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(g − 2)µ - ìîòèâàöèÿ

Äâèæåíèå òî÷å÷íîé çàðÿæåííîé ÷àñòèöû ñî ñïèíîâ 1/2 îïèñûâàåòñÿ

óðàâíåíèåì Äèðàêà

i~
∂ψ

∂t
= [

p2

2m
− e

2m
(~L+ 2~S)~B ]ψ (1)

Ìàãíèòíûé ìîìåíò µ ìîæíî ñâÿçàòü ñî ñïèíîì ÷àñòèöû S.

LI = ~µS
~B ; ~µS = gS(

e

2m
)~s ;

a =
gS − 2

2
; µ = (1 + a)

eh

2m
(2)



(g − 2)µ - ìîòèâàöèÿ

Â îáùåì âèäå âåðøèíó âçàèìîäåéñòâèÿ �åðìèîíà, ñïèí 1/2, ñ âíåøíèì
ïîëåì ìîæíî ïðåäñòàâèòü êàê:

−ieū(p′)

{
γµF1(q

2) + iσµν
qν

2m
F2(q

2) + γ5σµν
qν

2m
F3(q

2)

}
u(p)eµ(q), (3)

F1 � ðàñïðåäåëåíèå ýëåêòðè÷åñêîãî çàðÿäà,

F2 � ñîîòâåòñòâóåò àíîìàëüíîìó ìàãíèòíîìó ìîìåíòó (AMM)

a = (g − 2)/2 = F2(0),

F3 � àíîìàëüíûé äèïîëüíûé ìîìåíò.

Â Ñòàíäàðòíîé ìîäåëè ýëåêòðîñëàáîãî âçàèìîäåéñòâèÿ a 6= 0. Ýòî
îáóñëîâëåíî êâàíòîâûìè ïîïðàâêàìè.



(g − 2)µ - ìîòèâàöèÿ

Âêëàäû �àêòîð 10−11

QED (leptons) 116 584 718.85± 0.04
HVP(lo)[e+e−℄ 6 923± 42
HVP(ho) −98.4± 0.7
HLbyL 105± 26
EW 153± 1
Total SM 116 591 801± 49
Exp 116 592 089± 63
Theor.-Exp. 262± 89

Òàáëèöà: Âêëàäû ðàçëè÷íûõ âçàèìîäåéñòâèÿ â g-2 ìþîíà â Ñòàíäàðòíîé

ìîäåëè Phys. Rev. D 83 (2011) 094006



(g − 2)µ

by Graziano Venanzoni, arXiv:1203.1501v1



(g − 2)µ

by Graziano Venanzoni, arXiv:1203.1501v1



(g − 2)µ. Àäðîííûé âêëàä

aHVP
µ = (692.3± 4.2)× 10−10

(Davier, Hoeker, Zhang) (4)

Âêëàä àäðîííîé ïîëÿðèçàöèè âàêóóìà ñîñòàâëÿåò 99% è äàåò

òåîðåòè÷åñêîé îøèáêè. Åãî ìîæíî èçâëåêàòü èç ýêñïåðèìåíòîâ ïî

èçìåðåíèþ ñå÷åíèÿ ðàññåÿíèÿ e+e− → àäðîíû è τ → àäðîíû.

Âêëàä îò ïðîöåññà ðàññåÿíèÿ ñâåòà íà ñâåòå (LbL) ñîñòàâëÿåò 1% è

äðóãóþ ïîëîâèíó îøèáêè. ßâëÿåòñÿ ìîäåëüíî çàâèñèìûì.



NχQM

Ëàãðàíæèàí íåëîêàëüíîé êâàðêîâîé ìîäåëè:

L = q̄(x)(i ∂̂ −mc)q(x) +
G

2
[JaS (x)J

a
S (x) + JaP(x)J

a
P(x)]

− H

4
Tabc [J

a
S (x)J

b
S (x)J

c
S (x)− 3JaS(x)J

b
P(x)J

c
P(x)] (5)

Tabc =
1

6
ǫijkǫmnl(λa)im(λb)jn(λc)kl ,

Íåëîêàëüíûé òîê:

JaM(x) =

∫
d4x1d

4x2 f (x1)f (x2) q̄(x − x1) Γ
a
Mq(x + x2), (6)

q(x) → Q(x , y) = Pexp(−i

∫ y

x

dzµAµ(z))q(y) (7)



NχQM

Áîçîíèçîâàííîå äåéñòâèå ïîëó÷àåòñÿ â âèäå:

S = ln detA−
∫

d4x

[
σaSa + πaPa +

G

2
(SaSa + PaPa)

+
H

4
Tabc(S

aSbSc + SaPbPc)

]

ãäå

A = (p̂ −mc)δ(p − p′) + f (p)[σa(p − p′) + iγ5πa(p − p′)]λaf (p′)

=

+ +

Ïðîïàãàòîð ìåçîíà. Áåòý-Ñîëïèòåð ëåñòíè÷íîå ïðèáëèæåíèå.



