x̄+ z − z

x

)

piq1′⊥I
k
3 − x̄

x
(3x− z)gij⊥pq1′⊥kI

k
3

+
[

(x− x̄)pjq1′⊥
{

(x̄− x+ z)qi2⊥q1⊥k − (2z2 − 6xz + 3z − 8xx̄+ 1)q2⊥kq
i
1⊥

− 2(x̄− x+ 2z − z2

x
)q1⊥kq

i
1⊥

}

+ x̄(x− z)2Q2gij⊥pq1′⊥k

+ (1− z)q1⊥k(g
ij
⊥(~q2 · ~pq1′) + qj2⊥p

i
q1′⊥)

+ ((x− x̄ + z)q2⊥k − 2q1⊥k) (g
ij
⊥(~q1 · ~pq1′) + qj1⊥p

i
q1′⊥)

+ gij⊥

((

x+
z

x

)

~q 2
1 − (z + 1)(~q1 · ~q2)

)

pq1′⊥k

+ (x− x̄− 2z)(x− x̄− z)qi1⊥q
j
2⊥

− (z + 1)qi2⊥q
j
1⊥ + 2(2x− z)

z

x
qi1⊥q

j
1⊥

)

pq1′⊥k
]

Ik1 +
2xx̄

z

×
[

(x− x̄)2pjq1′⊥(q2⊥kI
ik + I i3)− piq1′⊥(q2⊥kI

jk + Ik3 ) + gij⊥pq1′⊥k(q2⊥lI
kl + Ik3 )

+ (I2 + q2⊥kI
k
1 )
(

gij⊥(~q1 · ~pq1′) + qj1⊥p
i
q1′⊥ − (1− 2x)2qi1⊥p

j
q1′⊥

)]

. (Ä.24)

Äèàãðàììà 6 Çäåñü ìû ââîäèì ïåðåìåííóþ

~q =

(

x− z

x

)

~p3 −
z

x
~p1 . (Ä.25)

Èìïàêò �àêòîðû èìåþò âèä

âêëàä (ïðîäîëüíûé Ñ�Ï) × (ïðîäîëüíûé �Ï):

(φ6)LL = −4xx̄2J0 , (Ä.26)
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âêëàä (ïðîäîëüíûé Ñ�Ï) × (ïîïåðå÷íûé �Ï):

(φ6)
j
LT = (1− 2x)pjq1′⊥(φ6)LL , (Ä.27)

âêëàä (ïîïåðå÷íûé Ñ�Ï) × (ïðîäîëüíûé �Ï):

(φ6)
i
TL = 2x̄

[

(1− 2x)piq̄2⊥J0 − J i1⊥
]

, (Ä.28)

âêëàä (ïîïåðå÷íûé Ñ�Ï) × (ïîïåðå÷íûé �Ï):

(φ6)
ij
TT = x̄

[

(x− x̄)2piq̄2⊥p
j
q1′⊥ − gij⊥(~pq̄2 · ~pq1′)− piq1′⊥p

j
q̄2⊥

]

J0

+ x̄
[

(x− x̄)pjq1′⊥g
i
⊥k − pq1′⊥kg

ij
⊥ + piq1′⊥g

j
⊥k

]

Jk1⊥ . (Ä.29)

Èíòåãðàëû èìåþò âèä

Jk1⊥ =
(x− z)2

x2
qk⊥
~q 2

ln

(

~p 2
q̄2 + xx̄Q2

~p 2
q̄2 + xx̄Q2 + x2x̄

z(x−z)~q
2

)

, (Ä.30)

J0 =
z

x(~p 2
q̄2 + xx̄Q2)

− 2x(x− z) + z2

xz(~p 2
q̄2 + xx̄Q2)

ln

(

x2x̄µ2

z(x− z)(~p 2
q̄2 + xx̄Q2) + x2x̄~q 2

)

.

(Ä.31)
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Ïðèëîæåíèå Å.

�åàëüíûå ïîïðàâêè

Çäåñü ïðåäñòàâëåíû ñâåðòêè èìïàêò �àêòîðîâ ðåàëüíîãî ðîæäåíèÿ qq̄g,

íåîáõîäèìûå äëÿ âû÷èñëåíèÿ ïðîäîëüíîãî (LL) è ïîïåðå÷íîãî (TT) ñå÷åíèé.

Èíòåð�åðåíöèîííûå ÷ëåíû ïðèâåäåíû â [69℄.

