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Îáùàÿ õàðàêòåðèñòèêà ðàáîòû

Àêòóàëüíîñòü ðàáîòû

Îäíèì èç íàèáîëåå èíòåðåñíûõ ðåæèìîâ êâàíòîâîé õðîìîäèíàìèêè
ÿâëÿåòñÿ ðåæèì áîëüøèõ ãëþîííûõ ïëîòíîñòåé è âûñîêèõ ýíåðãèé, êîòî-
ðûé äîñòèãàåòñÿ ïðè

√
s� Q, ãäå s � ýòî êâàäðàò ýíåðãèè â ñèñòåìå öåíòðà

èíåðöèè è Q � ýòî õàðàêòåðíûé ìàñøòàá ïîïåðå÷íûõ èìïóëüñîâ. Äëÿ ïðè-
ìåíèìîñòè ðàñ÷åòîâ, âûïîëíåííûõ ïî òåîðèè âîçìóùåíèé, òðåáóþò òàêæå
Q� ΛQCD.

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 ñòîëêíîâåíèÿõ ñ ó÷àñòèåì àäðîíîâ õàðàêòåðíûé ìàñøòàá ïî-
ïåðå÷íûõ èìïóëüñîâ Q ìîæåò çàäàâàòüñÿ íå òîëüêî ïåðåäà÷åé t, íî è âèðòó-
àëüíîñòüþ ôîòîíà, èíâàðèàíòíîé ìàññîé èëè ïîïåðå÷íûì èìïóëüñîì ðîæ-
äåííîé àäðîííîé ñèñòåìû. Ñå÷åíèÿ òàêèõ ïðîöåññîâ çàâèñÿò îò ïàðòîííûõ
ôóíêöèé ðàñïðåäåëåíèÿ, ïðåæäå âñåãî, ãëþîííîé, òî åñòü �÷èñëà ãëþîíîâ
â àäðîíå�, êîòîðîå âåëèêî ïðè

√
s� Q. Â äàííîé äèññåðòàöèè ìû ãîâîðèì

î ðåäæåâñêîì ðåæèìå èìåííî â ýòîì áîëåå øèðîêîì çíà÷åíèè,
√
s� Q, íå

îãðàíè÷èâàÿñü óçêèìè ðàìêàìè ðåäæåâñêîé êèíåìàòèêè.

Íà ýêñïåðèìåíòå ðåäæåâñêèé ðåæèì ðåàëèçóåòñÿ â òàêèõ ïðîöåññàõ
êàê ãëóáîêî íåóïðóãîå ëåïòîí - àäðîííîå ðàññåÿíèå (ÃÍÐ) ïðè ìàëûõ x =
Q2

s è æåñòêàÿ äèôðàêöèÿ â ÃÍÐ, ÷òî àêòóàëüíî äëÿ óñòàíîâîê HERA, LeHC,
EIC. Èçó÷åíèå ðåæèìà áîëüøèõ ãëþîííûõ ïëîòíîñòåé âõîäèò â ôèçè÷å-
ñêóþ ïðîãðàììó ïëàíèðóåìûõ óñêîðèòåëåé LeHC è EIC êàê âàæíåéøàÿ
íåîòúåìëåìàÿ ÷àñòü.

Íà àäðîííûõ êîëëàéäåðàõ ðåäæåâñêèé ðåæèì èìååò ìåñòî â öåíòðàëü-
íûõ ñòîëêíîâåíèÿõ òÿæåëûõ èîíîâ è pp ñòîëêíîâåíèÿõ ñ áîëüøîé ìíîæå-
ñòâåííîñòüþ, òàê êàê õàðàêòåðíûå x äëÿ ðîæäåííûõ ÷àñòèö â öåíòðàëüíîé
îáëàñòè áûñòðîò ìàëû ( äî ∼ 10−4 äëÿ pp ñ

√
s = 14, íàïðèìåð). Âåëè÷è-

íû èìïóëüñîâ ýòèõ ÷àñòèö ÷àñòî íåäîñòàòî÷íû äëÿ ïðèìåíèìîñòè òåîðèè
âîçìóùåíèé. Òèïè÷íûå íàáëþäàåìûå, äëÿ êîòîðûõ ìîæíî äåëàòü ðàñ÷åòû
â ðàìêàõ òåîðèè âîçìóùåíèé, � ýòî äèôôåðåíöèàëüíûå ñå÷åíèÿ èíêëþ-
çèâíîãî ðîæäåíèÿ ñòðóé ñ áîëüøèì ïîïåðå÷íûì èìïóëüñîì ∼ Q â öåí-
òðàëüíîé îáëàñòè áûñòðîò è àçèìóòàëüíàÿ óãëîâàÿ äåêîððåëÿöèÿ ñòðóé ñ
ìàêñèìàëüíîé ðàçíîñòüþ áûñòðîò, íàçûâàåìûõ ñòðóÿìè Ìþëëåðà - Íàâàëå.
Ðåäæåâñêèé ðåæèì òàêæå äîñòèãàåòñÿ â óëüòðàïåðèôåðè÷åñêèõ ñòîëêíîâå-
íèÿõ àäðîíîâ è ÿäåð, êîãäà îäíî èç ÿäåð èñïóñêàåò êâàçèðåàëüíûé ôîòîí,
êîòîðûé âçàèìîäåéñòâóþò ñî âòîðûì ÿäðîì ñ îáðàçîâàíèåì ñèñòåìû ñ æåñò-
êèì ìàñøòàáîì, íàïðèìåð ñòðóé, Υ èëè j/ψ, ÷òî àêòóàëüíî äëÿ RHIC è
LHC. Æåñòêèå ìàòðè÷íûå ýëåìåíòû äëÿ ýòèõ ïðîöåññîâ ìîæíî âû÷èñëÿòü
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â ðàìêàõ òåîðèè âîçìóùåíèé.
Èòàê, íà ëåïòîí - àäðîííûõ ìàøèíàõ íàáëþäàåìûå, ïîçâîëÿþùèå èçó-

÷àòü ÊÕÄ â ðåäæåâñêîì ðåæèìå, � ýòî äèôôåðåíöèàëüíûå ñå÷åíèÿ ïî x
è Q2 (è, ñëåäîâàòåëüíî, ñòðóêòóðíûå ôóíêöèè è ôóíêöèè ðàñïðåäåëåíèÿ
ïàðòîíîâ, ïðåæäå âñåãî ãëþîíà), äèôðàêöèîííûå ôóíêöèè ðàñïðåäåëåíèÿ,
ñå÷åíèÿ è óãëîâûå ðàñïðåäåëåíèÿ äèôðàêöèîííîãî ðîæäåíèÿ ñòðóé è ìåçî-
íîâ. Â óëüòðàïåðèôåðè÷åñêèõ àäðîí - àäðîííûõ ñòîëêíîâåíèÿõ â ðåäæåâ-
ñêîé îáëàñòè èçìåðÿþòñÿ ñå÷åíèÿ è óãëîâûå ðàñïðåäåëåíèÿ äèôðàêöèîííî-
ãî ðîæäåíèÿ ñòðóé è ìåçîíîâ è äèôðàêöèîííûå ôóíêöèè ðàñïðåäåëåíèÿ.
Â öåíòðàëüíûõ ñòîëêíîâåíèÿõ òèïè÷íûìè íàáëþäàåìûìè ÿâëÿþòñÿ ñå÷å-
íèÿ 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
ôóíêöèè àäðîíîâ äî âçàèìîäåéñòâèÿ.

Ñ òåîðåòè÷åñêîé òî÷êè çðåíèÿ ïðè ôèêñèðîâàííîì 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 ïðåêðàùàåòñÿ. Â ýòîì ñëó÷àå ãîâîðÿò î äîñòèæåíèè
ðåæèìà áîëüøèõ ãëþîííûõ ïëîòíîñòåé â ðåäæåâñêîì ïðåäåëå.

Ïðåêðàùåíèå ðîñòà ãëþîííîé ïëîòíîñòè ïðè ìàëûõ x íàçûâàåòñÿ íà-
ñûùåíèåì. Ïðè ýòîì ãåíåðèðóåòñÿ ìàñøòàá íàñûùåíèÿ Qs(x) � õàðàêòåð-
íûé ïîïåðå÷íûé èìïóëüñ, ïðè êîòîðîì ïðîöåññû ñëèÿíèÿ ãëþîíîâ â âîëíî-
âîé ôóíêöèè àäðîíà ñòàíîâÿòñÿ îäíîãî ïîðÿäêà ñ ïðîöåññàìè ðàñùåïëåíèÿ
ãëþîíà. Ïðè íàñûùåíèè õàðàêòåðíîå ìåæïàðòîííîå ðàññòîÿíèå ñòàíîâèòñÿ
ïîðÿäêà ïîïåðå÷íîãî ðàçìåðà ïàðòîíà. Ïîýòîìó íåëüçÿ ïðåíåáðåãàòü ïàð-
òîí - ïàðòîííûì âçàèìîäåéñòâèåì. Èìåííî ìàñøòàá íàñûùåíèÿ îïðåäåëÿåò
ãëþîííóþ ïëîòíîñòü è, ñëåäîâàòåëüíî, íàáëþäàåìûå ïðè î÷åíü ìàëûõ x. Â
ðåçóëüòàòå ëþáûå íàáëþäàåìûå, çàâèñÿùèå îò îäíîãî ïîïåðå÷íîãî ìàñøòà-
áà, îêàçûâàþòñÿ ôóíêöèÿìè îòíîøåíèÿ ýòîãî ìàñøòàáà è ìàñøòàáà íàñû-
ùåíèÿ. Íàïðèìåð, ïîñëå âûäåëåíèÿ ðàçìåðíîãî ìíîæèòåëÿ ñå÷åíèå ÃÍÐ
çàâèñèò îò îòíîøåíèÿ Q

Qs(x) , à íå îò Q è x ïî-îòäåëüíîñòè: σ ∼ 1
Q2 f( Q

Qs(x) ).

Òàêîå ïîâåäåíèå íàçûâàåòñÿ ãåîìåòðè÷åñêèé ñêåéëèíã. Îíî íàáëþäàëîñü â
ep, eA è pp ñòîëêíîâåíèÿõ.

Â íàñòîÿùåå âðåìÿ ñòàíîâèòñÿ àêòóàëüíûì èçó÷åíèå áîëåå ñëîæíûõ
íàáëþäàåìûõ, çàâèñÿùèõ îò íåñêîëüêèõ ìàñøòàáîâ. Íàïðèìåð, ðàññìàòðè-
âàåòñÿ ãëóáîêî âèðòóàëüíîå êîìïòîíîâñêîå ðàññåÿíèå, ãëóáîêî âèðòóàëü-
íîå ðîæäåíèå ìåçîíîâ è ñòðóé ñ íåíóëåâîé ïåðåäà÷åé èìïóëüñà. Íàëè÷èå
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òðåòüåãî ìàñøòàáà, ïåðåäà÷è èìïóëüñà, ïîçâîëÿåò âîññòàíîâèòü íå òîëüêî
çàâèñèìîñòü àäðîííûõ ìàòðè÷íûõ ýëåìåíòîâ îò x, òî åñòü èññëåäîâàòü ðàñ-
ïðåäåëåíèå ïàðòîíîâ ïî ïðîäîëüíîìó èìïóëüñó, íî è èçó÷àòü ðàñïðåäåëåíèå
ïàðòîíîâ ïî ïîïåðå÷íîìó èìïóëüñó. Ñîîòâåòñòâóþùèå íàáëþäàåìûå � ýòî
íåïðîèíòåãðèðîâàííûå ïàðòîííûå ðàñïðåäåëåíèÿ.

