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�¥ªæ¨ï 1. �« áá¨ç¥áª ï â¥®à¨ï ¯®«ï. � £à ­¦¥¢ ¨ £ ¬¨«ìâ®­®¢
ä®à¬ «¨§¬ë. �¨¬¬¥âà¨¨ ¨ ¨å á«¥¤áâ¢¨ï.

� ¤ ç  1.1. �®ª § âì, çâ® ¨§ ãá«®¢¨ï ¬¨­¨¬ã¬  ¤¥©áâ¢¨ï á¨áâ¥¬ë δA = 0 á«¥¤ãîâ ãà ¢-
­¥­¨ï �©«¥à {� £à ­¦ 

∂L
∂ua(x) − ∂µ

∂L
∂[∂µua(x)] = 0, (1.1)

£¤¥ A =
∫L(x) d4x { ¤¥©áâ¢¨¥, L = L[ua(x), ∂µua(x)] { « £à ­¦¨ ­, {ua(x)} { ­ ¡®à

äã­ªæ¨© ¯®«ï.

� ¤ ç  1.2. �®ª § âì, çâ® ¢ á¯¨­®à­®© í«¥ªâà®¤¨­ ¬¨ª¥

LQED = −1
4 FµνF

µν + �ψ
(
iD̂ −m

)
ψ (1.2)

ãà ¢­¥­¨ï ¤¢¨¦¥­¨ï (1.1) ¯à¨­¨¬ îâ ¢¨¤
{

∂µF
µν = ejν

(
iD̂ −m

)
ψ = 0

, (1.3)

£¤¥ Fµν = ∂µAν − ∂νAµ, D̂ = Dµγ
µ, Dµ = ∂µ − ieAµ ¨ jν = �ψγνψ.

� ¤ ç  1.3. �ë¢¥áâ¨ ¤¨­ ¬¨ç¥áª¨¥ ¨­¢ à¨ ­âë ¤«ï á¢®¡®¤­®£® ¯®«ï �¨à ª . � ç áâ­®áâ¨,
¯®ª § âì, çâ® â¥­§®à í­¥à£¨¨{¨¬¯ã«ìá  Tµν ¨ ¢¥ªâ®à â®ª  jµ ¨¬¥îâ á«¥¤ãîé¨© ¢¨¤:

Tµν = i

2
[ �ψγµ∂νψ − ∂ν

�ψγµψ
]
, (1.4)

jµ = �ψγµψ. (1.5)

� ¤ ç  1.4. �®ª § âì, çâ® ãà ¢­¥­¨¥ ¤¢¨¦¥­¨ï á¢®¡®¤­®£® í«¥ªâà®¬ £­¨â­®£® ¯®«ï ¯à¨
­ «®¦¥­¨¨ ª®¢ à¨ ­â­®© ª «¨¡à®¢ª¨ Lgauge = (∂µA

µ)2/(2ξ) ¨¬¥¥â ¢¨¤

∂µF
µν + 1

ξ
∂ν∂µA

µ = 0, (1.6)

£¤¥ ξ { ª «¨¡à®¢®ç­ë© ¯ à ¬¥âà (¯à®¨§¢®«ì­ ï ¤¥©áâ¢¨â¥«ì­ ï ¯®áâ®ï­­ ï). �®ª -
§ âì, çâ® ¢ ª®¢ à¨ ­â­®© ª «¨¡à®¢ª¥ ¯à®¯ £ â®à í«¥ªâà®¬ £­¨â­®£® ¯®«ï ®¯à¥¤¥«ï¥âáï
ä®à¬ã«®©

Dµν(k) = i

k2

[
−gµν + (1− ξ)kµkν

k2

]
. (1.7)

� ¤ ç  1.5. �®ª § âì, çâ® ãà ¢­¥­¨¥ ¤¢¨¦¥­¨ï á¢®¡®¤­®£® í«¥ªâà®¬ £­¨â­®£® ¯®«ï ¯à¨
­ «®¦¥­¨¨  ªá¨ «ì­®© ª «¨¡à®¢ª¨ Lgauge = (nµA