LL

Φ+
4 (p1⊥, p2⊥, p3⊥) Φ

+
4 (p

′
1⊥, p

′
2⊥, p

′
3⊥)

∗
(Å.1)

=
8p+γ

4

z2
(

~p 2
q̄2′

xq̄(1−xq̄) +Q2
)(

Q2 +
~pq1′

2

xq
+

~p 2
q̄2′

xq̄
+

~pg3′
2

z

)

×





xq̄
(

dz2 + 4xq (xq + z)
)

(xq~pg3 − z~pq1)(xq~pg3′ − z~pq1′)

xq (xq + z)2
(

(~pg3+~pq1)2

xq̄(xq+z)
+Q2

)(

(~pg3+~pq1)2

xq̄
+

~pg32

z +
~pq12

xq
+Q2

)

− (4xqxq̄ + 2z − dz2)(xq̄~pg3 − z~pq̄2)(xq~pg3′ − z~pq1′)

(xq̄ + z) (xq + z)
(

(~pq̄2+~pg3)2

xq(xq̄+z)
+Q2

)(

(~pq̄2+~pg3)2

xq
+

~pg32

z
+

~p 2
q̄2

xq̄
+Q2

)



 + (q ↔ q̄).

Çäåñü (q ↔ q̄) îáîçíà÷àåò pq ↔ pq̄, p
(′)
1 ↔ p

(′)
2 , xq ↔ xq̄.

Φ+
3 (p1⊥, p2⊥) Φ

+
3 (p

′
1⊥, p

′
2⊥)

∗ = Φ+
4 (p1⊥, p2⊥, 0) Φ

+
4 (p

′
1⊥, p

′
2⊥, 0)

∗+A+++B++. (Å.2)

Çäåñü ïåðâûé ÷ëåí â ïðàâîé ÷àñòè îòâå÷àåò çà èçëó÷åíèå ãëþîíà äî óäàðíîé

âîëíû, A îïèñûâàåò èçëó÷åíèå ãëþîíà ïîñëå óäàðíîé âîëíû è B � ýòî èíòåð-

�åðåíöèîííûé ÷ëåí. A è B èìåþò âèä

A++ =
8xq̄p

+
γ
4
(

dz2 + 4xq (xq + z)
)

xq(~pg − z~pq
xq
)2
(

~pq̄22

xq̄(xq+z)
+Q2

)(

~pq̄2′
2

xq̄(xq+z)
+Q2

)
(Å.3)

−
8p+γ

4
(

2z − dz2 + 4xqxq̄
)

(~pg − z~pq
xq
)(~pg − z~pq̄

xq̄
)

(~pg − z~pq
xq
)2(~pg − z~pq̄

xq̄
)2
(

~pq̄2′
2

xq̄(xq+z)
+Q2

)(

~pq12

xq(xq̄+z)
+Q2

) + (q ↔ q̄) ,
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B++ =







8p+γ
4

z (xq + z)
(

~p 2
q̄2′

xq̄(xq+z)
+Q2

)(

~p 2
q1′

xq
+

~p 2
q̄2′

xq̄
+

~pg2

z +Q2
)

×







(4xqxq̄ + z(2− dz)) (~pg − z
xq̄
~pq̄)(xq~pg − z~pq1′)

(~pg − z~pq̄
xq̄
)2
(

~p 2
q1

xq(xq̄+z)
+Q2

)

−
xq̄
(

dz2 + 4xq (xq + z)
)

(pg − z
xq
~pq)(~pg − z

xq
~pq1′)

(~pg − z~pq
xq
)2
(

~p 2
q̄2

xq̄(xq+z)
+Q2

)







+ (q ↔ q̄)





+ (1 ↔ 1′, 2 ↔ 2′). (Å.4)

Â êîëëèíåàðíîì ïðèáëèæåíèè (2.127) òîëüêî ïåðâûé ÷ëåí A++
â (Å.3) äàåò

íåèñ÷åçàþùèé âêëàä â ïðåäåëå ìàëîãî ðàñòâîðà êîíóñà. Â ïåðåìåííûõ, îïðå-

äåëåííûõ â (2.130), (2.136), (2.137), ïåðâàÿ ñòðîêà â A++
ïðèíèìàåò âèä

8xq̄p
+
γ
4
(

dz2 + 4xq (xq + z)
)

xq(~pg − z~pq
xq
)2
(

~pq̄22

xq̄(xq+z)
+Q2

)(

~pq̄2′
2

xq̄(xq+z)
+Q2

)

=
8(xj − z)(1− xj)p

+
γ
4
(

dz2 + 4xj (xj − z)
)

x2j∆
2
q

(

~pj̄2
2

xj(1−xj) +Q2
)(

~pj̄2′
2

xj(1−xj) +Q2
)

= Φ+
0 Φ

+∗
0

1

4

(xj − z)
(

dz2 + 4xj (xj − z)
)

x3j∆
2
q

, (Å.5)

÷òî ñîâïàäàåò ñ ïîäûíòåãðàëüíûì âûðàæåíèåì nj, îïðåäåëåííûì â (2.135).