Îïèñàíèå ïðîöåññîâ â ðåäæåâñêîì ïðåäåëå âîçìîæíî â íåñêîëüêèõ
ïîäõîäàõ: ïîäõîäå Áàëèöêîãî - Ôàäèíà - Êóðàåâà - Ëèïàòîâà (ÁÔÊË) [1]�
[4], ïîäõîäå êîíäåíñàòà öâåòíîãî ñòåêëà (ÊÖÑ) [5]�[11], ìîäåëè öâåòîâûõ
äèïîëåé [12]�[15], ïîäõîäå âèëüñîíîâñêèõ ëèíèé, óäàðíûõ âîëí èëè âûñîêî-
ýíåðãåòè÷åñêîãî îïåðàòîðíîãî ðàçëîæåíèÿ Áàëèöêîãî (ÂÝÎÐ) [16]�[18]. Â
äàííîé äèññåðòàöèè èñïîëüçîâàíû ìåòîäû ÂÝÎÐ è ÁÔÊË.

Â ðàìêàõ ýòèõ ïîäõîäîâ ñå÷åíèå ëþáîãî ïðîöåññà âû÷èñëÿåòñÿ â âèäå
ñâåðòêè æåñòêîé ÷àñòè � èìïàêò ôàêòîðà, îïèñûâàþùåãî âçàèìîäåéñòâèå
íàëåòàþùåé ÷àñòèöû ñ ãëþîííûì ïîëåì ìèøåíè, è ìàòðè÷íîãî ýëåìåíòà,
âû÷èñëåííîãî ïî íà÷àëüíîìó è êîíå÷íîìó ñîñòîÿíèÿì ìèøåíè îò ôóíêöèè
Ãðèíà, îïðåäåëÿþùåé ýòî ãëþîííîå ïîëå. Çàâèñèìîñòü ôóíêöèè Ãðèíà îò
áûñòðîòû âû÷èñëÿåòñÿ â ðàìêàõ îäíîãî èç âûøåóïîìÿíóòûõ ïîäõîäîâ, êî-
òîðûå ïîçâîëÿþò âûâåñòè óðàâíåíèÿ ýâîëþöèè ïî áûñòðîòå äëÿ ðàçëè÷íûõ
ôóíêöèé Ãðèíà.

Èòàê, äëÿ ïîñòðîåíèÿ ñå÷åíèé íåîáõîäèìî âû÷èñëÿòü èìïàêò ôàêòî-
ðû, âûâîäèòü è ðåøàòü óðàâíåíèÿ ýâîëþöèè è âû÷èñëÿòü ñâåðòêè èìïàêò
ôàêòîðîâ è ìàòðè÷íûõ ýëåìåíòîâ ôóíêöèé Ãðèíà. Äèññåðòàöèÿ ïîñâÿùåíà
âñåì ýòèì ýòàïàì. Â äàííîé ðàáîòå ïðåäñòàâëåí âûâîä óðàâíåíèé ýâîëþöèè
ïî x äëÿ ðàçëè÷íûõ ôóíêöèé Ãðèíà â ðàìêàõ ÂÝÎÐ, îáñóæäàåòñÿ ñâÿçü ñ
ïîäõîäîì ÁÔÊË, íàéäåíî ðåøåíèå ëèíåàðèçîâàííîãî óðàâíåíèÿ, âû÷èñëå-
íû èìïàêò ôàêòîðû äèôðàêöèîííîãî ôîòîðîæäåíèÿ 2 è 3 ñòðóé, ëåãêîãî
âåêòîðíîãî ìåçîíà.

Äèññåðòàöèÿ ñîñòîèò èç òðåõ ãëàâ. Â ïåðâîé ãëàâå äàí âûâîä óðàâ-
íåíèÿ ýâîëþöèè äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè (ÁÂÏ) â ãëàâíîì è
ñëåäóþùåì çà ãëàâíûì ëîãàðèôìè÷åñêèõ ïðèáëèæåíèÿõ (ÃËÏ è ÑÃËÏ),
ïîëó÷åíû êâàçèêîíôîðìíîå è ëèíåàðèçîâàííîå ÿäðà ýòîãî óðàâíåíèÿ, ïî-
ñòðîåíî ðåøåíèå ëèíåéíîãî óðàâíåíèÿ ýâîëþöèè äëÿ ðàññåÿíèÿ âïåðåä â
ÑÃËÏ. Äëÿ êâàäðóïîëüíîãî îïåðàòîðà è äâàæäû äèïîëüíîãî îïåðàòîðà
ïîëó÷åíû ÿäðà óðàâíåíèé ýâîëþöèè â ÑÃËÏ è ñîîòâåòñòâóþùèå êâàçèêîí-
ôîðìíûå ÿäðà.

Ñíà÷àëà ïðåäñòàâëåí âûâîä óðàâíåíèÿ ýâîëþöèè äëÿ ÁÂÏ â ÃËÏ, â
êîòîðîì èçìåíåíèå ÁÂÏ ñ áûñòðîòîé âûðàæàåòñÿ òîëüêî ÷åðåç îäíó ÁÂÏ
è ïðîèçâåäåíèÿ äâóõ ÁÂÏ è íå çàâèñèò îò äðóãèõ îïåðàòîðîâ. Òàêîé âèä
ïîëíîñòüþ àíàëîãè÷åí óðàâíåíèþ Áàëèöêîãî - Êîâ÷åãîâà (ÁÊ). Â ïðåäå-
ëå áîëüøèõ Nc äëÿ ðàññåÿíèÿ 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 ýëåìåíò îäíîé ÁÂÏ, çàìåíÿÿ ìàòðè÷íûé
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ýëåìåíò ïðîèçâåäåíèÿ áåñöâåòíûõ îïåðàòîðîâ 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÷èñëå-
íèè ÿäðà äëÿ äèïîëüíîãî îïåðàòîðà. Èñïîëüçóÿ ýòó ÷àñòü ÿäðà è äèïîëüíîå
ÿäðî â ÑÃËÏ, áûëî ïîñòðîåíî óðàâíåíèå ýâîëþöèè äëÿ ÁÂÏ â ÑÃËÏ. Ýòî
óðàâíåíèå áûëî ïðèâåäåíî ê êâàçèêîíôîðìíîìó âèäó è ëèíåàðèçîâàíî.

Èñïîëüçóÿ ïîëó÷åííûå ðåçóëüòàòû, òàêæå áûëè ïîñòðîåíû è ïðèâå-
äåíû ê êâàçèêîíôîðìíîìó âèäó óðàâíåíèÿ ýâîëþöèè äëÿ êâàäðóïîëüíîãî
îïåðàòîðà è îïåðàòîðà äâîéíîãî äèïîëÿ â ÑÃËÏ.

Íàêîíåö, áûëî ïîñòðîåíî îáùåå ðåøåíèå ëèíåéíîãî óðàâíåíèÿ äëÿ
äèïîëüíîãî îïåðàòîðà - óðàâíåíèÿ ÁÔÊË â ÑÃËÏ äëÿ ðàññåÿíèÿ âïåðåä â
ïðîñòðàíñòâå ñîáñòâåííûõ ôóíêöèé áîðíîâñêîãî ÿäðà.

Âî âòîðîé ãëàâå âû÷èñëåíû èìïàêò ôàêòîðû äëÿ ýêñêëþçèâíîãî äè-
ôðàêöèîííîãî ôîòîðîæäåíèÿ ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìå-
çîíà â ãëàâíîì è ñëåäóþùåì çà ãëàâíûì ïðèáëèæåíèÿõ (ÃÏ è ÑÃÏ), äâóõ
ñòðóé â ÃÏ è ÑÃÏ, òðåõ ñòðóé â ÃÏ.

Ñíà÷àëà ïðèâåäåí ðàñ÷åò èìïàêò ôàêòîðà äëÿ äèôðàêöèîííîãî ôîòî-
ðîæäåíèÿ äâóõ ñòðóé â ÃÏ è ÑÃÏ è òðåõ ñòðóé ñ ÃÏ â ðàìêàõ ÂÝÎÐ. Äàëåå
áûë âû÷èñëåí èìïàêò ôàêòîð ôîòîðîæäåíèÿ ïðîäîëüíî ïîëÿðèçîâàííîãî
âåêòîðíîãî ìåçîíà â ÑÃÏ â âèäå ñâåðòêè èìïàêò ôàêòîðà ôîòîðîæäåíèÿ
êîëëèíåàðíîé êâàðê-àíòèêâàðêîâîé ïàðû â ÑÃÏ ñ àìïëèòóäîé ðàñïðåäåëå-
íèÿ (ÀÐ) äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà.

Â òðåòüåé ãëàâå ïðåäñòàâëåí ìåòîä ïåðåõîäà ìåæäó îïåðàòîðàìè â
ïîëíîì è ìåáèóñîâñêîì ïðåäñòàâëåíèÿõ, îòâå÷àþùèõ ïîäõîäàì ÁÔÊË è
ÂÝÎÐ ñîîòâåòñòâåííî. Ïîêàçàíî, ÷òî äëÿ êàëèáðîâî÷íî èíâàðèàíòíûõ îïå-
ðàòîðîâ ñóùåñòâóåò ïðîöåäóðà âîññòàíîâëåíèÿ ïîëíîé ôîðìû ïî ìåáèóñîâ-
ñêîé è ýòà ïðîöåäóðà ïðîâåäåíà äëÿ îïåðàòîðà, ïðèâîäÿùåãî ïîëíîå ÿäðî
ÁÔÊË â ÑÃÏ ê êâàçèêîíôîðìíîìó âèäó. Íàõîæäåíèå òàêîé ïðîöåäóðû
ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé, òàê êàê îíà ïîçâîëÿåò ñðàâíèâàòü âåëè÷èíû,
ïîëó÷åííûå â ïîäõîäàõ ÁÔÊË è ÂÝÎÐ.