µ)2/(2ξ) ¨¬¥¥â ¢¨¤

∂µF
µν − 1

ξ
nνnµA

µ = 0, (1.8)

£¤¥ nµ { ­¥ª®â®àë© ¯®áâ®ï­­ë© 4-¢¥ªâ®à à §¬¥à­®áâ¨ ¬ ááë (n2 > 0) ¨ ξ { ª «¨¡à®¢®ç-
­ë© ¯ à ¬¥âà. �®ª § âì, çâ® ¢  ªá¨ «ì­®© ª «¨¡à®¢ª¥ ¯à®¯ £ â®à í«¥ªâà®¬ £­¨â­®£®
¯®«ï ¯à¨­¨¬ ¥â ¢¨¤

Dµν(k) = i

k2

[
−gµν + (1− ξ) kµkν

(kn)2 n2 + kµnν + kνnµ

kn

]
. (1.9)
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� ¤ ç  1.6. �ë¢¥áâ¨ ãà ¢­¥­¨ï ¤¢¨¦¥­¨ï ¢ åà®¬®¤¨­ ¬¨ª¥

LQCD = −1
4 Ga

µνG
aµν +

∑

f

�ψi
f

[
iγµ(Dµ)ij −mfδij

]
ψj

f , (1.10)

£¤¥ i, j = 1, 2, 3, a = 1, . . . , 8, f ®¡®§­ ç ¥â  à®¬ â ª¢ àª ,

Ga
µν = ∂µA

a
ν − ∂νA

a
µ − gfabcA

b
µA

c
ν , (1.11)

(Dµ)ij = δij∂µ + i
g

2
∑

a

λa
ijA

a
µ, (1.12)

ta = λa/2 { £¥­¥à â®àë ª «¨¡à®¢®ç­®© £àã¯¯ë SU(3), [ta, tb] = ifabctc. �®«ãç¨âì ¢ëà -
¦¥­¨ï ¤«ï £«î®­­®£® ¯à®¯ £ â®à  ¢ ª®¢ à¨ ­â­®© ¨  ªá¨ «ì­®© ª «¨¡à®¢ª å.

�¥ªæ¨ï 2. �¢ ­â®¢ ï â¥®à¨ï ¯®«ï. �à¥¤áâ ¢«¥­¨¥ ¢§ ¨¬®¤¥©áâ¢¨ï.
�¨ £à ¬¬ë �¥©­¬ ­ .

� ¤ ç  2.1. �®ª § âì, çâ® ¬ âà¨æ  à áá¥ï­¨ï ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­  ¢ ¢¨¤¥

S = T exp
[
i

∫
Lint(x) d4x

]
, (2.1)

£¤¥ Lint(x) á®¤¥à¦¨â â®«ìª® ç«¥­ë ¢§ ¨¬®¤¥©áâ¢¨ï.

� ¤ ç  2.2. � ¯à¥¤¯®«®¦¥­¨¨ ¬ «®áâ¨ ª®­áâ ­âë á¢ï§¨ ¯®ª § âì, çâ® ¬ âà¨æ  à áá¥ï-
­¨ï (2.1) ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­  ¢ ¢¨¤¥ àï¤  â¥®à¨¨ ¢®§¬ãé¥­¨©

S ' 1 +
∑
n≥1

1
n!

∫
Sn(x1, ..., xn) dx1...dxn , (2.2)

£¤¥
Sn(x1, ..., xn) = in T

[Lint(x1)...Lint(xn)
]
. (2.3)

� ¤ ç  2.3. �«ï â¥®à¨¨ áª «ïà­®£® ¯®«ï á Lint(x) = hϕ3(x) ¢ë¯¨á âì ¯¥à¢ë¥ âà¨ ç«¥­  à §-
«®¦¥­¨ï (n = 1, 2, 3) S ¬ âà¨æë (2.3) ¨ á®¯®áâ ¢¨âì ª ¦¤®¬ã ¨§ ­¨å á®®â¢¥âáâ¢ãîé¨¥
¤¨ £à ¬¬ë �¥©­¬ ­ .