Â ìÿãêîì ïðèáëèæåíèè, çàìåíÿÿ

~pg = z ~u (Å.6)

è ïåðåõîäÿ ê ïðåäåëó z → 0, èìååì

Φ+
3 (p1⊥, p2⊥)Φ

+
3 (p

′
1⊥, p

′
2⊥)

∗|z→0 =
1

z2
Φ+

0 Φ
+∗
0

(
~pq
xq

− ~pq̄
xq̄
)2

(~u− ~pq
xq
)2(~u− ~pq̄

xq̄
)2

+ O(z−1), (Å.7)

÷òî äàåò ìíîæèòåëü èçëó÷åíèÿ ìÿãêèõ ãëþîíîâ.
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TT

Φi
4(p1⊥, p2⊥, p3⊥)Φ

k
4(p

′
1⊥, p

′
2⊥, p

′
3⊥)

∗

=







p+γ
2

(

Q2 +
~pg32

z +
~pq12

xq
+

~p 2
q̄2

xq̄

)(

Q2 +
~pg3′

2

z +
~pq1′

2

xq
+

~p 2
q̄2′

xq̄

)

×
[

−g
ik
⊥xqxq̄ (zd+ d− 2 + 2xq̄)

(z + xq) 2 (z + xq̄)

− 2P k
⊥pq1⊥

i (1− 2xq)

z (z + xq̄) 2
(

Q2 +
~pq12

xq(z+xq̄)

)

(

(d− 2)z − 2xq̄
z + xq̄

+
dz + 2xq̄
z + xq

)

−
2
(

gik⊥ (
~P~pq1) + P i

⊥pq1⊥
k
)

z (z + xq̄) 2
(

Q2 +
~pq12

xq(z+xq̄)

)

(

(d− 4)z − 2xq̄
z + xq

+
(d− 2)z − 2xq̄

z + xq̄

)

− 1

z2xq (z + xq) 2xq̄ (z + xq̄) 2
(

Q2 +
~p 2
q̄2′

(z+xq)xq̄

)(

Q2 +
~pq12

xq(z+xq̄)

)

×
{

( ~H ~P )
[

piq1⊥p
k
q̄2′⊥ (1− 2xq) (1− 2xq̄) (z(2− dz) + 4xqxq̄)

+ (gik⊥ (~pq1~pq̄2′) + pq1⊥
kpq̄2′⊥

i) (z(2− (d− 4)z) + 4xqxq̄)
]

+
[

z( ~H~pq̄2′)(g
ik
⊥ ( ~P~pq1) + P i

⊥pq1⊥
k) + zHk

⊥

(

( ~P~pq1)pq̄2′⊥
i − (~pq1~pq̄2′)P

i
⊥

)]

× ((d− 4)z − 2) + ((d− 4)z + 2)

×
[

zH i
(

( ~P~pq̄2′)pq1⊥
k − (~pq1~pq̄2′)P

k
⊥

)

+ z( ~H~pq1)(g
ik
⊥ ( ~P~pq̄2′) + P k

⊥pq̄2′⊥
i)
]

+ 2z
(

( ~H~pq̄2′)P
k
⊥ − ( ~P~pq̄2′)H

k
⊥

)

pq1⊥
i (1− 2xq) (dz + 4xq̄ − 2)

}

− 1

z2xqxq̄ (z + xq̄) 4
(

Q2 +
~pq12

xq(z+xq̄)

)(

Q2 +
~pq1′

2

xq(z+xq̄)

)

{

z ((d− 4)z − 4xq̄)

×
[

gik⊥

(

( ~G~pq1′)( ~P~pq1)− ( ~G~pq1)( ~P~pq1′)
)

+ (~pq1~pq1′)
(

Gi
⊥P

k
⊥ −Gk

⊥P
i
⊥
)

+ 2( ~G~pq1′)

×
(

P i
⊥pq1⊥

k + P k
⊥pq1⊥

i (1− 2xq)
)

− 2( ~G~pq1)
(

P k
⊥pq1′⊥

i + P i
⊥pq1′⊥

k (1− 2xq)
)

]
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+
[

pq1⊥
kpq1′⊥

i − pq1⊥
ipq1′⊥

k (1− 2xq)
2 + gik⊥ (~pq1~pq1′)

]

× ( ~G~P )
(

dz2 + 4xq̄ (z + xq̄)
)

}]