Öåëü ðàáîòû

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ðåøåíèå àêòóàëüíûõ çàäà÷ êâàíòî-
âîé õðîìîäèíàìèêè â Ðåäæåâñêîì ïðåäåëå: ïîñòðîåíèå óðàâíåíèé ýâîëþ-
öèè äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè â ÃËÏ è ÑÃËÏ, êâàäðóïîëüíîãî è
äâàæäû äèïîëüíîãî îïåðàòîðîâ â ÑÃËÏ, ðåøåíèå äèïîëüíîãî óðàâíåíèÿ â
ÑÃËÏ äëÿ ðàññåÿíèÿ âïåðåä, âû÷èñëåíèå èìïàêò ôàêòîðîâ äèôðàêöèîííî-
ãî ôîòîðîæäåíèÿ äâóõ ñòðóé â ÑÃÏ, òðåõ ñòðóé â ÃÏ, ëåãêîãî âåêòîðíîãî
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ìåçîíà â ÑÃÏ, ïîñòðîåíèå ïðîöåäóðû âîññòàíîâëåíèÿ ïîëíîé ôîðìû êà-
ëèáðîâî÷íî èíâàðèàíòíûõ îïåðàòîðîâ ïî èõ ìåáèóñîâñêîé ôîðìå.

Ëè÷íûé âêëàä àâòîðà

Ëè÷íîå ó÷àñòèå àâòîðà â ïîëó÷åíèè ðåçóëüòàòîâ, ñîñòàâëÿþùèõ îñíî-
âó äèññåðòàöèè, ÿâëÿåòñÿ îñíîâíûì è îïðåäåëÿþùèì. Èì âûïîëíåíû âñå
ðàñ÷åòû, ïðåäëîæåíû èäåè î âîçìîæíîñòè ïîñòðîåíèÿ óðàâíåíèÿ ýâîëþöèè
äëÿ áàðèîííîãî îïåðàòîðà â çàìêíóòîì âèäå, ïîñòðîåíèÿ ðåøåíèÿ óðàâíå-
íèÿ ÁÔÊË â ÑÃËÏ äëÿ ðàññåÿíèÿ âïåðåä êàê óðàâíåíèÿ â ÷àñòíûõ ïðîèç-
âîäíûõ.

Íàó÷íàÿ íîâèçíà

Âïåðâûå ïîëó÷åíî óðàâíåíèå ýâîëþöèè äëÿ ÁÂÏ â çàìêíóòîì âèäå.
Âïåðâûå ïîëó÷åíû óðàâíåíèÿ ýâîëþöèè äëÿ ÁÂÏ, êâàäðóïîëüíîãî è äâà-
æäû äèïîëüíîãî îïåðàòîðîâ â ÑÃËÏ, èõ êâàçèêîíôîðìíûå ôîðìû, ëèíå-
àðèçîâàííûå ôîðìû óðàâíåíèé ýâîëþöèè ÁÂÏ è äèïîëüíîãî îïåðàòîðà â
ÑÃËÏ â îääåðîííîì êàíàëå, ðåøåíèå äèïîëüíîãî óðàâíåíèÿ â ÑÃËÏ äëÿ
ðàññåÿíèÿ âïåðåä â ïðîñòðàíñòâå ñîáñòâåííûõ ôóíêöèé áîðíîâñêîãî ÿäðà.
Âïåðâûå ïîñòðîåíû èìïàêò ôàêòîðû ïåðåõîäîâ âèðòóàëüíîãî ôîòîíà â äâå
ñòðóè â ÑÃÏ, â òðè ñòðóè â ÃÏ, â ëåãêèé, ïðîäîëüíî ïîëÿðèçîâàííûé âåê-
òîðíûé ìåçîí â ÑÃÏ äëÿ ïðîèçâîëüíîé íà÷àëüíîé ïîëÿðèçàöèè è âèðòó-
àëüíîñòè ôîòîíà è ïðîèçâîëüíîé ïåðåäà÷è èìïóëüñà. Âïåðâûå ïîñòðîåíà
ïðîöåäóðà âîññòàíîâëåíèÿ ïîëíîé ôîðìû êàëèáðîâî÷íî èíâàðèàíòíûõ îïå-
ðàòîðîâ ïî èõ ìåáèóñîâñêîé ôîðìå.

Íàó÷íàÿ è ïðàêòè÷åñêàÿ öåííîñòü

Ñâÿçíàÿ ÷àñòü ÿäðà óðàâíåíèÿ ýâîëþöèè äëÿ òðåõ âèëüñîíîâñêèõ ëè-
íèé, âû÷èñëåííàÿ â äàííîé ðàáîòå, â âèäå íåîòúåìëåìîé ñîñòàâíîé ÷àñòè
óæå âîøëà â èåðàðõèþ Áàëèöêîãî è ãàìèëüòîíèàí JIMWLK â ÑÃÏ, êî-
òîðûå èñïîëüçóþòñÿ äëÿ àíàëèçà ëþáûõ ïîëóæåñòêèõ ïðîöåññîâ â ðàìêàõ
ýòèõ ïîäõîäîâ. Èìïàêò ôàêòîð äëÿ ðîæäåíèÿ äâóõ ñòðóé â ÑÃÏ ìîæåò
èñïîëüçîâàòüñÿ äëÿ âû÷èñëåíèÿ ñå÷åíèÿ äèôðàêöèîííîãî ôîòîðîæäåíèÿ
äâóõ ñòðóé íà ZEUS. Ìåòîä âîññòàíîâëåíèÿ ïîëíîé ôîðìû êàëèáðîâî÷íî
èíâàðèàíòíûõ îïåðàòîðîâ ïî èõ ìåáèóñîâñêîé ôîðìå áûë èñïîëüçîâàí äëÿ
ïîñòðîåíèÿ ïîëíîé ôîðìû îïåðàòîðà, ïðèâîäÿùåãî ÿäðî ÁÔÊË â ÑÃËÏ ê
êâàçèêîíôîðìíîìó âèäó. Óðàâíåíèå ýâîëþöèè äëÿ ÁÂÏ ïîçâîëèò îïèñû-
âàòü ïðîòîí íàðÿäó ñ äèïîëåì â ðàìêàõ ÂÝÎÐ. Óðàâíåíèÿ ýâîëþöèè äëÿ
êâàäðóïîëüíîãî è äâàæäû äèïîëüíîãî îïåðàòîðîâ íåîáõîäèìû äëÿ àíàëè-
çà áîëåå ñëîæíûõ ÷åì äèïîëü êîìïîíåíò â ïðîöåññàõ ÃÍÐ è ÃÍÄÐ, íàïðè-
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ìåð ïðè äèôðàêöèîííîì ôîòîðîæäåíèè 4 ÷àñòèö. Óðàâíåíèå ýâîëþöèè äëÿ
êâàäðóïîëüíîãî îïåðàòîðà òàêæå íåîáõîäèìî äëÿ èçó÷åíèÿ ãëþîííîé ïëîò-
íîñòè Âàéöçåêêåðà - Âèëüÿìñà. Èìïàêò ôàêòîðû äèôðàêöèîííîãî ôîòî-
ðîæäåíèÿ íåîáõîäèìû äëÿ îïèñàíèÿ äèôðàêöèîííûõ ïðîöåññîâ íà HERA,
LHC â óëüòðàïåðèôåðè÷åñêîé êèíåìàòèêå, EIC, LHeC.

Îñíîâíûå ïîëîæåíèÿ, âûíîñèìûå íà çàùèòó

1. Óðàâíåíèå ýâîëþöèè äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè â ÃËÏ è
ÑÃËÏ.

2. Óðàâíåíèÿ ýâîëþöèè äëÿ êâàäðóïîëüíîãî è äâàæäû äèïîëüíîãî îïå-
ðàòîðîâ â ÑÃËÏ.

3. Ðåøåíèå óðàâíåíèÿ ÁÔÊË â ÑÃËÏ äëÿ ðàññåÿíèÿ âïåðåä.

4. Èìïàêò ôàêòîð ýêñêëþçèâíîãî äèôðàêöèîííîãî ôîòîðîæäåíèÿ äâóõ
ñòðóé â ÑÃÏ.

5. Èìïàêò ôàêòîð ýêñêëþçèâíîãî äèôðàêöèîííîãî ôîòîðîæäåíèÿ òðåõ
ñòðóé â ÃÏ.

6. Èìïàêò ôàêòîð ýêñêëþçèâíîãî äèôðàêöèîííîãî ôîòîðîæäåíèÿ ëåã-
êîãî ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà â ÑÃÏ.

7. Àëãîðèòì ïîëó÷åíèÿ ïîëíîé ôîðìû êàëèáðîâî÷íî èíâàðèàíòíûõ îïå-
ðàòîðîâ ïî èõ ìåáèóñîâñêîé ôîðìå.

8. Ïîëíàÿ è ìåáèóñîâñêàÿ ôîðìû îïåðàòîðà, ïðèâîäÿùåãî ïîëíîå ÿäðî
ÁÔÊË â ÑÃÏ ê êâàçèêîíôîðìíîìó âèäó.

Àïðîáàöèÿ ðàáîòû

Ìàòåðèàëû ðàáîòû îïóáëèêîâàíû â âåäóùèõ çàðóáåæíûõ è ðîññèé-
ñêèõ íàó÷íûõ æóðíàëàõ è íåîäíîêðàòíî äîêëàäûâàëèñü íà ìåæäóíàðîä-
íûõ êîíôåðåíöèÿõ è ñåìèíàðàõ, â ÷àñòíîñòè: Frontiers in QCD (Ñèýòòë,
ÑØÀ, 2011), Low x workshop (Ýéëàò, Èçðàèëü, 2013), Hadron Physics: Chal-
lenge to Holography (Íàòàë, Áðàçèëèÿ, 2013), A colorful journey: from Hadrons
to Quark Gluon Plasma (Ôðåæþñ, Ôðàíöèÿ, 2013), MOGRAN 16 (Óôà, Ðîñ-
ñèÿ, 2013), High Energy Physics in the LHC Era (Âàëüïàðàèñî, ×èëè, 2013),
Excited QCD 2014 (Ñàðàåâî, Áîñíèÿ è Ãåðöåãîâèíà, 2014), Scattering Am-
plitudes & Multi-Regge Limit 2014 (Ìàäðèä, Èñïàíèÿ, 2014), Correlations
between partons in nucleons (Îðñý, Ôðàíöèÿ, 2014), DIS2015 (Äàëëàñ, ÑØÀ,
2015), PHOTON2015 (Íîâîñèáèðñê, Ðîññèÿ, 2015), Diffractive and Electro-
magnetic Processes at High Energies (Áàä-Õîííåô, Ãåðìàíèÿ, 2015), Physics
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Opportunities at an ElecTron-Ion Collider (Ïàëåçî, Ôðàíöèÿ, 2015), Resum-
mation, Evolution, Factorization 2015 (Ãàìáóðã, Ãåðìàíèÿ, 2015), 8th Interna-
tional Conference on the Exact Renormalization Group (Òðèåñò, Èòàëèÿ, 2016),
Resummation, Evolution, Factorization 2016 (Àíòâåðïåí, Áåëüãèÿ, 2016), 2017
International Summer Workshop on Reaction Theory (Áëóììèíãòîí, ÑØÀ,
2017), IV Russian-Spanish congress: Particle, Nuclear, Astroparticle Physics
and Cosmology (Äóáíà, Ðîññèÿ, 2017), Phenomenology of Hot and Dense Mat-
ter for Future Accelerators (Ïðàãà, ×åõèÿ, 2018) è äðóãèõ.