� ¤ ç  2.4. �«ï á¯¨­®à­®© í«¥ªâà®¤¨­ ¬¨ª¨ (1.2) ¢ë¯¨á âì ¯¥à¢ë¥ âà¨ ç«¥­  à §«®¦¥­¨ï
(n = 1, 2, 3) S ¬ âà¨æë (2.3) ¨ á®¯®áâ ¢¨âì ª ¦¤®¬ã ¨§ ­¨å á®®â¢¥âáâ¢ãîé¨¥ ¤¨ -
£à ¬¬ë �¥©­¬ ­ .

� ¤ ç  2.5. �«ï åà®¬®¤¨­ ¬¨ª¨ (1.10) á ãç¥â®¬ ¯®«¥© ¤ãå®¢ Lghost = ∂µ�ωa(δab∂µ−gfabcA
c
µ)ωb

¢ë¯¨á âì ¯¥à¢ë¥ âà¨ ç«¥­  à §«®¦¥­¨ï (n = 1, 2, 3) S ¬ âà¨æë (2.3) ¨ á®¯®áâ ¢¨âì
ª ¦¤®¬ã ¨§ ­¨å á®®â¢¥âáâ¢ãîé¨¥ ¤¨ £à ¬¬ë �¥©­¬ ­ .
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�¥ªæ¨ï 3. � áå®¤¨¬®áâ¨ ¢ ª¢ ­â®¢®© â¥®à¨¨ ¯®«ï ¨ ¬¥â®¤ë ¨å
ãáâà ­¥­¨ï.

� ¤ ç  3.1. �«ï â¥®à¨¨ áª «ïà­®£® ¯®«ï á Lint(x) = hϕ4(x) ¯®ª § âì, çâ® ¬ âà¨ç­ë¥ í«¥-
¬¥­âë ¯à®æ¥áá  à áá¥ï­¨ï 2 → 2 ¢ ¯¥à¢®¬ (M1, �¨á. 1 A) ¨ ¢â®à®¬ (M2, �¨á. 1 B)
¯®àï¤ª å â¥®à¨¨ ¢®§¬ãé¥­¨© ¨¬¥îâ ¢¨¤:

M1 = ih

(2π)2
δ(4)(p1 + p2 − k1 − k2)

4
√

p0
1 p0

2 k0
1 k0

2
, M2 = −M1

h

(4π)2 I(k1 + k2), (3.1)

£¤¥ p0 =
√

m2 + ~p 2 ¨

I(k) = i

π2

∫
d4p

[m2 − p2][m2 − (p− k)2] . (3.2)

�¤¥áì ¨ ¤ «¥¥ ¢ ¯à®¯ £ â®à å áª «ïà­®£® ¯®«ï ¯®¤à §ã¬¥¢ ¥âáï, çâ® ¬ áá  ¨¬¥¥â ¡¥á-
ª®­¥ç­® ¬ «ãî ¬­¨¬ãî ¤®¡ ¢ªã −iε.

A

p1
p2

k1
k2 B

p1
p2

k1
k2

q1
q2

�¨áã­®ª 1: �à®æ¥áá à áá¥ï­¨ï 2 → 2 ¢ ¯¥à¢®¬ (A) ¨ ¢â®à®¬ (B) ¯®àï¤ª å â¥®à¨¨ ¢®§¬ãé¥­¨©
¢ áª «ïà­®© â¥®à¨¨ á Lint(x) = hϕ4(x).

