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Ôîòîííûé Ëèíåéíûé Óñêîðèòåëü (PLC):ãîäîâàÿ èíòåãðàëüíàÿ ñâåòîìîñòü - äî 100 fb−1 (îêîëî20% îò ñâåòèìîñòè áàçîâîãî e+e− êîëëàéäåðà)ýíåðãèÿ ïó÷êà - 0.4 ÒýÂ (îêîëî 80% ýíåðãèè áàçîâîãîýëåêòðîííîãî ïó÷êà)ðàçáðîñ �îòîííîãî ïó÷êà ïî ýíåðãèè - îêîëî 7%ñòåïåíü ïîëÿðèçàöèè �îòîíîâ - 0.95èñòî÷íèê: www.intera
tions.org
ñõåìà ïîëó÷åíèÿ �îòîííîãî ïó÷êàÓãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Äâóõ�îòîííàÿ �èçèêà è ïðèëîæåíèÿ:ýëåêòðîñëàáàÿ òåîðèÿ:àíîìàëüíûé ìàãíèòíûé ìîìåíò ýëåêòðîíà, ìþîíà è òàó-ëåïòîíàïîëÿðèçàöèîííàÿ �èçèêà, CP�íàðóøåíèÿ�èçèêà áîçîíà Õèããñàðîæäåíèå íåéòðàëüíûõ è çàðÿæåííûõ êàëèáðîâî÷íûõ áîçîíîâàäðîííàÿ �èçèêà è êâàíòîâàÿ õðîìîäèíàìèêà:ïîëíîå ñå÷åíèå ðàññåÿíèÿ γγ â àäðîíûðîæäåíèå ïîìåðîíîâ è îääåðîíîâ, ìåçîííàÿ �èçèêàñòðóêòóðíàÿ �óíêöèÿ �îòîíàìàëîñòðóéíûå ñîáûòèÿ�èçèêà ó ïîðîãà t�êâàðêà, õèããñîâñêîå âçàèìîäåéñòâèåíîâàÿ �èçèêà:�èçèêà äîïîëíèòåëüíûõ èçìåðåíèéñóïåðñèììåòðèÿ, ëåïòîêâàðêè�èçèêà ìàëûõ ðàññòîÿíèé, òî÷å÷íûõ ñòðóêòóðîñíîâíîé èñòî÷íèê: È.Ô. �èíçáóðã hep-ph/9507233Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà:
µ

γ

Òð¼õ-ïåòëåâàÿ äèàãðàììà, ñîäåðæàùàÿ γγ → γγñòðîèòåëüíûé áëîê, äà¼ò âêëàä â ðàñ÷¼ò àíîìàëüíîãîìàãíèòíîãî ìîìåíòà ìþîíà ïîðÿäêà:
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”3Ñóììàðíî ÊÝÄ äà¼ò ïîïðàâêó ê ìàãíèòíîìó ìîìåíòóìþîíà ñ òî÷íîñòüþ äî òð¼õ ïåòåëü âèäà:
aQED

µ = (11 658 470.57 ± 0.29) · 10−10Ñîâðåìåííûå ýêñïåðèìåíòàëüíûå è òåîðåòè÷åñêèå çíà÷åíèÿ (ó÷¼ò EW è QCD):
aSM

µ = (11 659 168.5 ± 8.1) · 10−10

aexp
µ = (11 659 203 ± 8) · 10−10èñòî÷íèê äàííûõ: Eduardo de Rafael hep-ph/0208251Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Ñèñòåìà SANC:Êîìïüþòåðíàÿ ñèñòåìà ïîëóàâòîìàòè÷åñêèõ âû÷èñëåíèéðåàëüíûõ è ïñåâäîíàáëþäàåìûõ âåëè÷èí ðàçëè÷íûõïðîöåññîâ âçàèìîäåéñòâèé ýëåìåíòàðíûõ ÷àñòèö íàîäíîïåòëåâîì óðîâíå, ñîçäàííàÿ äëÿ òåîðåòè÷åñêîéïîääåðæêè ñóùåñòâóþùèõ è áóäóùèõ ýêñïåðèìåíòîâ íàóñêîðèòåëÿõ è �àáðèêàõ.Áîëåå ïîäðîáíàÿ èí�îðìàöèÿ î äîñòóïíûõïðîöåññàõ è ñèñòåìå íàõîäèòñÿ íà ñåðâåðàõ:http://san
.jinr.ru, http://p
phsan
.
ern.
h
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�åàëèçàöèÿ ïðîöåññà ÊÝÄ â SANC:
Root