NχQM.

Äëÿ ó÷åòà âçàèìîäåéñòâèÿ ñ âíåøíèì êàëèáðîâî÷íûì ïîëåì:

q(x) → Q(x , y) = P exp

(
ie

x∫

y

duµVµ(u)

)
q(x). (8)

ieΓµ(x , y , z) = − δ3S

δVµ(x)δq(y)δq̄(z)
. (9)

[J. Terning, Phys. Rev. D 44, 887 (1991)℄

Âåðøèííàÿ �óíêöèÿ êâàð-àíòèêâàðê-�îòîí

Γµ = γµ − (p1 + p2)µm
(1)(p1, p2), êâàðê-àíòèêâàðê-ïàðà �îòîíîâ

Γµν(q1, q2) = −
[
2gµνm

(1)(k , k12) + (k + k1)µ(k1 + k12)νm
(2)(k , k1, k12)

+ (k + k2)ν(k2 + k12)µm
(2)(k , k2, k12)

]
(10)



NχQM

!

q1(µ)

k k′

q1(µ)q2(ν)

k k′

q1(µ)q2(ν)q3(λ)

k k′

(a) (b) ()

q1(µ)q2(ν)q3(λ)q4(σ)

k k′

q1(µ)

k k′

q1(µ)

k k′

(d) (e) (f)

�èñ.: Äèàãðàììû îïèñûâàþùèå âçàèìîäåéñòâèå êâàðêîâ ñ âíåøíèìè

êàëèáðîâî÷íûìè ïîëÿìè è ìåçîíàìè.



Light-by-Light



Light-by-Light

+ +

...

=

+

+ +

...

=

+

+ +

...

=

+

�èñ.: Îáðàçîâàíèå ïðîìåæóòî÷íîãî ìåçîííîãî ñîñòîÿíèÿ çà ñ÷åò 4-õ

êâàðêîâîãî âçàèìîäåéñòâèÿ ïðè ó÷åòå ïîëíîãî íàáîðà äèàãðàìì. Òðè âèäà

äèàãðàìì, êîòîðûå âîçìîæíû â ðàìêàõ íåëîêàëüíîé ìîäåëè ñ ó÷åòîì

ñêàëÿðíûõ è ïñåâäîñêàëÿðíûõ òîêîâ.



Light-by-Light

+ + +

a) b) )

+ +

d) e) f)

�èñ.: Òîïîëîãè÷åñêè îòëè÷íûå äèàãðàììû îïèñûâàþùèå ïðîöåññ ðàññåÿíèÿ

ñâåòà íà ñâåòå â íåëîêàëüíîé êâàðêîâîé ìîäåëè. Ïîñëåäíÿÿ äèàãðàììà

ðåäóöèðóþòñÿ çà ñ÷åò ó÷åòà 4-õ êâàðêîâîãî âçàèìîäåéñòâèÿ.



(a) (b) ()

�èñ.: Âêëàä ïðîöåññà ðàññåÿíèÿ ñâåòà íà ñâåòå ñ ïðîìåæóòî÷íûì ìåçîííûì

ñîñòîÿíèåì.

Πµνλρ(q1, q2, q3) =

=

∫
d4x1

∫
d4x2

∫
d4x3e

i(q1x1+q2x2+q3x3) 〈0|T (jµ(x1)jν(x2)jλ(x3)jρ(0))|0〉 ,

ãäå jµ(x) � ýëåêòðîìàíãíèòíûé òîê, à |0〉 îòâå÷àåò ÊÕÄ ñîñòîÿíèþ âàêóóìà.
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Light-by-Light