� ¤ ç  3.2. �®ª § âì, çâ® ¢ à §¬¥à­®© à¥£ã«ïà¨§ æ¨¨ ¨­â¥£à « I(k) (3.2) ¯à¨­¨¬ ¥â ¢¨¤

reg I(k) = i

π2 µ2ε

∫
d4−2εp

[m2 − p2][m2 − (p− k)2]

' −1
ε

+ γE − ln(4π) +
1∫

0

ln
[
m2 − x(1− x)k2

µ2

]
dx +O(ε), ε → 0+, (3.3)

£¤¥ µ { â®çª  ­®à¬¨à®¢ª¨ (¯à®¨§¢®«ì­ë© ¯®«®¦¨â¥«ì­ë© ¯ à ¬¥âà à §¬¥à­®áâ¨
¬ ááë), γE ' 0.577 { ¯®áâ®ï­­ ï �©«¥à . �ª § ­¨¥: ¤«ï ¢ëç¨á«¥­¨ï ¨¬¯ã«ìá­®£®
¨­â¥£à «  ¨á¯®«ì§®¢ âì α{¯à¥¤áâ ¢«¥­¨¥.

� ¤ ç  3.3. �®ª § âì, çâ® ¢ à¥£ã«ïà¨§ æ¨¨ � ã«¨{�¨«« àá  ¨­â¥£à « I(k) (3.2) ¯à¨­¨¬ ¥â
¢¨¤

reg I(k) = i

π2

∫ [ 1
m2 − p2 −

1
M2 − p2

][ 1
m2 − (p− k)2 −

1
M2 − (p− k)2

]
d4p

' − ln
(

M2

µ2

)
+

1∫

0

ln
[
m2 − x(1− x)k2

µ2

]
dx +O

( 1
M2

)
, M2 →∞, (3.4)

£¤¥ µ { â®çª  ­®à¬¨à®¢ª¨.
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� ¤ ç  3.4. �®ª § âì, çâ® ¢ ä¥©­¬ ­®¢áª®© à¥£ã«ïà¨§ æ¨¨ (\¯« ¢­®¥ ®¡à¥§ ­¨¥") ¨­â¥£à «
I(k) (3.2) ¯à¨­¨¬ ¥â ¢¨¤

reg I(k) = i

π2

∫ �2

�2 − p2
d4p

[m2 − p2][m2 − (p− k)2]

' − ln
(�2

µ2

)
+

1∫

0

ln
[
m2 − x(1− x)k2

µ2

]
dx + 1 +O

( 1
�2

)
, �2 →∞, (3.5)

£¤¥ µ { â®çª  ­®à¬¨à®¢ª¨.

� ¤ ç  3.5. �ëç¨á«¨âì ¨­â¥£à « I(k) (3.2) ¢  ­ «¨â¨ç¥áª®© à¥£ã«ïà¨§ æ¨¨

reg I(k) = i

π2

∫
d4p

[m2 − p2]1+α [m2 − (p− k)2]1+α
, α → 0+. (3.6)

�¥ªæ¨ï 4. �¥â®¤ à¥­®à¬£àã¯¯ë ¢ ª¢ ­â®¢®© åà®¬®¤¨­ ¬¨ª¥.

� ¤ ç  4.1. �®ª § âì, çâ® ¢ £«î®¤¨­ ¬¨ª¥ (â.¥., ¢ ®âáãâáâ¢¨¥ ª¢ àª®¢ëå ¯®«¥©)

Lgl = −1
4
(
∂µAν − ∂νAµ − g[Aµ, Aν ]

)2 (4.1)

¢ëç¨á«¥­¨¥ ®¤­®¯¥â«¥¢ëå ¯®¯à ¢®ª ª £«î®­­®¬ã ¯à®¯ £ â®àã ¨ ¢¥àè¨­ ¬ âà¥å£«î®­-
­®£® ¨ ç¥âëà¥å£«î®­­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¯à¨¢®¤¨â ª á«¥¤ãîé¨¬ ª®­âàç«¥­ ¬ ¢ Lgl:

L(1)
gl = −1

4
{

(z2 − 1)(∂µAν − ∂νAµ)2 − 2g(z1 − 1)(∂µAν − ∂νAµ)[Aµ, Aν ]

+ (z2
1z
−1
2 − 1)g2[Aµ, Aν ]2

}
, (4.2)

£¤¥
z1 = 1 + g2

12π2 ln
(

M2

µ2

)
, z2 = 1 + 5g2

24π2 ln
(

M2

µ2

)
. (4.3)

�ª § ­¨¥: ¨á¯®«ì§®¢ âì à¥£ã«ïà¨§ æ¨î � ã«¨{�¨«« àá .