SANC

QED

Precomputation

Self

Vertex

Box

llll Box

llAA Box

AA FF Box

AAAA Box

Processes

A −> l l

4 l

2l2A

4A

AA −> AA (FF)

AA −> AA (HA)

AA −> AA (XS)

EW

QCDäåðåâî äîñòóïíûõ ïðîöåññîâ â ñèñòåìå SANC
Ôàéëû ïðîöåññà γγ → γγ:AAAA Box.frmAA -> AA (FF).frmAA -> AA (HA).frmAA -> AA (XS).frm
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Äèàãðàììû ïðîöåññà:24 âñåâîçìîæíûõ êîìáèíàöèé, 6 òîïîëîãèé, 3 ðàçëè÷íûõ
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su�êàíàëÏåðåìåííûå Ìàíäåëüøòàìà:
s = −(k1 + k2)

2 = −2k1 · k2

t = −(k1 − k3)
2 = 2k1 · k3

u = −(k1 − k4)
2 = 2k1 · k4

s + t + u = 0
k1 + k2 − k3 − k4 = 0â ñèñòåìå SANC èñïîëüçóåòñÿ ìåòðèêà ÏàóëèÓãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Ñòðîèòåëüíûé áëîê, ïðåäâû÷èñëåíèÿ: AAAA Box.frm
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q − p4q + p1ïðåäâû÷èñëåíèå bbbb�áëîêà
Êîíöåïöèÿ ïðåäâû÷èñëåíèé:ñòðîèòåëüíûé áëîê � êëàñòåðâñå èìïóëüñû � âõîäÿùèå (pi)ñ÷èòàåì îäèí ðàç! ïîëüçóåìñÿãîòîâûì áëîêîì â âû÷èñëåíèÿõìíîãèõ ïðîöåññîâ!
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Ñòðîèòåëüíûé áëîê, ïðåäâû÷èñëåíèÿ: AAAA Box.frm
q

q + p1 + p2

α µ

νβ

p1

p2

p4
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q − p4q + p1ïðåäâû÷èñëåíèå bbbb�áëîêà
Ñòðîèòåëüíûé áëîê àìïëèòóäû:[T1a`vui'`vdi'`vdo'`vuo'`fn'`fo'`fs'`fe'℄ =-vert(`vui',`fo',-`fn',`al',ii)*pr(`fo',-q-p1,ii)*delta_(
d(`vui')+
d(`fo')-
d(`fn'))*vert(`vdi',`fs',-`fo',`be',ii)*pr(`fs',-q-p1-p2,ii)*delta_(
d(`vdi')+
d(`fs')-
d(`fo'))*vert(`vdo',`fe',-`fs',`nu',ii)*pr(`fe',-q+p4,ii)*delta_(
d(`vdo')+
d(`fe')-
d(`fs'))*vert(`vuo',`fn',-`fe',`mu',ii)*pr(`fn',-q,ii)*delta_(
d(`vuo')+
d(`fn')-
d(`fe'))*int;

Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Ñòðîèòåëüíûé áëîê, ïðåäâû÷èñëåíèÿ: AAAA Box.frm
q

q + p1 + p2

α µ

νβ

p1
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p4
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q − p4q + p1ïðåäâû÷èñëåíèå bbbb�áëîêà
Êëàñòåð àìïëèòóäû:[ClT1afer`vui'`vdi'`vdo'`vuo'℄=

#do fn=12,12
#do fo=12,12
#do fs=12,12
#do fe=12,12+[T1a`vui'`vdi'`vdo'`vuo'`fn'`fo'`fs'`fe'℄
#enddo

#enddo
#enddo
#enddo;
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Ñòðîèòåëüíûé áëîê, ïðåäâû÷èñëåíèÿ: AAAA Box.frm
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Ïðàâèëà Ôåéíìàíà:pr(`fe',-q+p4,ii):
p → 1

(2π)4·i
·
−iγµ·pµ+mf

p2+m2
f
−iǫvert(`vui','fe',-`fe',`al',ii):