Âêëàä â ÀÌÌ ìþîíà:

aLbLµ =
1

48mµ

Tr ((p̂ +mµ)[γ
ρ, γσ](p̂ +mµ)Πρσ(p, p)) ,

ãäå

Πρσ(p
′, p) = −ie6

∫
d4q1

(2π)4

∫
d4q2

(2π)4
1

q21q
2
2(q1 + q2 − k)2

×

× γµ
p̂′ − q̂1 +mµ

(p′ − q1)2 −m2
µ

γν
p̂ − q̂1 − q̂2 +mµ

(p − q1 − q2)2 −m2
µ

γλ ×

× ∂

∂kρ
Πµνλσ(q1, q2, k − q1 − q2). (11)



LbL ñ ïðîìåæóòî÷íûì ìåçîííûì ñîñòîÿíèåì

∂

∂kρ
Πµνλσ(q1, q2, k − q1 − q2) =

i
∆µν(q1 + q2, q1, q2)

(q1 + q2)2 −M2

∂

∂kρ
∆λσ(q1 + q2,−q1 − q2, k)

+ i
∆νλ(−q1, q2,−q1 − q2)

q21 −M2

∂

∂kρ
∆µσ(−q1, q1, k) (12)

+ i
∆µλ(−q2, q1,−q1 − q2)

q22 −M2

∂

∂kρ
∆νσ(−q2, q2, k) + O(k)

ðàññìàòðèâàåì â ñòàòè÷åñêîì ïðèäåëå ïî èìïóëüñó k . Òðåòèé èìïóëüñ

âûðàæàåòñÿ èç çàêîíà ñîõðàíåíèÿ èìïóëüñîâ.



LbL ñ ïðîìåæóòî÷íûì ìåçîííûì ñîñòîÿíèåì

Óñðåäíÿÿ ïî �àçîâîìó ïðîñòðàíñòâó ìþîíà, ïîëó÷àåì

aLbLµ = −2α3

3π2

∞∫

0

dQ2
1

∞∫

0

dQ2
2

1∫

−1

dt
√
1− t2

1

Q2
3

×

×
∑

mesons

[
2

N S
1

Q2
2 +M2

S

+
N S

2

Q2
3 +M2

S

]
, (13)

ãäå

N S
1 =

∑

X=A,B′

∑

Y=A,B

XS

(
Q2

2 ;Q
2
2 , 0

)
YS

(
Q2

2 ;Q
2
1 ,Q

2
3

)
TsXY

1 ,

N S
2
=

∑

X=A,B′

∑

Y=A,B

XS

(
Q2

3 ;Q
2
3 , 0

)
YS

(
Q2

3 ;Q
2
1 ,Q

2
2

)
TsXY

2
.



Light-by-Light /ïåðåõîä ìåçîíà â äâà �îòîíà

+ + +

(a) (b) ()

+ +

(d) (e) (f)

�èñ.: Äèàãðàììû ïåðåõîäà ìåçîíà â äâà �îòîíà.



LbL. Ôîðì�àêòîð ìåçîíà

A (γ∗ (q1, ǫ1) γ
∗ (q2, ǫ2) → P∗ (p)) = −ie2εµνρσǫ

µ
1 ǫ

ν
2q

ρ
1q

σ
2 FP∗γ∗γ∗

(
p2; q21 , q

2
2

)
,

ãäå q1, 2 � èìïóëüñû �îòîíîâ, ǫ1, 2 èõ âåêòîðû ïîëÿðèçàöèè, p = q1 + q2. Äëÿ

ðàçëè÷íûõ ïñåâäîñêàëÿðíûõ ñîñòîÿíèé ìû ïîëó÷àåì:

Fπ∗

0 γ
∗γ∗

(
p2; q21 , q

2
2

)
= gπ(p

2)Fu

(
p2; q21 , q

2
2

)
,

Fη∗γ∗γ∗

(
p2; q21 , q

2
2

)
=

gη(p
2)

3
√
3

×

×
[(
5Fu

(
p2; q21 , q

2
2

)
− 2Fs

(
p2; q21 , q

2
2

))
cos θ(p2)−

−
√
2
(
5Fu

(
p2; q21 , q

2
2

)
+ Fs

(
p2; q21 , q

2
2

))
sin θ(p2)

]
,

Fη′∗γ∗γ∗

(
p2; q21 , q

2
2

)
=

gη′(p2)

3
√
3

× (14)

×
[(
5Fu

(
p2; q21 , q

2
2

)
− 2Fs

(
p2; q21 , q

2
2

))
sin θ(p2)+

+
√
2
(
5Fu

(
p2; q21 , q

2
2

)
+ Fs

(
p2; q21 , q

2
2

))
cos θ(p2)

]
.