+ (1 ↔ 1′, 2 ↔ 2′, 3 ↔ 3′, i↔ k)
)

+ (q ↔ q̄). (Å.8)

Çäåñü

Φi
3(p1⊥, p2⊥)Φ

k
3(p

′
1⊥, p

′
2⊥)

∗ = Φi
4(p1⊥, p2⊥, 0)Φ

k
4(p

′
1⊥, p

′
2⊥, 0)

∗ + Aik + Bik, (Å.9)

Aik =
−2p+γ

2

~∆2
q
~∆2
q̄ (xq + z) 2 (xq̄ + z) 2

(

~p 2
q̄2

xq̄(xq+z)
+Q2

)(

~p 2
q1′

xq(xq̄+z)
+Q2

)

×
{

z((d− 4)z − 2)

×
[

(~pq1′~∆q̄)
(

(~pq̄2~∆q)g
ik
⊥ +∆i

q⊥p
k
q̄2⊥

)

− (~∆q
~∆q̄)

(

(~pq1′~pq̄2)g
ik
⊥ + piq1′⊥p

k
q̄2⊥
)

+ ∆k
q̄⊥p

i
q1′⊥(~pq̄2~∆q)−∆i

q⊥∆
k
q̄⊥(~pq1′~pq̄2)

]

+ (~∆q
~∆q̄)

×
[

(2xq − 1) (2xq̄ − 1) pkq1′⊥p
i
q̄2⊥ (4xqxq̄ + z(2− dz))

+4xqxq̄
(

(~pq1′~pq̄2)g
ik
⊥ + piq1′⊥p

k
q̄2⊥
)]

+
(

(~pq1′~∆)
(

(~pq̄2~∆q̄)g
ik
⊥ +∆i

q̄⊥p
k
q̄2⊥

)

+∆k
q⊥p

i
q1′⊥(~pq̄2~∆q̄)−∆k

q⊥∆
i
q̄⊥(~pq1′~pq̄2)

)

×z((d− 4)z + 2)

+z (2xq̄ − 1) (dz + 4xq − 2) piq̄2⊥

(

∆k
q̄⊥(~pq1′~∆q)−∆k

q⊥(~pq1′~∆q̄)
)

+ z (2xq − 1) pkq1′⊥ (4xq̄ + dz − 2)
(

∆i
q⊥(~pq̄2~∆q̄)−∆i

q̄⊥(~pq̄2~∆q)
)}

−
(

(~pq̄2~pq̄2′)g
ik
⊥ − (1− 2xq̄)

2piq̄2⊥p
k
q̄2′⊥ + piq̄2′⊥p

k
q̄2⊥
)

xq̄~∆2
q (xq + z) 4

(

~p 2
q̄2

xq̄(xq+z)
+Q2

)(

~p 2
q̄2′

xq̄(xq+z)
+Q2

)

×2xqp
+
γ
2
(

dz2 + 4xq (xq + z)
)

+ (q ↔ q̄) , (Å.10)

Bik =







2p+γ
2

~∆2
q

(

Q2 +
~p 2
g

z
+

~p 2
q1

xq
+

~p 2
q̄2

xq̄

)(

Q2 +
~p 2
q̄2′

(z+xq)xq̄

)

×
[

((d− 2)z − 2xq)xq
(z + xq) 3

(

gik⊥ (~pq̄2′ ~∆q) + pq̄2′
i
⊥∆q⊥

k + pq̄2′⊥
k∆q⊥

i (1− 2xq̄)
)
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+
xq ((d− 4)z − 2xq)

(

gik⊥ (~pq̄2′
~∆q) + piq̄2′⊥∆

k
q⊥

)

(z + xq) 2 (z + xq̄)

+
xqp

k
q̄2′⊥∆

i
q⊥ (dz + 2xq) (1− 2xq̄)

(z + xq) 2 (z + xq̄)

− 1

z (z + xq) 2xq̄ (z + xq̄) 2
(

Q2 +
~pq12

xq(z+xq̄)

)

{

z((d− 4)z + 2)

×
[

pq1
i
⊥

(

(~pq̄2′ ~∆q)X
k
⊥ − ( ~X~pq̄2′)∆q

k
⊥

)

(2xq − 1)

− ( ~X~pq̄2′)
(

gik⊥ (~pq1~∆q) + pq1
k
⊥∆q

i
⊥

)

−Xk
⊥

(

(~pq1~∆q)pq̄2′
i
⊥−(~pq1~pq̄2′)∆q

i
⊥

)]

+ z (1− 2xq̄) (dz + 4xq − 2) pq̄2′
k
⊥

(

(~pq1~∆q)X
i
⊥ − ( ~X~pq1)∆q

i
⊥

)