µ
(2π)4 i · ieQf γµ
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Ñòðîèòåëüíûé áëîê, ïðåäâû÷èñëåíèÿ: AAAA Box.frm
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q − p4q + p1ïðåäâû÷èñëåíèå bbbb�áëîêà
Ïîñëåäîâàòåëüíîñòü âû÷èñëåíèé:ïîäñòàíîâêà ïðàâèë Ôåéíìàíààëãåáðà ìàòðèö Äèðàêàâû÷èñëåíèå ñëåäîâ ìàòðèöðåäóêöèÿ ê ìàñòåð�èíòåãðàëàì:�óíêöèè Ïàññàðèíî�Âåëüòìàíàïîäñòàíîâêà ñêàëÿðíûõïðîèçâåäåíèé èìïóëüñîâñêàëÿðèçàöèÿ � A0, B0, C0 è D0îáðàáîòêà ïîëþñîâÓãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Àìïëèòóäà êëàñòåðà (äèàãðàììà st�êàíàëà):[ClT1afer_1234℄ = [ Time = 206.97 se
 Generated terms = 5767 ℄...+ K1(al)*K1(be)*K2(mu)*K2(nu) * ( - 32*e^4*qel^4*Qs^-2*Ts^-1*mel^2 + 64/3*e^4*qel^4*Qs^-1*Ts^-2*mel^2+ 8/9*e^4*qel^4*Qs^-1*Ts^-1 - 32*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Qs^-2*mel^4- 8*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Us^-1*mel^2 + 16/3*a0f(1,mel)*e^4*qel^4*Qs^-1*Ts^-1- 16*
0(0,0,Qs,1,mel,1,mel,1,mel)*e^4*qel^4*Qs^-1*Us^-1*mel^2 - 32*a0f(1,mel)*e^4*qel^4*Qs^-2*Ts^-1*mel^2+ 16*
0(0,0,Ts,1,mel,1,mel,1,mel)*e^4*qel^4*Qs^-1*Ts^-1*mel^2 + 64/3*a0f(1,mel)*e^4*qel^4*Qs^-1*Ts^-2*mel^2+ 16*
0(0,0,Ts,1,mel,1,mel,1,mel)*e^4*qel^4*Qs^-1*Us^-1*mel^2 + 16/3*b0f(Ts,1,mel,1,mel)*e^4*qel^4*Qs^-1*Ts^-1- 32*b0f(Ts,1,mel,1,mel)*e^4*qel^4*Qs^-2*Ts^-1*mel^2 + 64/3*b0f(Ts,1,mel,1,mel)*e^4*qel^4*Qs^-1*Ts^-2*mel^2 )...+ d_(al,be)*d_(mu,nu) * ( - 4/3*e^4*qel^4*[1/eps℄ - 4/3*
0(0,0,Ts,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^3*Us^-2+ d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Ts*Us + 2/3*b0f(Qs,1,mel,1,mel)*e^4*qel^4+ 8/3*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Ts*mel^2 +4/3*b0f(Ts,1,mel,1,mel)*e^4*qel^4*Ts*Us^-1- 16/3*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^2*Us^-1*mel^2 - 2*b0f(Ts,1,mel,1,mel)*e^4*qel^4+ 7/3*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^2 - 4/3*b0f(Qs,1,mel,1,mel)*e^4*qel^4*Ts*Us^-1+ 2/3*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^3*Us^-1- 2/3*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^4*Us^-2+ 8*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*Us*mel^2- 32/3*d0(0,0,0,0,Qs,Ts,1,mel,1,mel,1,mel,1,mel)*e^4*qel^4*mel^4 + 16/9*e^4*qel^4+ 8*
0(0,0,Qs,1,mel,1,mel,1,mel)*e^4*qel^4*Ts*Us^-1*mel^2 - 14/3*
0(0,0,Qs,1,mel,1,mel,1,mel)*e^4*qel^4*Ts- 4/3*
0(0,0,Qs,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^2*Us^-1 +4/3*
0(0,0,Qs,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^3*Us^-2- 2*
0(0,0,Qs,1,mel,1,mel,1,mel)*e^4*qel^4*Us - 8*
0(0,0,Ts,1,mel,1,mel,1,mel)*e^4*qel^4*Ts*Us^-1*mel^2+ 2*
0(0,0,Ts,1,mel,1,mel,1,mel)*e^4*qel^4*Ts + 8/3*
0(0,0,Ts,1,mel,1,mel,1,mel)*e^4*qel^4*Ts^2*Us^-1 )...+ d_(al,be)*K4(mu)*K4(nu)*( - 4*e^4*qel^4*Ts^-1 - 4*a0f(1,mel)*e^4*qel^4*Ts^-1- 4*b0f(Ts,1,mel,1,mel)*e^4*qel^4*Ts^-1 )... Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Ñóììàðíàÿ êîâàðèàíòíàÿ àìïëèòóäà ïðîöåññà:
Aγγ→γγ = 4e4Q4