Îáúåì è ñòðóêòóðà ðàáîòû

Äèññåðòàöèÿ ñîñòîèò èç ââåäåíèÿ, òðåõ ãëàâ, çàêëþ÷åíèÿ è øåñòè ïðè-
ëîæåíèé. Ïîëíûé îáúåì äèññåðòàöèè ñîñòàâëÿåò 193 ñòðàíèöû ñ 7 ðèñóí-
êàìè. Ñïèñîê ëèòåðàòóðû ñîäåðæèò 104 íàèìåíîâàíèÿ.

Ñîäåðæàíèå ðàáîòû

Âî ââåäåíèè îáîñíîâàíà àêòóàëüíîñòü äèññåðòàöèîííîé ðàáîòû, ñôî-
ðìóëèðîâàíà öåëü, îáñóæäåíû íàó÷íàÿ íîâèçíà è ïðàêòè÷åñêàÿ çíà÷èìîñòü
ïðåäñòàâëÿåìîé ðàáîòû, äàí êðàòêèé îáçîð ñîâðåìåííîãî ñîñòîÿíèÿ îáëà-
ñòè èññëåäîâàíèé è ïðåäñòàâëåíû âûíîñèìûå íà çàùèòó ðåçóëüòàòû.

Â ïåðâîé ãëàâå ñ ïîìîùüþ ìåòîäà ÂÝÎÐ [16] âûâåäåíî óðàâíåíèå
ýâîëþöèè ïî áûñòðîòå äëÿ ÁÂÏ

Bη123

def
= U1 · U2 · U3 = εi

′j′h′εijhU (~z1, η)
i
i′ U (~z2, η)

j
j′ U (~z3, η)

h
h′ , (1)

îïèñûâàþùåé ðàññåÿíèå áàðèîíîâ â ïîëå óäàðíîé âîëíû, ñîçäàííîé ìèøå-
íüþ. Çäåñü ~zi � ýòî ïîïåðå÷íûå êîîðäèíàòû êâàðêîâ, âèëüñîíîâñêèå ëèíèè

Ur = U (~r, η) = Peig
∫+∞
−∞ b−η (r+, ~r)dr+

, r+ =
r0 + r3

2
, b− = b0 − b3, (2)

ãäå b−η � âíåøíåå ïîëå óäàðíîé âîëíû, ïîñòðîåííîå òîëüêî èç ìåäëåííûõ
ãëþîíîâ,

b−η =

∫
d4p

(2π)
4 e
−i(pr)b− (p) θ(eη − | p+

p+
íàëåòàþùåé
÷àñòèöû

|), (3)

ïîðîã áûñòðîòû η ≤ Yíàëåòàþùåé
÷àñòèöû

îòäåëÿåò áûñòðûå ãëþîíû, âõîäÿùèå â

èìïàêò ôàêòîðû, îò ìåäëåííûõ, âõîäÿùèõ â âèëüñîíîâñêèå ëèíèè. Òðè
ëèíèè â (1) ñîåäèíÿþòñÿ â îäíîé òî÷êå x ïðè z+ = +∞ è â îäíîé òî÷êå y
ïðè z+ = −∞. Óðàâíåíèå ýâîëþöèè èìååò âèä

∂Bη123

∂η
=
αs3

4π2

∫
d~z5

[
~z 2

12

~z 2
51~z

2
52

(−Bη123 +
1

6
(Bη155B

η
325 +Bη255B

η
315 −B

η
355B

η
215))

9



+ (1↔ 3) + (2↔ 3)
]
, (4)

ãäå ~zij = ~zi − ~zj è i ↔ j îçíà÷àåò çàìåíó ~zi ↔ ~zj . Êàê è óðàâíåíèå ÁÊ, â
êîòîðîå îíî ïåðåõîäèò ïðè ñîâïàäåíèè êîîðäèíàò äâóõ êâàðêîâ, ýòî óðàâ-
íåíèå çàïèñàíî â çàìêíóòîì âèäå, òî åñòü ýâîëþöèÿ îïåðàòîðà B çàâèñèò
òîëüêî îò B è ïðîèçâåäåíèé B, ìàòðè÷íûå ýëåìåíòû êîòîðûõ ôàêòîðèçó-
þòñÿ â ïðåäåëå áîëüøèõ Nc ñ òî÷íîñòüþ ∼ N−2

c ∼ 10%. Äàëåå âû÷èñëåí
ñâÿçíûé âêëàä â óðàâíåíèå â ÑÃÏ

〈Kconn
NLO ⊗B

η
123〉|ðèñ.1 =

α2
s

4π4

∫
d~z0

∫
d~z5

{
(U2U

†
0U1) · U5 · (U0U

†
5U3)

+(U3U
†
5U0) · U5 · (U1U

†
0U2)− (1↔ 3, 0↔ 5)

}
ln
~z 2

02

~z 2
25

×
[

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)

~z02
2~z01

2

(~z25~z35)

~z 2
25~z35

2

]
+
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). (5)

Èñïîëüçóÿ ýòè ôîðìóëû è âûðàæåíèÿ äëÿ ýâîëþöèè 1 è 2 âèëüñîíîâñêèõ
ëèíèé â ÑÃÏ, èçâåñòíûå ïî âû÷èñëåíèþ ÿäðà ÁÊ, áûëî ïîëó÷åíî ïîëíîå
ÿäðî äëÿ ýâîëþöèè ÁÂÏ â ÑÃÏ

〈KNLO ⊗B123〉 = − α2
s

8π4

∫
d~r0d~r5

(
Gfinite + nfG

q
finite

)
− α2

s

8π3

∫
d~r0 Gq′, (6)

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). (7)

Gq
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). (8)
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Gq′=
1

2

[
~r 2

13

~r 2
10~r

2
30

− ~r 2
32

~r 2
30~r

2
20

]
ln
~r 2

20

~r 2
21

ln
~r 2

10

~r 2
21

(B100B320 −B200B310) (9)

− ~r 2
12

~r 2
10~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).

Çäåñü β =
(

11
3 −

2
3
nf
3

)
,

L̃12 =
~r12

2

8

[
~r12

2

~r01
2~r02

2~r15
2~r25

2
− 1

~r01
2~r05

2~r25
2
− 1

~r02
2~r05

2~r15
2

]
ln

(
~r01

2~r25
2

~r15
2~r02

2

)
,

M12 =
~r12

2

16

[
~r12

2

~r01
2~r02

2~r15
2~r25

2
− 1

~r01
2~r05

2~r25
2
− 1

~r02
2~r05

2~r15
2

]
ln

(
~r01

2~r02
2

~r15
2~r25

2

)
,

M13
2 =

1

4~r01
2~r35

2

(
~r12

2~r23
2

~r02
2~r25

2
− ~r15

2~r23
2

~r05
2~r25

2
− ~r03

2~r12
2

~r02
2~r05

2
+
~r13

2

~r05
2

)
ln

(
~r02

2

~r25
2

)
,

L12 =
1

2~r05
4

+ ln

(
~r01

2~r25
2

~r15
2~r02

2

)[
~r12

2

8~r05
2

(
1

~r02
2~r15

2
− 1

~r01
2~r25

2

)
+

1

~r01
2~r25

2 − ~r02
2~r15

2

×
(
−~r12

4

8

(
1

~r01
2~r25

2
+

1

~r02
2~r15

2

)
+
~r12

2

~r05
2
− ~r02

2~r15
2 + ~r01

2~r25
2

4~r05
4

)]
,

Lq12 =
1

~r05
4

{
~r02

2~r15
2 + ~r01

2~r25
2 − ~r05

2~r12
2

2(~r02
2~r15

2 − ~r01
2~r25

2)
ln

(
~r02

2~r15
2

~r01
2~r25

2

)
− 1

}
,

β ln
1

µ̃2
=

(
11

3
− 2

3

nf
3

)
ln

(
µ2

4e2ψ(1)

)
+

67

9
− π2

3
− 10

9

nf
3
, (10)

è µ ýòî ìàñøòàá ïåðåíîðìèðîâêè â ñõåìå MS. Ýòî ÿäðî íå ÿâëÿåòñÿ êâàçè-
êîíôîðìíûì, òàê êàê ÷ëåíû ñ ôóíêöèÿìè M è âêëàä Gq′ íåêîíôîðìíû.
Äëÿ ïîëó÷åíèÿ êâàçèêîíôîðìíîãî ÿäðà áûë èñïîëüçîâàí ðåöåïò ïåðåõîäà
ê êîíôîðìíûì èëè ñîñòàâíûì îïåðàòîðàì [19]

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

) , (11)
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òî åñòü ïîñòðîåíî óðàâíåíèå ýâîëþöèè äëÿ Bconf , êîòîðîå ÿâëÿåòñÿ êâàçè-
êîíôîðìíûì

∂Bconf123

∂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

~r03
2~r02

2
ln2

(
~r32

2~r10
2

~r13
2~r20

2

)
− ~r12

2

~r01
2~r02

2
ln2

(
~r12

2~r30
2

~r13
2~r20

2

)]
+ (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

]

+MC
12

[(
U0U5

†U3

)
·
(
U2U0

†U1

)
· U5 +

(
U1U0

†U2

)
·
(
U3U5

†U0

)
· U5

]
+ (âñå 5 ïåðåñòàíîâîê 1↔ 2↔ 3)

}
+ (0↔ 5)

)
, (12)

ãäå

LC12 = L12 +
~r12

2

4~r01
2~r05

2~r25
2

ln

(
~r02

2~r15
2

~r05
2~r12

2

)
+

~r12
2

4~r02
2~r05

2~r15
2

ln

(
~r01

2~r25
2

~r05
2~r12

2

)
,

L̃C12 = L̃12 +
~r12

2

4~r01
2~r05

2~r25
2

ln

(
~r02

2~r15
2

~r05
2~r12

2

)
− ~r12

2

4~r02
2~r05

2~r15
2

ln

(
~r01

2~r25
2

~r05
2~r12

2

)
,

12



MC
12 =

~r12
2

16~r05
2

(
1

~r02
2~r15

2
ln

(
~r01

2~r02
2~r35

4

~r03
4~r15

2~r25
2

)
+

1

~r01
2~r25

2
ln

(
~r03

4~r05
4~r12

4~r25
2

~r01
2~r02

6~r15
2~r35

4

))
+

~r23
2

16~r05
2

(
1

~r02
2~r35

2
ln

(
~r01

4~r03
2~r25

6~r35
2

~r02
2~r05

4~r15
4~r23

4

)
+

1

~r03
2~r25

2
ln

(
~r02

2~r03
2~r15

4

~r01
4~r25

2~r35
2

))
+

~r13
2

16~r05
2

(
1

~r03
2~r15

2
ln

(
~r02

4~r15
2~r35

2

~r01
2~r03

2~r25
4

)
+

1

~r01
2~r35

2
ln

(
~r02

4~r15
2~r35

2

~r01
2~r03

2~r25
4

))
+

~r12
2

8~r01
2~r02

2~r35
2

(
~r03

2

~r05
2

ln

(
~r01

2~r03
2~r25

4

~r02
2~r05

2~r12
2~r35

2

)
+
~r23

2

~r25
2

ln

(
~r02

2~r12
2~r35

2

~r01
2~r23

2~r25
2

))
+

~r15
2~r23

2

8~r01
2~r05

2~r25
2~r35

2
ln

(
~r01

2~r05
2~r23

2~r25
2

~r02
4~r15

2~r35
2

)
. (13)

Ýòî óðàâíåíèå áûëî ëèíåàðèçîâàíî. Ïðè ýòîì â C-÷åòíîì êàíàëå îíî ñâå-
ëîñü ê òðåì óðàâíåíèÿì ÁÔÊË, à â C-íå÷åòíîì, ò.å. äëÿ îïåðàòîðà

B−123 = Bη123 −B
η
1̄2̄3̄

= Bη123 − U
†
1 · U

†
2 · U

†
3 (14)

ïðèíÿëî ñëåäóþùèé âèä

∂B−conf123

∂η
=

3αs
(
µ2
)

4π2

∫
d~r0

[(
B−conf100 +B−conf320 +B−conf200 +B−conf310 (15)

− B−conf300 −B−conf210 −B−conf123

)( ~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)

)
.