+ 4xqz (1− 2xq) pq1
i
⊥

(

(~pq̄2′ ~∆q)X
k
⊥ − ( ~X~pq̄2′)∆q

k
⊥

)

− z((d− 4)z − 2)

×
[(

gik⊥ ( ~X~pq1) +X i
⊥pq1

k
⊥

)

(~pq̄2′ ~∆q) +
(

( ~X~pq1)pq̄2′
i
⊥ − (~pq1~pq̄2′)X

i
⊥

)

∆q
k
⊥

]

+ ( ~X~∆q)pq1
i
⊥pq̄2′

k
⊥ (1− 2xq) (1− 2xq̄) (z(dz − 2)− 4xqxq̄)

− ( ~X~∆q)
(

gik⊥ (~pq1~pq̄2′) + pq1
k
⊥pq̄2′

i
⊥
)

(z(2− (d− 4)z) + 4xqxq̄)
}

− 1

z (z + xq) 4
(

Q2 +
~p 2
q̄2

(z+xq)xq̄

)

xq̄

{

z (dz + 4xq̄ − 4)
[

(1− 2xq̄)

×
(

pq̄2′
k
⊥

(

(~pq̄2~∆q)V
i
⊥ − (~V ~pq̄2)∆q

i
⊥

)

+ pq̄2
i
⊥

(

(~V ~pq̄2′)∆q
k
⊥ − (~pq̄2′ ~∆q)V

k
⊥

))

+V k
⊥

(

(~pq̄2~∆q)pq̄2′
i
⊥ − (~pq̄2~pq̄2′)∆q

i
⊥

)

+
(

(~pq̄2~pq̄2′)V
i
⊥ − (~V ~pq̄2)pq̄2′

i
⊥

)

∆q
k
⊥

+ gik⊥

(

(~V ~pq̄2′)(~pq̄2~∆q)− (~V ~pq̄2)(~pq̄2′ ~∆q)
)

+ pq̄2
k
⊥

(

(~V ~pq̄2′)∆q
i
⊥ − (~pq̄2′ ~∆q)V

i
⊥

)]

+
(

pq̄2
i
⊥pq̄2′

k
⊥ (1− 2xq̄)

2 − gik⊥ (~pq̄2~pq̄2′)− pq̄2
k
⊥pq̄2′

i
⊥
) (

dz2 − 4xq (xq̄ − 1)
)

× (~V ~∆q)
} ]

+ (1 ↔ 1′, 2 ↔ 2′, i↔ k)
)

+ (q ↔ q̄). (Å.11)

Çäåñü ââåäåíà ïåðåìåííàÿ

V i
⊥ = xqp

i
g⊥ − zpiq1⊥. (Å.12)
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Â êîëëèíåàðíîé îáëàñòè ∆q → 0 ðàáîòàåò òîëüêî ïîñëåäíÿÿ ñòðîêà Aik
. Â

ïåðåìåííûõ ñòðóé (2.136), (2.137) èìååì

Φi
3(p1⊥, p2⊥)Φ

k
3(p

′
1⊥, p

′
2⊥)

∗ = Φi
0Φ

k∗
0

1

4

(xj − z)
(

dz2 + 4xj (xj − z)
)

x3j∆
2
q

+ O
(

∆−1
q

)

.

(Å.13)

÷òî ñîâïàäàåò ñ ïîäûíòåãðàëüíûì âûðàæåíèåì nj (2.135).

Â ìÿãêîãëþîííîì ïðèáëèæåíèè (Å.6) :

Φi
3(p1⊥, p2⊥)Φ

k
3(p

′
1⊥, p

′
2⊥)

∗|z→0 =
1

z2
Φi

0Φ
k∗
0

(
~pq
xq

− ~pq̄
xq̄
)2

(~u− ~pq
xq
)2(~u− ~pq̄

xq̄
)2

+O(z−1). (Å.14)

Èíòåð�åðåíöèîííûå ÷ëåíû âèäà äèïîëü - äâîéíîé äèïîëü

Φ+
4 (p1⊥, p2⊥, p3⊥) Φ

+
3 (p

′
1⊥, p

′
2⊥)

∗ = Φ+
4 (p1⊥, p2⊥, p3⊥) Φ

+
4 (p

′
1⊥, p

′
2⊥, 0)

∗ + C++,

(Å.15)

C++ =
8p+γ

4

z (xq + z)
(

~p 2
q̄2

xq̄(xq+z)
+Q2

)(

~p 2
q1

xq
+

~p 2
q̄2

xq̄
+

~pg32

z +Q2
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