f

43∑

i=1

Fi (s , t , u)T
αβµν
iãäå e - çàðÿä ýëåêòðîíà

Qf - äîëÿ çàðÿäà ïåòëåâîãî �åðìèîíà
T

αβµν
i - òåíçîðíàÿ ñòðóêòóðà

Fi - ñêàëÿðíûå �îðì��àêòîðû(�îòîíû íå ëåæàò íà ìàññîâîé ïîâåðõíîñòè: ki ǫi 6= 0)
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Òåíçîðíàÿ ñòðóêòóðà êîâàðèàíòíîé àìïëèòóäû:Âñïîìîãàòåëüíûå âûðàæåíèÿ � 14 ñòðóêòóð:
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Òåíçîðíàÿ ñòðóêòóðà êîâàðèàíòíîé àìïëèòóäû:Âñïîìîãàòåëüíûå âûðàæåíèÿ � 14 ñòðóêòóð:
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14 = k1α .Òåíçîðíûé áàçèñ � 43 ñòðóêòóðû:
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.Ñîîòíîøåíèÿ ìåæäó ÔÔ (äàæå â ìàññèâíîì ñëó÷àå):
F4 = F5 , F6 = u2

t2 F7 , F8 = F9 .Äðóãèå ÔÔ, à èìåííî 11 � 43, íå ðàâíû íóëþ, íî èõ âêëàä â êîâàðèàíòíóþàìïëèòóäó èñ÷åçàåò ïðè óñëîâèè ïîïåðå÷íîñòè ïî âíåøíèì �îòîíàì, òî åñòüêîãäà îíè ëåæàò íà ìàññîâîé ïîâåðõíîñòè è óäîâëåòâîðÿþò òîæäåñòâó Óîðäà:
ki ǫi(ki ) = 0Ïîëíûé îòâåò äëÿ ÔÔ ìîæíî íàéòè â ñèñòåìå SANC íàñåðâåðàõ (�àéë AA -> AA (FF).frm)Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Ñïèðàëüíûå àìïëèòóäû (AA -> AA (HA).frm):
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2îáùåå ÷èñëî ñïèðàëüíûõ àìïëèòóä (ÑÀ) äëÿ ïðîöåññà ðàâíî ÷èñëó ðàçëè÷íûõêîìáèíàöèé ïðîåêöèé ñïèíà âíåøíèõ ÷àñòèö. Â ïðîöåññå γγ → γγ èìååòñÿ 4�îòîíà ñ äâóìÿ ïðîåêöèÿìè ïîëÿðèçàöèè - çíà÷åíèÿ ñïèðàëüíîñòè ′+′ è ′−′,òàêèì îáðàçîì, îáùåå ÷èñëî ÑÀ ðàâíî 2 · 2 · 2 · 2 = 16
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Ñå÷åíèå ðàññåÿíèÿ (AA -> AA (XS).frm):
dσγγ→γγ = 1

j
|Aγγ→γγ |

2 dΦ(2) ,ãäå j = 4
p

(k1k2)2 - ïëîòíîñòü ïîòîêà, Aγγ→γγ - êîâàðèàíòíàÿ àìïëèòóäàïðîöåññà è dΦ(2) - äâóõ÷àñòè÷íûé �àçîâûé îáú¼ì:
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d4k3δ(k2
3)

(2π)3
d4k4δ(k2

4)
(2π)3

.

Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Ñå÷åíèå ðàññåÿíèÿ (AA -> AA (XS).frm):
dσγγ→γγ = 1

j
|Aγγ→γγ |

2 dΦ(2) ,ãäå j = 4
p

(k1k2)2 - ïëîòíîñòü ïîòîêà, Aγγ→γγ - êîâàðèàíòíàÿ àìïëèòóäàïðîöåññà è dΦ(2) - äâóõ÷àñòè÷íûé �àçîâûé îáú¼ì:
dΦ(2) = (2π)4δ (k1 + k2 − k3 − k4)

d4k3δ(k2
3)

(2π)3
d4k4δ(k2

4)
(2π)3

.Ïîñëå âû÷èñëåíèé:
dσγγ→γγ = 1

128πω2 |Aγγ→γγ |
2 d cos θ ,ãäå ω - ýíåðãèÿ �îòîíîâ, à θ � óãîë ðàññåÿíèÿ â ÑÖÌÂ ïðåäñòàâëåíèè ñïèðàëüíûõ àìïëèòóä:

dσγγ→γγ = e8

8πω2

P

spins

˛

˛Hspins

˛

˛

2
d cos θ .
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3)

(2π)3
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(2π)3
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dσγγ→γγ = 1