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

F0 =
~r12

2

2~r15
2~r25

2

(
~r25

2

~r02
2~r05

2
ln

(
~r01

2~r02
2~r35

4

~r15
2~r25

2~r03
4

)
− ~r13

2

~r01
2~r03

2
ln

(
~r01

2~r13
2~r25

2

~r03
2~r12

2~r15
2

)
+

2~r35
2

~r03
2~r05

2
ln

(
~r01

2~r02
2~r35

2

~r03
2~r05

2~r12
2

))
− (0↔ 5).

13



F150 =
~r12

2

~r02
2~r05

2~r15
2

ln

(
~r02

2~r05
2~r12

2~r35
4

~r03
4~r15

2~r25
4

)
− ~r01

2~r23
2

~r02
2~r03

2~r05
2~r15

2
ln

(
~r01

2~r25
2~r35

2

~r05
2~r15

2~r23
2

)
− ~r23

2~r12
2

~r02
2~r03

2~r15
2~r25

2
ln

(
~r02

2~r15
2~r23

2

~r03
2~r12

2~r25
2

)
+

~r23
2

~r03
2~r05

2~r25
2

ln

(
~r02

2~r35
2

~r05
2~r23

2

)
+

~r02
2~r13

2

~r01
2~r03

2~r05
2~r25

2
ln

(
~r01

2~r02
2~r35

4

~r03
2~r05

2~r13
2~r25

2

)
.

F̃100 =

(
~r12

2

~r01
2~r02

2
− ~r13

2

~r01
2~r03

2
− 2~r23

2

~r02
2~r03

2

)
ln2

(
~r02

2~r13
2

~r01
2~r23

2

)
+

~r23
2

2~r02
2~r03

2
ln2

(
~r03

2~r12
2

~r02
2~r13

2

)
+ S̃123I

(
~r12

2

~r01
2~r02

2
,

~r13
2

~r01
2~r03

2
,

~r23
2

~r02
2~r03

2

)
+ (2↔ 3),

F̃230 =

(
2~r12

2

~r01
2~r02

2
− ~r23

2

2~r02
2~r03

2

)
ln2

(
~r03

2~r12
2

~r02
2~r13

2

)
+

(
~r13

2

~r01
2~r03

2
− ~r12

2

~r01
2~r02

2

)
× ln2

(
~r02

2~r13
2

~r01
2~r23

2

)
− S̃123I

(
~r12

2

~r01
2~r02

2
,

~r13
2

~r01
2~r03

2
,

~r23
2

~r02
2~r03

2

)
+ (2↔ 3),

S̃123 =
~r12

4

~r01
4~r02

4
+

~r13
4

~r01
4~r03

4
+

~r23
4

~r02
4~r03

4

− 2~r13
2~r12

2

~r01
4~r02

2~r03
2
− 2~r23

2~r12
2

~r01
2~r02

4~r03
2
− 2~r13

2~r23
2

~r01
2~r02

2~r03
4
,

I(a, b, c) =

∫ 1

0

dx

a(1− x) + bx− cx(1− x)
ln

(
a(1− x) + bx

cx(1− x)

)
. (16)

Áûëî ïîêàçàíî, ÷òî âñå ïðèâåäåííûå âûøå óðàâíåíèÿ èìåþò ïðàâèëüíûé
äèïîëüíûé ïðåäåë, òî åñòü ïåðåõîäÿò â óðàâíåíèå ÁÊ ïðè ñîâïàäåíèè êîîð-
äèíàò äâóõ èç òðåõ êâàðêîâ, òàê êàê B123 →

r3→r2
2tr(U1U

†
2 ). Â ýòîì ïðåäåëå

óðàâíåíèå (15) ïåðåõîäèò â óðàâíåíèå äëÿ C-íå÷åòíîé ÷àñòè äèïîëüíîãî
îïåðàòîðà èëè ôóíêöèè Ãðèíà îääåðîíà, âçàèìîäåéñòâóþùåãî ñ äèïîëåì.
Åãî ïðàâàÿ ÷àñòü ñîäåðæèò ÁÂÏ ñ òðåìÿ ðàçëè÷íûìè êîîðäèíàòàìè, òî åñòü
íå âûðàæàåòñÿ òîëüêî ÷åðåç äèïîëüíûå îïåðàòîðû. Ìîæíî ñêàçàòü, ÷òî â
C-íå÷åòíîì êàíàëå ÁÂÏ ÿâëÿåòñÿ îïåðàòîðîì, íà êîòîðûå ðàñêëàäûâàåòñÿ
ïðîèçâîëüíûé îïåðàòîð â ëèíåéíîì ïðåäåëå, òàêæå êàê â C-÷åòíîì êàíàëå
òàêèì îïåðàòîðîì ÿâëÿåòñÿ äèïîëü. Òàêîå ðàçëîæåíèå ïðîäåìîíñòðèðîâàíî
íà ïðèìåðå êâàäðóïîëüíîãî îïåðàòîðà.

Àíàëîãè÷íî áûëè âûâåäåíû è ïðèâåäåíû ê êâàçèêîíôîðìíîìó âèäó
óðàâíåíèÿ ýâîëþöèè äëÿ êâàäðóïîëüíîãî è äâàæäû äèïîëüíîãî îïåðàòîðîâ
tr(U1U

†
2U3U

†
4 ) è tr(U1U

†
2 )tr(U3U

†
4 ).
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Äàëåå â ïðîñòðàíñòâå ñîáñòâåííûõ ôóíêöèé áîðíîâñêîãî ÿäðà 〈~r|nν〉 =
1

π
√

2
einφ(~r 2)−

1
2 +iν óðàâíåíèå ÁÔÊË äëÿ ðàññåÿíèÿ âïåðåä â ÑÃËÏ áûëî çà-

ïèñàíî êàê óðàâíåíèå â ÷àñòíûõ ïðîèçâîäíûõ äëÿ

G =χ(n, ν)〈nν|Ĝ ~̂q −4|B̄′B〉 (17)

â âèäå
∂G

∂Y
− i ᾱ

2β

4
χ(n, ν)

∂G

∂ν
=

[
ᾱχ(n, ν) +

ᾱ2

4
δ(n, ν)

]
G (18)

ñ ãðàíè÷íûì óñëîâèåì

G0 (n, ν) = G|Y=Y0 = χ(n, ν)ΦB (n, ν) , (19)

è áûëî ïîëó÷åíî åãî ðåøåíèå

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. (20)

Çäåñü χ è δ � ýòî ñîáñòâåííûå ÷èñëà ÿäðà â ÃÏ è ÑÃÏ, Ĝ è ~̂q −4|B̄′B〉 �
ôóíêöèÿ Ãðèíà è èìïàêò ôàêòîð, îïðåäåëåííûå â ñîîòâåòñòâèè ñ [20],

F (ν) =

∫ ν

ν0

dl

χ (n, l)
. (21)

Ýòî ðåøåíèå áûëî ðàçëîæåíî â ÑÃËÏ è ðàññìîòðåíà åãî ñâÿçü ñ äðóãèìè
ïîäõîäàìè ê ðåøåíèþ äàííîãî óðàâíåíèÿ.

Âî âòîðîé ãëàâå ìåòîäîì ÂÝÎÐ âû÷èñëåí èìïàêò ôàêòîð ôîòîðîæ-
äåíèÿ qq̄ â ïðîèçâîëüíîé êèíåìàòèêå. Îí èçâëå÷åí èç ìàòðè÷íîãî ýëåìåíòà
ýëåêòðîìàãíèòíîãî òîêà â ïîëå óäàðíîé âîëíû

δ(p+
q + p+

q̄ − p+
γ )Tα√

2p+
q̄

√
2p+
q (2π)

D−3
= i

∫
dy0e

−ipγy0δnl 〈0|T (blpq̄apqnψy0
γαψ

y0
ei
∫
Lidz)|0〉sw,

(22)
ãäå a è b � îïåðàòîðû óíè÷òîæåíèÿ êâàðêà è àíòèêâàðêà, pq, pq̄, pγ � èì-
ïóëüñû ôîòîíà, êâàðêà è àíòèêâàðêà, δnl � ïðîåêòîð íà öâåòîâîé ñèíãëåò.
Ìàòðè÷íûé ýëåìåíò ïðåäñòàâèì â âèäå ñâåðòêè îïåðàòîðîâ âèëüñîíîâñêèõ
ëèíèé è èìïàêò ôàêòîðîâ

Tα = Tα0 + Tα1 , (23)

Tα0 =

∫
ddp1⊥d

dp2⊥δ(pq1⊥ + pq̄2⊥ − pγ⊥)Φα0 [tr(U1U
†
2 )−Nc](p1⊥, p2⊥). (24)
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Tα1 = αs
Γ(1− ε)
(4π)

1+ε

∫
ddp1⊥d

dp2⊥

×
{
δ(pq1⊥ + pq̄2⊥ − pγ⊥)Φα1

N2
c − 1

Nc
[tr(U1U

†
2 )−Nc](p1⊥, p2⊥)

+

∫
ddp3⊥

(2π)d
δ(pq1 + pq̄2 − pγ⊥ − p3⊥)Φα2

× [tr(U1U
†
3 )tr(U3U

†
2 )−Nctr(U1U

†
2 )](p1⊥, p2⊥, p3⊥)

}
. (25)

Â ÃÏ èìïàêò ôàêòîðû èìåþò âèä

Φ+
0 = −

p+
γ

p−γ
Φ−0 =

2xx̄p+
γ

~p 2
q1 + xx̄Q2

(upqγ
+vpq̄ ), (26)

Φi0 =
upq ((1− 2x)piq1⊥ + 1

2 [p̂q1⊥, γ
i])γ+vpq̄

~p 2
q1 + xx̄Q2

, (27)