Light-by-Light / meson to two photons

Ïåðåõîäíûé �îðì�àêòîð ïñåâîäñêàëÿðíîãî ìåçîíà â äâà �îòîíà çàïèøåòñÿ

êàê,

Fi

(
p2; q21 , q

2
2

)
= 8

∫
d4
Ek

(2π)4
f (k2

1 )f (k
2
2 )

Di(k2
1 )Di (k2

2 )Di (k2)
×

×
[
mi(k

2)−m
(1)
i (k1, k)J1 −m

(1)
i (k2, k)J2

]
,

J1 = k2 +
q22(kq1)(k1q1)− q21(kq2)(k1q2)

q21q
2
2 − (q1q2)2

, (15)

J2 = k2 +
q21(kq2)(k2q2)− q22(kq1)(k2q1)

q21q
2
2 − (q1q2)2

,

ãäå

k1 = k + q1; k2 = k − q2;

è êîíå÷íî-ðàçíîñòíàÿ ïðîèçâîäíàÿ ïåðâîãî ïîðÿäêà

m(1)(p, q) =
m(p2)−m(q2)

p2 − q2
(16)



Light-by-Light / meson to two photons

Â ñïåöèàëüíîé êèíåìàòèêå

Fi

(
q21 ; q

2
1 , 0

)
= 8

∫
d4
Ek

(2π)4
f (k2

1 )f (k
2)

Di (k2
1 )D

2
i (k

2)
× (17)

×
[
mi(k

2)−m
(1)
i (k1, k)J1 −m′

i (k
2)J2

]
,

J1 (k , q1) = (kq1) +
2

3

[
k2 + 2

(kq1)
2

q21

]
,

J2 =
4

3

[
k2 − (kq1)

2

q21

]
,

Fi (0; 0, 0) =
1

md,i

[
1

4π2
− 8mc,i

∫
d4
Ek

(2π)4
mi (k

2)− 2m′

i(k
2)k2

D3
i (k

2)

]
, (18)



Light-by-Light / ïåðåõîä ìåçîíà â äâà �îòîíà

Ïîâåäåíèå ïåðåõîäíîãî �îðì�àêòîðà ïèîíà â ñïåöèàëüíîé êèíåìàòèêå.
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Light-by-Light / ïåðåõîä ìåçîíà â äâà �îòîíà
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DRZ, EPJC 72 (2012), arXiv:1204.3729



LbL. Êîíòàêòíûå ñëàãàåìûå.

Äëÿ âû÷èñëåíèÿ âêëàäà â ÀÌÌ ìþîíà íàì ïîòðåáóåòñÿ âû÷èñëèòü

ïðîèçâîäíóþ îò ýòîãî òåíçîðà

Jµνλσρ =
∂

∂∆ρ

Tµνλ
σ (∆, k1, k2, k3)

∣∣∣∣∣
∆=0

.

Âûðàæåíèå äëÿ òåíçîðà ðàññåÿíèÿ ñâåòà íà ñâåòå ÷åòâåðòîãî ðàíãà âûïèñàíî

ïîäðîáíî â ñòàòüå Nuovo Cim. A 30 (1975) è ñîäåðæèò â ñåáå 138 ñòðóêòóð,

êîòîðûå ñ ó÷¼òîì ñèììåòðèè è êàëèáðîâî÷íîé èíâàðèàíòíîñòè ìîæíî

ñîêðàòèòü äî 17. Èñïîëüçóÿ ïîäîáíûå ñõåìû, ìîæíî çàïèñàòü îáùèé âèä äëÿ

òåíçîðà Jµνλσρ , âàæíîãî äëÿ âû÷èñëåíèÿ ÀÌÌ /Êóðàåâ è äð. Yad. Fiz. 50

(1989)/:

Jµνλσρ (123) =
∑

ijl

Aijl
ρσk

µ
i k

ν
j k

λ
l +

∑

i

B i
ρσk

µ
i g

νλ +
∑

i

C i(k̄µ
i )ρσg

νλ+

+
∑

ijl

d ijl(k̄µ
i )ρσk

ν
j k

λ
l +

∑

i

E i(123)kµ
i [νλ]ρσ +

∑

j

F j
ρσ(123)k

ν
j g

µλ + ...