128πω2 |Aγγ→γγ |
2 d cos θ ,ãäå ω - ýíåðãèÿ �îòîíîâ, à θ � óãîë ðàññåÿíèÿ â ÑÖÌÂ ïðåäñòàâëåíèè ñïèðàëüíûõ àìïëèòóä:

dσγγ→γγ = e8

8πω2

P

spins

˛

˛Hspins

˛

˛

2
d cos θ .Ïîñëå àíàëèòè÷åñêîãî èíòåãðèðîâàíèÿ (â áåçìàññîâîì ñëó÷àå):

σγγ→γγ = e8

2πω2

`

108
5

+ 13
2

π2 − 8π2ζ(3) + 148
225

π4 − 24ζ(5)
´ñîãëàñèå ñ À.È. Àõèåçåðîì "Êâàíòîâàÿ Ýëåêòðîäèíàìèêà 4 èçäàíèå, 1981Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Ïðèëîæåíèå:Ïðè ïîëó÷åíèè àíàëèòè÷åñêîãî îòâåòà äëÿ ïîëíîãî ñå÷åíèÿ áûëè âû÷èñëåíûñïåöè�è÷åñêèå èíòåãðàëû, à òàêæå ÷àñòíûå ñëó÷àè �óíêöèéÏàññàðèíî�Âåëüòìàíà äëÿ ðàçëè÷íûõ íàáîðîâ ïàðàìåòðîâ:
B0 (−s;M,M) = 1

ǭ
+ 2 −

h

ln
“

s
µ2

”

− iπ
i

B0 (−t;M, M) = 1
ǭ

+ 2 −
h

lt + ln
“

s
µ2

”i

B0 (−u;M, M) = 1
ǭ

+ 2 −
h

lu + ln
“

s
µ2

”i

C0 (0, 0,−s;M, M,M) = − 1
2s

h

ln
“

M2

s

”

+ iπ
i2

C0 (0, 0,−t;M, M,M) = − 1
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h

ln
“

M2

s

”

− lt

i2

C0 (0, 0,−u;M,M, M) = − 1
2u

h

ln
“

M2

s

”

− lu

i2
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st
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ln2
“

−M2
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”
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“

−M2
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”

(lt + iπ) − π2

2

i
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”
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(lu + iπ) − π2
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i

D0 (0, 0, 0, 0,−u,−t; M,M,M, M) = 2
ut
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ln2
“

M2
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”

− ln
“

M2

s

”

(lt + lu) − π2

2
+ lt lu

iãäå M → 0 � ìàññà �åðìèîíà â ïåòëå (ïðåäåëüíûé ñëó÷àé)�îðìóëû äëÿ �óíêöèé â ìàññèâíîì ñëó÷àå òàêæå ïîñ÷èòàíûÓãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ



Âûâîäû è çàêëþ÷åíèå:ïîñ÷èòàíî äè��åðåíöèàëüíîå è ïîëíîå ñå÷åíèå ðàññåÿíèÿÊÝÄ ïðîöåññà γγ → γγ â ìàññèâíîì è áåçìàññîâîì ñëó÷àåïðîèçâåäåíî ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷¼òîâ ñ èçâåñòíûìèâ ëèòåðàòóðå è ïîëó÷åíî ñîãëàñèåâû÷èñëåíû ñïåöè�è÷åñêèå èíòåãðàëû è ÷àñòíûå ñëó÷àè�óíêöèé Ïàññàðèíî�Âåëüòìàíàïðîöåññ èìïëåìåíòèðîâàí â ñèñòåìó SANCñîçäàí áëîê ïðåäâû÷èñëåíèé áîêñîâñêèõ äèàãðàìì òèïàbbbb � ÷åòûðå �îòîíà âíå ìàññîâîé ïîâåðõíîñòèïîäãîòîâëåíà ñðåäà äëÿ äàëüíåéøèõ âû÷èñëåíèé ïîäîáíûõáîêñîâñêèõ ïðîöåññîâ â ÑÌ (γγ → γγ, γγ → ZZ è ò.ä.) è âÊÕÄ (gg → γγ, gg → ZZ , gg → W +W− è ò.ä.)ðåçóëüòàòû ðàáîòû äîêëàäûâàëèñü íà øêîëå-êîí�åðåíöèèCALC2006, ËÒÔ ÎÈßÈ, è îïóáëèêîâàíû â hep-ph/0611188.Óãëîâ Åâãåíèé Âêëþ÷åíèå â SANC ïðîöåññà γγ → γγ â ÊÝÄ
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