ãäå x ≡ xq è x̄ = 1−x = xq̄ � äîëè ïðîäîëüíîãî èìïóëüñà ôîòîíà, óíîñèìûå
êâàðêîì è àíòèêâàðêîì, Q � âèðòóàëüíîñòü ôîòîíà. Â ÑÃÏ

Φα1 =
SV
2

Φα0 + Φα1R , (28)

ãäå ñèíãóëÿðíûé ÷ëåí

SV
2

=

[
ln
(xx̄
α2

)
− 3

2

] [
ln

(
xx̄µ2

(x~pq̄ − x̄~pq)2

)
− 1

ε

]
+ iπ ln

(xx̄
α2

)
+

1

2
ln2
(xx̄
α2

)
− π2

6
+ 3 , (29)

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 , (30)

Φi1R =
3

2
Φi0

[
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 , (31)
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Φ+
2 = 2p+

γ (ūpqγ
+vpq̄ )

{
xx̄(~p 2

3 − ~p 2
q̄2 − ~p 2

q1 − 2xx̄Q2)

(~p 2
q̄2 + xx̄Q2)(~p 2

q1 + xx̄Q2)− xx̄Q2~p 2
3

(32)

× ln
( xx̄
e2η

)
ln

(
(~p 2
q̄2 + xx̄Q2)(~p 2

q1 + xx̄Q2)

xx̄Q2~p 2
3

)

+

(
−2xx̄

Q2 + xx̄~p 2
q1

ln
( x̄
eη

)
ln

(
~p 2

3

µ2

)
+ (q ↔ q̄)

)}
+ ūpq (C

5
2‖ + C6

2‖)vpq̄ ,

Φi2 =

{
upq (p

i
q1⊥(1− 2x) +

1

2
[p̂q1⊥, γ

i
⊥])γ+vpq̄

(
−2

Q2 + xx̄~p 2
q1

ln
( x̄
eη

)
ln

(
~p 2

3

µ2

)

+ ln
( xx̄
e2η

) ln
(
~p 2
q1+xx̄Q2

xx̄Q2

)
~p 2
q1

−
~p 2
q̄2 + xx̄Q2(

~p 2
q1 + xx̄Q2

)
(~p 2
q̄2 + xx̄Q2)− xx̄Q2~p 2

3

× ln

((
~p 2
q1 + xx̄Q2

) (
~p 2
q̄2 + xx̄Q2

)
xx̄Q2~p 2

3

)])
+ (q ↔ q̄)

}
+ ūpq (C

5i
2⊥ + C6i

2⊥)vpq̄ .

Çäåñü η � ýòî ïàðàìåòð ðàçäåëåíèÿ áûñòðîò ìåæäó èìïàêò ôàêòîðîì è
âèëüñîíîâñêèìè ëèíèÿìè, C � êîíå÷íûå ôóíêöèè, âû÷èñëåííûå ïîëíîñòüþ
èëè ïðåäñòàâëåííûå â âèäå îäíîêðàòíîãî èíòåãðàëà áåç îñîáåííîñòåé. Òàê
êàê ôîòîí â íà÷àëüíîì ñîñòîÿíèè ìîæåò íàõîäèòüñÿ â ðàçëè÷íûõ ñïèíîâûõ
ñîñòîÿíèÿõ, áûëà ïîñòðîåíà ìàòðèöà ïëîòíîñòè

dσJI =

(
dσLL dσLT
dσTL dσTT

)
, dσTL = dσ∗LT . (33)

Êàæäûé ýëåìåíò ýòîé ìàòðèöû èìååò áîðíîâñêèé âêëàä dσ0, âêëàä ÑÃÏ
dσ1 ñ äâóìÿ äèïîëüíûìè îïåðàòîðàìè (tr(U1U

†
2 ) −Nc) è âêëàä ÑÃÏ dσ2 ñ

äèïîëüíûì è äâàæäû äèïîëüíûì (tr(U1U
†
3 )tr(U3U

†
2 ) − Nctr(U1U

†
2 )) îïåðà-

òîðàìè:

dσJI = dσ0JI + dσ1JI + dσ2JI . (34)

Áîðíîâñêîå ñå÷åíèå èìååò âèä

dσ0JI =
αemQ

2
q

(2π)
4d
Nc

(
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′⊥)

× Φβ0 (p1⊥, p2⊥) Φγ∗0 (p1′⊥, p2′⊥)F
(p12⊥

2

)
F∗
(p1′2′⊥

2

)
(35)

17



ñ ∑
helicities

Φ+
0 Φ+

0 =
32(p+

γ )4x3x̄3

(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)
, (36)

∑
helicities

Φ+
0 Φi∗0 =

16(p+
γ )3x2x̄2piq1′⊥(1− 2x)

(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)
, (37)

∑
helicities

Φi0Φk∗0 =
8(p+

γ )2xx̄[(1− 2x)2gri⊥g
lk
⊥ − grk⊥ gli⊥ + grl⊥g

ik
⊥ ]pq1⊥rpq1′⊥l

(~p 2
q1 + xx̄Q2)(~p 2

q1′ + xx̄Q2)
. (38)

Çäåñü εI � ýòî âåêòîðû ïîëÿðèçàöèè ôîòîíà, p0 � èìïóëüñ ïðîòîíà, Qq
� çàðÿä êâàðêà â åäèíèöàõ çàðÿäà ýëåêòðîíà. Ïàðàìåòðèçàöèÿ ìàòðè÷íûõ
ýëåìåíòîâ âèëüñîíîâñêèõ ëèíèé â ïîëå ïðîòîíà èìååò âèä

F(p⊥) ≡
∫
ddz⊥e

i(z⊥p⊥)F (z⊥), (39)

F̃(q⊥, p⊥) ≡
∫
ddz⊥d

dx⊥e
i(p⊥x⊥)+i(z⊥q⊥)F̃ (z⊥, x⊥), (40)

〈P ′(p′0)|T (tr(U z⊥
2
U†− z⊥2

)−Nc)|P (p0)〉

2π
≡ δ(p−00′)Fp0⊥p′0⊥

(z⊥) ≡ δ(p−00′)F (z⊥),

〈P ′(p′0)|T (tr(U z
2
U†x)tr(UxU

†
− z2

)−Nctr(U z
2
U†− z2

))|P (p0)〉

≡ 2πδ(p−00′)F̃p0⊥p′0⊥
(z⊥, x⊥) ≡ 2πδ(p−00′)F̃ (z⊥, x⊥). (41)

Âêëàä ÑÃÏ ñ 2 äèïîëÿìè

dσ1JI = αs
Γ (1− ε)
(4π)

1+ε

(
N2
c − 1

Nc

)
αemQ

2
q

(2π)
4d
Nc

(
p−0
)2

4xx̄s2
dxdx̄ddpq⊥d

dpq̄⊥ (42)

× 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

)
×
[
Φβ1 (p1⊥, p2⊥) Φγ∗0 (p1′⊥, p2′⊥) + Φβ0 (p1⊥, p2⊥) Φγ∗1 (p1′⊥, p2′⊥)

]
.

×òîáû âûäåëèòü â ýòîì âêëàäå êîíå÷íóþ ÷àñòü, íåîáõîäèìî çàìåíèòü Φ1

â (42) íà Φ1R èç (28) è ïîëîæèòü ε = 0. Îñòàâøàÿñÿ ðàñõîäÿùàÿñÿ ÷àñòü
èìååò âèä

(dσ1JI)div = αs
Γ(1− ε)
(4π)1+ε

(
N2
c − 1

2Nc

)
(SV + S∗V ) dσ0JI . (43)
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Â ïîëíîì ñå÷åíèè ôîòîðîæäåíèÿ èëè ñå÷åíèè ôîòîðîæäåíèÿ 2 ñòðóé ýòà
ðàñõîäÿùàÿñÿ ÷àñòü ñîêðàùàåòñÿ ñ âêëàäîì ðåàëüíîãî ðîæäåíèÿ ãëþîíà. Â
ñå÷åíèè ôîòîðîæäåíèÿ ìåçîíà ðàñõîäÿùàÿñÿ ÷àñòü ñå÷åíèÿ ôîòîðîæäåíèÿ
qq̄ ñîêðàùàåòñÿ ñ âû÷èòàòåëüíûì ñëàãàåìûì, îïèñûâàþùèì ýâîëþöèþ àì-
ïëèòóäû ðàñïðåäåëåíèÿ. Âêëàä â ÑÃÏ ñ äèïîëüíûì è äâàæäû äèïîëüíûì
îïåðàòîðàìè

dσ2JI = αs
αemQ

2
q

(2π)
7
Nc

(
p−0
)2

4xx̄s2
dxdx̄dpq⊥dpq̄⊥δ (1− x− x̄) εIβε

∗
Jγ

∫
dp1⊥dp2⊥

× dp1′⊥dp2′⊥dp3⊥dp3′⊥δ (pq1⊥ + pq̄2⊥ − p3⊥) δ (p11′⊥ + p22′⊥ + p33′⊥)

×
[
Φβ2 (p1⊥, p2⊥, p3⊥) Φγ∗0 (p1′⊥, p2′⊥)F∗

(p1′2′⊥

2

)
F̃
(p12⊥

2
, p3⊥

)
δ (p3′⊥)

+ Φγ∗2 (p1′⊥, p2′⊥, p3′⊥) Φβ0 (p1⊥, p2⊥)F
(p12⊥

2

)
F̃∗
(p1′2′⊥

2
, p3′⊥

)
δ (p3⊥)

]
.

(44)

Ñâåðòêè Φγ∗2 Φβ0 è Φγ∗1 Φβ0 áûëè âû÷èñëåíû äëÿ ïðèâåäåííûõ âûøå èìïàêò
ôàêòîðîâ.