� ¤ ç  4.2. �®ª § âì, çâ® ®¡é¥¥ à¥è¥­¨¥ á¨áâ¥¬ë ¤¨ää¥à¥­æ¨ «ì­ëå ãà ¢­¥­¨© à¥­®à¬-
£àã¯¯ë

(
∂

∂ lnκ − β(g) ∂

∂g
− ψ2(g)

)
D(κ~x, g) = 0, (4.4)

(
∂

∂ lnκ − β(g) ∂

∂g
− ψ3(g)

)
�3(κ~x1,κ~x2,κ~x3, g) = 0, (4.5)

(
∂

∂ lnκ − β(g) ∂

∂g

)
�g(κ, g) = 0 (4.6)

¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­® ¢ ¢¨¤¥

�n(κ~xi, g) = �n(~xi, �g) exp





κ∫

1

ψn

[
�g(κ′, g)

]dκ′

κ′



, (4.7)
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£¤¥
ψn(g) = ∂�n(t, g)

∂t

∣∣∣∣
t=1

, β(g) = ∂�g(t, g)
∂t

∣∣∣∣
t=1

. (4.8)

� ¤ ç  4.3. �ë¯¨á âì ¬ âà¨ç­ë© í«¥¬¥­â, á®®â¢¥âáâ¢ãîé¨© ¤¨ £à ¬¬¥, ¯à¥¤áâ ¢«¥­­®©
­  �¨á. 2 A, ¨ ¯®ª § âì, çâ®

�(1)
µν (k2) = i

( g

4π

)2 2
3nf

(
gµνk

2 − kµkν

)[1
ε
− ln

(
k2

µ2

)
+ const

]
, (4.9)

£¤¥ nf { ç¨á«®  ªâ¨¢­ëå ª¢ àª®¢. �ª § ­¨¥: ¨á¯®«ì§®¢ âì ä¥©­¬ ­®¢áªãî ¯ à ¬¥âà¨-
§ æ¨î, à §¬¥à­ãî à¥£ã«ïà¨§ æ¨î ¨ áç¨â âì ¢á¥ ª¢ àª¨ ¡¥§¬ áá®¢ë¬¨.

� ¤ ç  4.4. �ë¯¨á âì ¬ âà¨ç­ë© í«¥¬¥­â, á®®â¢¥âáâ¢ãîé¨© ¤¨ £à ¬¬¥, ¯à¥¤áâ ¢«¥­­®©
­  �¨á. 2 B, ¨ ¯®ª § âì, çâ®

�(2)
µν (k2) = i

( g

4π

)2 Nc
12

(−19gµνk
2 + 22kµkν

)[1
ε
− ln

(
k2

µ2

)
+ const

]
, (4.10)

£¤¥ Nc = 3 { ç¨á«® æ¢¥â®¢. �ª § ­¨¥: ¨á¯®«ì§®¢ âì ¢ëà ¦¥­¨¥ ¤«ï £«î®­­®£® ¯à®¯ -
£ â®à  ¢ ª®¢ à¨ ­â­®© ª «¨¡à®¢ª¥.