Light-by-Light

+ + +

a) b) )

+ +

d) e) f)

�èñ.: Òîïîëîãè÷åñêè îòëè÷íûé äèàãðàììû ïðîöåññà ðàññåÿíèÿ ñâåòà íà

ñâåòå â íåëîêàëüíîé êâàðêîâîé ìîäåëè. Ïîñëåäíÿÿ ðåäóöèðîâàííà 4-õ

êâàðêîâûì âçàèìîäåéñòâèåì è âû÷èñëåíà â ðàíåå.



LbL. Êîíòàêòíûå ñëàãàåìûå.
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LbL. Êîíòàêòíûå ñëàãàåìûå.
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LbL. Êîíòàêòíûå ñëàãàåìûå.

π,K -loops π0, η, η′
salars quark-loop Total Ref.

−4.5(8.1) 82.7(6.4) - 9.7(11.1) 89.6(15.4) Hayakawa

−19(13) 85(13) −6.8(2.0) 21(3) 83(32) Bijnens

- 83(12) - - 80(40) Kneht

0(10) 114(10) - 0 136(25) Melnikov

- - - - 110(40) Bijnens-2007

−19(19) 114(13) −7(7) 2.3 [-quark℄ 105(26) P.R.V.

−19(13) 99(16) −7(2) 21(3) 116(40) N.J.

- 81(2) - 107(2) 188(4) Goeke, Fisher

- - - - 118-148 Boughezal

- 68(3) [π0
℄ - 82(6) 150(3) Greynat

- - -3.1(0.8) - 76(4)-125(7) Masjuan, Pauk

−(11− 71) - - - - Engel

−20(5) - - - - Bijnens-2012

− − - 143 143 Pivovarov

− 58.5(8.7) 11 101 168(12) Our results

−45 +∞ - 60 - no FF



Çàêëþ÷åíèå

1

Ïîëó÷åíû âåðøèííûå �óíêöèè âçàèìîäåéñòâèÿ êâàðê-àíòèêâàðêà ñ âíåøíèì

êàëèáðîâî÷íûì ïîëåì, âïëîòü äî ñëó÷àÿ âçàèìîäåéñòâèÿ ÷åòûðåõ �îòîíîâ.

2

Ïîëó÷åí âèä ïåðåõîäíîãî �îðì�àêòîðà â äâà âèðòóàëüíûõ �îòîíà, äëÿ

ñëó÷àÿ ëåãêèõ ñêàëÿðíûõ è ïñåâäîñêàëÿðíûõ ìåçîíîâ.

3

Âû÷èñëåí âêëàä â àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà îò ïðîöåññà

ðàññåÿíèÿ ñâåòà íà ñâåòå ñ ïðîìåæóòî÷íûìè ëåãêèìè ñêàëÿðíûìè è

ïñåâäîñêàëÿðíûìè ðåçîíàíñàìè â ðàìêàõ íåëîêàëüíîé êâàðêîâîé ìîäåëè.

Ñóììà âêëàäà áûëà îöåíåíà aLbL,S+PS
µ = (6.25 ± 0.83) · 10−10

. Ïîëó÷åííàÿ

âåëè÷èíà â ïîëòîðà ðàçà ìåíüøå ðåçóëüòàòîâ ïîëó÷åííûõ äðóãèìè ãðóïïàìè.

Äàííûé �àêòîð îáúÿñíÿåòñÿ òåì ÷òî áûë ïîëíîñòüþ ó÷òåíà êèíåòè÷åñêàÿ

çàâèñèìîñòü ïðîìåæóòî÷íîãî âèðòóàëüíîãî ñîñòîÿíèÿ ìåçîíà, ëåæàùåãî â íå

ìàññîâîé ïîâåðõíîñòè.

4

Âû÷èñëåí âêëàä â àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà äëÿ êîíòàêòíûõ

äèàãðàìì. Âåëè÷èíà âêëàäà îò äàííîãî ïðîöåññà ñîñòàâèëà

aLbL;contactµ = 101 · 10−11
. Ýòî ïîçâîëèëî äàòü îöåíêó íà âåëè÷èíó ïîëíîãî

âêëàäà â ÀÌÌ ìþîíà îò LbL ïðîöåññà â ðàìêàõ íåëîêàëüíîé ìîäåëè, è îí

ðàâåí ïðèìåðíî aLbLµ = 168(12) · 10−10
.
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