Àíàëîãè÷íî âû÷èñëåí èìïàêò ôàêòîð ôîòîðîæäåíèÿ qq̄g â ïðîèçâîëü-
íîé êèíåìàòèêå è ïîñòðîåíî ñå÷åíèå γ∗P → qq̄gP. 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 îïåðà-
òîðàìè

dσ(qq̄g) = dσ3 + dσ4 + dσ5. (45)

Âêëàä ñ äâóìÿ äèïîëÿìè èìååò âèä

dσ3JI =
αs
µ2ε

(
N2
c − 1

Nc

)
αemQ

2
q

2(2π)4dNc

(p−0 )2

s2xqxq̄
(εIαε

∗
Jβ)

× dxq dxq̄ d
dpq⊥ d

dpq̄⊥
dzddpg⊥
z(2π)d

δ(1− xq − xq̄ − z)

×
∫
ddp1⊥d

dp2⊥d
dp′1⊥d

dp′2⊥δ(pq1⊥ + pq̄2⊥ + pg⊥)δ(p11′⊥ + p22′⊥)

× Φα3 (p1⊥, p2⊥)Φβ∗3 (p′1⊥, p
′
2⊥)F

(p12⊥

2

)
F∗
(p1′2′⊥

2

)
, (46)

ãäå pg⊥ è z � ïîïåðå÷íûé èìïóëüñ ãëþîíà è äîëÿ ïðîäîëüíîãî èìïóëüñà
ôîòîíà, óíîñèìàÿ ãëþîíîì. Âêëàä ñ äèïîëåì è äâîéíûì äèïîëåì èìååò
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âèä

dσ4JI =
αs
µ2ε

αemQ
2
q

2(2π)4dNc

(p−0 )2

s2xqxq̄
(εIαε

∗
Jβ)dxqdxq̄d

dpq⊥d
dpq̄⊥

dzddpg⊥
z(2π)d

× δ(1− xq − xq̄ − z)
∫
ddp1⊥d

dp2⊥d
dp′1⊥d

dp′2⊥
ddp3⊥d

dp′3⊥

(2π)
d

× δ(pq1⊥ + pq̄2⊥ + pg3⊥)δ(p11′⊥ + p22′⊥ + p33′⊥)

×
[
Φα3 (p1⊥, p2⊥)Φβ∗4 (p′1⊥, p

′
2⊥, p

′
3⊥)F

(p12⊥

2

)
F̃∗
(p1′2′⊥

2
, p′3⊥

)
δ(p3⊥)

+ Φα4 (p1⊥, p2⊥, p3⊥)Φβ∗3 (
p1′2′⊥

2
)F̃
(p12⊥

2
, p3⊥

)
F∗
(p1′2′⊥

2

)
δ(p′3⊥)

]
. (47)

Âêëàä ñ äâóìÿ äâàæäû äèïîëüíûìè îïåðàòîðàìè èìååò âèä

dσ5JI =
αs
µ2ε

αemQ
2
q

2(2π)4d

(p−0 )2

s2xqxq̄

(εIαε
′
Jβ)

N2
c − 1

dxqdxq̄d
dpq⊥d

dpq̄⊥
dzddpg⊥
z(2π)d

× δ(1− xq − xq̄ − z)
∫
ddp1⊥d

dp2⊥d
dp′1⊥d

dp′2⊥
ddp3⊥d

dp′3⊥

(2π)
2d

× δ(pq1⊥ + pq̄2⊥ + pg3⊥)δ(p11′⊥ + p22′⊥ + p33′⊥)

× Φα4 (p1⊥, p2⊥, p3⊥)Φβ∗4 (p′1⊥, p
′
2⊥, p

′
3⊥)F̃

(p12⊥

2
, p3⊥

)
F̃∗
(p1′2′⊥

2
, p′3⊥

)
. (48)

Âûðàæåíèÿ äëÿ ΦaΦ∗b âûâåäåíû â D-ìåðíîì ïðîñòðàíñòâå. Â 4-ìåðíîì ïðî-
ñòðàíñòâå èõ ìîæíî èñïîëüçîâàòü äëÿ âû÷èñëåíèÿ ñå÷åíèÿ ôîòîðîæäåíèÿ
òðåõ ñòðóé.

Íà îñíîâå ïîëó÷åííûõ âûðàæåíèé áûëî ïîñòðîåíî ñå÷åíèå ôîòîðîæ-
äåíèÿ 2 ñòðóé â êîíóñíîì (cone) àëãîðèòìå â ïðåäåëå ìàëîãî ïàðàìåòðà
R� 1 [21]. Ïî óñëîâèþ àëãîðèòìà äâå ÷àñòèöû ôîðìèðóþò ñòðóþ ñ èìïóëü-
ñîì ðàâíûì ñóììå èõ èìïóëüñîâ, åñëè äëÿ íèõ îáåèõ âûïîëíÿåòñÿ óñëîâèå

∆φ2 + ∆Y 2 < R2, (49)

ãäå ∆φ � ýòî ðàçíîñòü àçèìóòàëüíûõ óãëîâ ÷àñòèöû è ñòðóè, ∆Y � ýòî
ðàçíîñòü áûñòðîò ÷àñòèöû è ñòðóè. Ïðè ýòîì ìÿãêèå ãëþîíû ñ÷èòàþòñÿ íå
íàáëþäàåìûìè ïðè

ωg =
1

2

(
zp+
γ +

~p 2
g

zp+
γ

)
< E � p+

γ , (50)

ãäå ωg � ýòî ýíåðãèÿ èçëó÷åííîãî ãëþîíà, E � ýíåðãåòè÷åñêîå ðàçðåøåíèå
äåòåêòîðà. Èíòåãðèðîâàíèå ïî òàêîìó ôàçîâîìó îáúåìó ñîêðàùàåò ñèíãó-
ëÿðíûå ÷ëåíû (43) â ñå÷åíèè ðîæäåíèÿ qq̄ (34), òàê ÷òî îíî ïåðåõîäèò â
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êîíå÷íîå ñå÷åíèå ðîæäåíèÿ ñòðóé ïîñëå çàìåíû

SV + S∗V → 4

[
1

2
ln

(
(xj̄~pj − xj~pj̄)4

x2
j̄
x2
jR

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

]
, (51)

(x, pq⊥)→ (xj , pj⊥), (x̄, pq̄⊥)→ (xj̄ , pj̄⊥) , (52)

ãäå xj , pj⊥ (xj̄ , pj̄⊥) � ýòî äîëÿ ïðîäîëüíîãî èìïóëüñà è ïîïåðå÷íûé èì-
ïóëüñ, óíîñèìûé ñòðóåé, îáðàçîâàííîé êâàðêîì (àíòèêâàðêîì).

Èìïàêò ôàêòîð ôîòîðîæäåíèÿ qq̄ â ÑÃÏ áûë èñïîëüçîâàí äëÿ ïî-
ñòðîåíèÿ èìïàêò ôàêòîðà è àìïëèòóäû ôîòîðîæäåíèÿ ïðîäîëüíî ïîëÿðè-
çîâàííîãî ëåãêîãî âåêòîðíîãî ìåçîíà. Ýòîò èìïàêò ôàêòîð ðàâåí ñâåðòêå
æåñòêîé ÷àñòè Φ0 è àìïëèòóäû ðàñïðåäåëåíèÿ ìåçîíà. Àìïëèòóäà ðàñïðå-
äåëåíèÿ ϕ òâèñòà 2 äëÿ ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà VL
îïðåäåëÿåòñÿ ñ ïîìîùüþ íåëîêàëüíîãî îïåðàòîðà íà ñâåòîâîì êîíóñå, ïå-
ðåíîðìèðîâàííîãî 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 ) , (53)

ãäå ìû îïóñòèëè âèëüñîíîâñêóþ ëèíèþ, ñîåäèíÿþùóþ òî÷êè y è 0 íà ñâå-
òîâîì êîíóñå, òàê êàê â íàøåé ñâåòîêîíóñíîé êàëèáðîâêå îíà òîæäåñòâåííî
ðàâíà 1. Çäåñü fV � êîíñòàíòà ñâÿçè ìåçîíà. Àìïëèòóäà â ÃÏ èìååò âèä

AηLO ≡ −
eV fV εβ
Nc

∫ 1

0

dxϕ (x, µF )

∫
dd~p1

(2π)
d

dd~p2

(2π)
d

(54)

× (2π)
d+1

δ
(
p+
V − p

+
γ

)
δ (~pV − ~pγ − ~p1 − ~p2)

× Φβ0 (x, ~p1, ~p2)
[
Tr(Uη1U

η†
2 )−Nc

]
(~p1, ~p2) .

Çäåñü εβ � ýòî âåêòîð ïîëÿðèçàöèè ôîòîíà, eV � ýëåêòðè÷åñêèé çàðÿä
êâàðêà, çàâèñÿùèé îò ôëåéâîðíîãî ñîñòàâà ìåçîíà, pV � èìïóëüñ ìåçîíà.
Æåñòêàÿ ÷àñòü èìååò âèä

Φ+
0 (x) =

2xx̄
(
p+
V

)2
(x̄~p1 − x~p2)

2
+ xx̄Q2

, Φβ0⊥(x) =
(x− x̄)p+

V (x̄pβ1⊥ − xp
β
2⊥)

(x̄~p1 − x~p2)
2

+ xx̄Q2
. (55)
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Â ÑÃÏ àìïëèòóäà ôîòîðîæäåíèÿ ìåçîíà ïðåäñòàâèìà â âèäå

AηNLO ≡ −
eV fV εβ
Nc

∫ 1

0

dxϕ (x, µF )
αsΓ (1− ε)

(4π)
1+ε

×
∫

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)

×
{

Φβ2 (x, ~p1, ~p2, ~p3)
[
Tr(Uη†1 Uη†3 )Tr(Uη†3 Uη†2 )−NcTr(Uη1U

η†
2 )
]

(~p1, ~p2, ~p3)

+
N2
c − 1

Nc
Φβ1 (x, ~p1, ~p2)

[
Tr(Uη1U

η†
2 )−Nc

]
(~p1, ~p2) (2π)

d
δ (~p3)

}
. (56)

Áûëî ïîêàçàíî, ÷òî ìÿãêèå è êîëëèíåàðíûå ñèíãóëÿðíîñòè â èìïàêò ôàêòî-
ðå ôîòîðîæäåíèÿ qq̄ ñ êîëëèíåàðíûìè êîíå÷íûìè êâàðêàìè ñîêðàùàþòñÿ
ñ ýâîëþöèåé àìïëèòóäû ðàñïðåäåëåíèÿ äî ìàñøòàáà ôàêòîðèçàöèè µF ïîä
äåéñòâèåì óðàâíåíèÿ Åôðåìîâà - Ðàäþøêèíà - Áðîäñêîãî - Ëåïàæà (ÅÐ-
ÁË). Â ñõåìå MS îíî èìååò âèä

∂ϕ(x, µF )

∂ lnµ2
F

=
αsCF

2π

Γ(1− ε)
(4π)ε

(
µ2
F

µ2

)ε∫ 1

0

dz ϕ(z, µF )K(x, z), (57)

ãäå CF ≡ (N2
c − 1)/(2Nc) � ýòî îïåðàòîð Êàçèìèðà â ôóíäàìåíòàëüíîì

ïðåäñòàâëåíèè SU(Nc) è K(x, z) � ýòî ÿäðî ÅÐÁË [22, 23, 24]

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). (58)

Çäåñü äëÿ ôóíêöèè 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
. (59)

22



Ïîëó÷åíû ñëåäóþùèå æåñòêèå ÷àñòè èìïàêò ôàêòîðîâ

Φ+
1 (x) =

∫ x

0

dz

(
x− z
x

)
Φ+

0 (x− z)

×

1 +

(
1 +

[
1

z

]
+

)
ln


(

((x̄+ z)~p1 − (x− z)~p2)
2

+ (x− z)(x̄+ z)Q2
)2

µ2
F (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
xx̄µ2

FQ
2

)]

+

(
p+
γ

)2
2xx̄

∫ x

0

dz
[
(φ5)LL |~p3=~0 + (φ6)LL |~p3=~0

]
+

+ (x↔ x̄, ~p1 ↔ ~p2) (60)

äëÿ ïðîäîëüíîãî ôîòîíà è

Φβ1⊥ (x) =
1

4

[
ln2
( x̄
x

)
− π2

3
+ 6− 3 ln

(
(x̄~p1 − x~p2)2 + xx̄Q2

µ2
F

)
+ 3

xx̄Q2

(x̄~p1 − x~p2)2
ln

(
(x̄~p1 − x~p2)2 + xx̄Q2

xx̄Q2

)]
Φβ0⊥ (x)

+

∫ x

0

dz

(
x− z
x

)
Φβ0⊥ (x− z)

[
1 +

(
1 +

[
1

z

]
+

)

× ln

(
((x̄+ z) ~p1 − (x− z) ~p2)2 + (x− z) (x̄+ z)Q2

µ2
F

)

−

(
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) (61)
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äëÿ ïîïåðå÷íîãî ôîòîíà,

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) (62)

äëÿ ïðîäîëüíîãî ôîòîíà è

Φβ2⊥ (x) = p+
γ (xpβV⊥ − p

β
1⊥) (x̄− x)

 −2 ln
(
~p 2
3

Q2

)
ln
(
x̄
eη

)
(x~pV − ~p1)2 + xx̄Q2

(63)

+ 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)

äëÿ ïîïåðå÷íîãî ôîòîíà. Âåëè÷èíû (φ5,6)LL è (φ5,6)βTL êîíå÷íû è âû÷èñëå-
íû ïîëíîñòüþ èëè ñâåäåíû ê îäíîêðàòíûì èíòåãðàëàì áåç ñèíãóëÿðíîñòåé.

Â òðåòüåé ãëàâå ïîñòðîåíà ïðîöåäóðà âîññòàíîâëåíèÿ ïîëíîé ôîð-
ìû îïåðàòîðà ïî åãî ìåáèóñîâñêîé ôîðìå. Äîêàçàíî, ÷òî ìåáèóñîâñêîå ïðåä-
ñòàâëåíèå ÿäðà ÁÔÊË ïîëíîñòüþ îïðåäåëÿåò ïîëíîå ÿäðî ñèììåòðè÷íîå
îòíîñèòåëüíî ïåðåñòàíîâêè ðåäæåîíîâ. Äëÿ ñïðàâåäëèâîñòè ýòîãî óòâåð-
æäåíèÿ íåîáõîäèìû òðè ñâîéñòâà ÿäðà ÁÔÊË â ïîëíîì ïðåäñòàâëåíèè:
îòñóòñòâèå èíôðàêðàñíûõ ðàñõîäèìîñòåé, îòñóòñòâèå ÷ëåíîâ, ïðîïîðöèî-
íàëüíûõ δ(~q1) èëè δ(~q2) â ÿäðå è êàëèáðîâî÷íàÿ èíâàðèàíòíîñòü, êîòîðàÿ
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. (64)
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Çäåñü ~q = ~q1 + ~q2, ~q1, ~q2(~q ′1 , ~q
′

2 ) � ïîïåðå÷íûå èìïóëüñû âõîäÿùèõ (âûõîäÿ-
ùèõ) ðåäæåîíîâ, è Kr(~q1, ~q

′
1 ; ~q) � ýòî ðåàëüíàÿ ÷àñòü ÿäðà, îïðåäåëåííàÿ

â [25]. Ïðîöåäóðà ïîñòðîåíèÿ ïîëíîé ôîðìû çàêëþ÷àåòñÿ â ñëåäóþùåì.
Âû÷èñëÿåòñÿ ïðåîáðàçîâàíèå Ôóðüå ìåáèóñîâñêîãî ÿäðà 〈~r1, ~r2|K̂M |~r ′1 , ~r ′2 〉

〈~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), (65)

ãäå ~k = ~q1 − ~q ′1 = ~q ′2 − ~q2 è ~ri(~r
′
i ) � ïîïåðå÷íûå êîîðäèíàòû âõîäÿùèõ

(âûõîäÿùèõ) ðåäæåîíîâ,

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 〉.

(66)
Ýòîò èíòåãðàë ìîæåò áûòü ñèíãóëÿðåí ïðè ~r1′2′ = 0. ×òîáû èçáåæàòü ðàñ-
õîäèìîñòè, 〈~r1, ~r2|K̂M |~r ′1 , ~r ′2 〉 ðàçáèâàåòñÿ íà ñóììó

〈~r1, ~r2|K̂M |~r ′1 , ~r ′2 〉 = 〈~r1, ~r2|K̂M1|~r ′1 , ~r ′2 〉+ 〈~r1, ~r2|K̂M2|~r ′1 , ~r ′2 〉, (67)

ãäå 〈~r1, ~r2|K̂M2|~r ′1 , ~r ′2 〉 èìååò íåèíòåãðèðóåìóþ ñèíãóëÿðíîñòü ïðè ~r1′2′ = 0,
à èíòåãðàë (66) ñ K̂M1 âìåñòî K̂M êîíå÷åí. Äàëåå îïðåäåëÿåòñÿ

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 〉. (68)

Òàêèì îáðàçîì âû÷èòàþòñÿ ÷ëåíû, ðàñõîäÿùèåñÿ ïðè ~r1′2′ = 0. ×òîáû èí-
òåãðàë (68) áûë õîðîøî îïðåäåëåí, íóæíî ïîòðåáîâàòü, ÷òîáû ìàòðè÷íûé
ýëåìåíò 〈~r1, ~r2|K̂M2|~r ′1 , ~r ′2 〉 ñòðåìèëñÿ ê 0 áûñòðåå ÷åì 1/~r 2

1′2′ . ßäðî ÁÔÊË
îáëàäàåò ýòèì ñâîéñòâîì, ÷òî îòðàæàåò åãî ÈÊ-ñòàáèëüíîñòü, òî åñòü îò-
ñóòñòâèå 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), (69)

òî
KM (~q1, ~q2;~k)− = K(~q1, ~q2;~k)−

−1

2
(δ(~q2) + δ(~q1))

∫
d~l1d~l2δ(~q1 + ~q2 −~l1 −~l2)K(~l1,~l2;~l1 − ~q ′1 )− , (70)

ãäå K(~q1, ~q2;~k)− îçíà÷àåò K(~q1, ~q2;~k) áåç ÷ëåíîâ íåçàâèñèìûõ îò ~k. Òåõíè÷å-

ñêè ýòî îçíà÷àåò, ÷òî â KM (~q1, ~q2;~k)− ìîæíî îòáðîñèòü ÷ëåíû, ñîäåðæàùèå
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δ(~qi). Äàëåå â ðåàëüíóþ ÷àñòü (70) íåîáõîäèìî äîáàâèòü ÷ëåíû, íå çàâèñÿ-

ùèå îò ~k òàê, ÷òîáû îíà áûëà ðàâíà 0 ïðè ~q ′1 = 0 è ~q ′2 = 0, ÷òî âîññòà-
íîâèò êàëèáðîâî÷íóþ èíâàðèàíòíîñòü. Òàêàÿ ïðîöåäóðà áûëà ïðèìåíåíà ê
îïåðàòîðó U, ïðèâîäÿùåìó ÿäðî ÁÔÊË â ÑÃÏ ê êâàçèêîíôîðìíîìó âèäó.
Ýòîò îïåðàòîð ñîñòîèò èç äâóõ ÷àñòåé. Îäíà èç íèõ áûëà ïîñòðîåíà â ïîë-
íîì ïðåäñòàâëåíèè, âòîðàÿ â ìåáèóñîâñêîì. Âîññòàíàâëèâàÿ ïîëíóþ ôîðìó
âòîðîé ÷àñòè, áûëà ïîëó÷åíà ïîëíàÿ ôîðìà âñåãî îïåðàòîðà

〈~q1, ~q2|αsÛ |~q ′1 , ~q ′2 〉 = δ(~q11′ + ~q22′)
αsNc
4π2

[
1

~q 2
1

ln

(
~q ′ 21 ~q 2

2

~k 2~q 2

)
+

1

~q 2
2

ln

(
~q ′ 22 ~q 2

1

~k 2~q 2

)

+
1

~k 2
ln

(
~q ′ 21 ~q ′ 22

~q 2
1 ~q

2
2

)
− 2~q1

~k

~k 2~q 2
1

ln

(
~q ′ 21

~k 2

)
+

2~q2
~k

~k 2~q 2
2

ln

(
~q ′ 22

~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 〉 , (71)

ãäå K̂(B) � ýòî áîðíîâñêîå ÿäðî ÁÔÊË. Òàêæå â ýòîé ãëàâå áûëà ïîñòðîåíà
ìåáèóñîâñêàÿ ôîðìà âñåãî îïåðàòîðà U.

Â çàêëþ÷åíèè ïðèâåäåíû îñíîâíûå ðåçóëüòàòû ðàáîòû, êîòîðûå çà-
êëþ÷àþòñÿ â ñëåäóþùåì:

1. Ïîñòðîåíî óðàâíåíèå ýâîëþöèè äëÿ áàðèîííîé âèëüñîíîâñêîé ïåòëè
â ÃËÏ è ÑÃËÏ, åãî êâàçèêîíôîðìíàÿ è ëèíåàðèçîâàííàÿ ôîðìû.

2. Ïîñòðîåíû óðàâíåíèÿ ýâîëþöèè äëÿ êâàäðóïîëüíîãî è äâàæäû äè-
ïîëüíîãî îïåðàòîðîâ â ÑÃËÏ, èõ êâàçèêîíôîðìíûå ôîðìû.

3. Ïîñòðîåíî ðåøåíèå óðàâíåíèÿ ÁÔÊË â ÑÃËÏ äëÿ ðàññåÿíèÿ âïåðåä.

4. Ïîñòðîåí èìïàêò ôàêòîð ýêñêëþçèâíîãî äèôðàêöèîííîãî ôîòîðîæ-
äåíèÿ äâóõ ñòðóé â ÑÃÏ.

5. Ïîñòðîåí èìïàêò ôàêòîð ýêñêëþçèâíîãî äèôðàêöèîííîãî ôîòîðîæ-
äåíèÿ òðåõ ñòðóé â ÃÏ.

6. Ïîñòðîåí èìïàêò ôàêòîð ýêñêëþçèâíîãî äèôðàêöèîííîãî ôîòîðîæ-
äåíèÿ ëåãêîãî ïðîäîëüíî ïîëÿðèçîâàííîãî âåêòîðíîãî ìåçîíà â ÑÃÏ.

7. Ïîñòðîåí àëãîðèòì ïîëó÷åíèÿ ïîëíîé ôîðìû êàëèáðîâî÷íî èíâàðè-
àíòíûõ îïåðàòîðîâ ïî èõ ìåáèóñîâñêîé ôîðìå.

8. Ïîñòðîåíû ïîëíàÿ è ìåáèóñîâñêàÿ ôîðìû îïåðàòîðà, ïðèâîäÿùåãî
ïîëíîå ÿäðî ÁÔÊË â ÑÃÏ ê êâàçèêîíôîðìíîìó âèäó.
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