� ¤ ç  4.5. �ë¯¨á âì ¬ âà¨ç­ë© í«¥¬¥­â, á®®â¢¥âáâ¢ãîé¨© ¤¨ £à ¬¬¥, ¯à¥¤áâ ¢«¥­­®©
­  �¨á. 2 C, ¨ ¯®ª § âì, çâ®

�(3)
µν (k2) = i

( g

4π

)2 Nc
12

(−gµνk
2 − 2kµkν

)[1
ε
− ln

(
k2

µ2

)
+ const

]
. (4.11)

� ¤ ç  4.6. �ë¯¨á âì ¬ âà¨ç­ë© í«¥¬¥­â, á®®â¢¥âáâ¢ãîé¨© ¤¨ £à ¬¬¥, ¯à¥¤áâ ¢«¥­­®©
­  �¨á. 2 D, ¨ ¯®ª § âì, çâ® ¢ ª®¢ à¨ ­â­®© ª «¨¡à®¢ª¥ �(4)

µν (k2) = 0.

� ¤ ç  4.7. �ë¯¨á âì ¬ âà¨ç­ë¥ í«¥¬¥­âë, á®®â¢¥âáâ¢ãîé¨¥ ¤¨ £à ¬¬ ¬, ¯à¥¤áâ ¢«¥­-
­ë¬ ­  �¨á. 2 E ¨ �¨á. 2 F, ¨ ¯®ª § âì, çâ® ¢ ¯à¨¡«¨¦¥­¨¨ ¡¥§¬ áá®¢ëå ª¢ àª®¢ ¨å
á®¢®ªã¯­ë© ¢ª« ¤ ¢ ¢¥àè¨­­ãî äã­ªæ¨î ¨¬¥¥â ¢¨¤

�µ(k2) = gγµ
λ

2 i
( g

4π

)2
(

Nc − 4
3

)[1
ε
− ln

(
k2

µ2

)
+ const

]
. (4.12)

�ª § ­¨¥: ¢ë¡à âì ¨¬¯ã«ìáë, ãª § ­­ë¥ ­  à¨áã­ª¥.

� ¤ ç  4.8. �ë¯¨á âì ¬ âà¨ç­ë© í«¥¬¥­â, á®®â¢¥âáâ¢ãîé¨© ¤¨ £à ¬¬¥, ¯à¥¤áâ ¢«¥­­®©
­  �¨á. 2 G, ¨ ¯®ª § âì, çâ® ¢ ¯à¨¡«¨¦¥­¨¨ ¡¥§¬ áá®¢ëå ª¢ àª®¢

�(k2) = ik̂
( g

4π

)2 4
3

[1
ε
− ln

(
k2

µ2

)
+ const

]
. (4.13)

� ¤ ç  4.9. � à ¬ª å â¥®à¨¨ ¢®§¬ãé¥­¨© ¯®ª § âì, çâ® ¯¥à¥­®à¬¨à®¢ ­­ ï ª®­áâ ­â 
á¢ï§¨ á¨«ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢ ®¤­®¯¥â«¥¢®¬ ¯à¨¡«¨¦¥­¨¨ ¨¬¥¥â ¢¨¤

�g = g

[
1 +

( g

4π

)2 β0
2 ln

(
k2

µ2

)]
, (4.14)

£¤¥ β0 = 11Nc/3 − 2nf/3. �®ª § âì, çâ® á®®â¢¥âáâ¢ãîé ï β äã­ªæ¨ï (4.8) ¯à¨­¨¬ ¥â
¢¨¤

β(g) = −g
( g

4π

)2
β0. (4.15)
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A

k
a; �

k
b; �

k + q
q

B

k
a; �

k
b; �

k + qd; �
q
; �

C

k
a; �

k
b; �

k + q
q

D

k
a; �

k
b; �

E

kk + q q
qk 0

F

kq k + q
q0 k

G k kq
k + q

�¨áã­®ª 2: �¤­®¯¥â«¥¢ë¥ ¯®¯à ¢ª¨ ª £«î®­­®¬ã ¯à®¯ £ â®àã (A{D), ¢¥àè¨­¥ ª¢ àª{
£«î®­­®£® ¢§ ¨¬®¤¥©áâ¢¨ï (E, F), ¨ ª¢ àª®¢®¬ã ¯à®¯ £ â®àã (G).

�¥ªæ¨ï 5. �­¢ à¨ ­â­ë© § àï¤ ¨  á¨¬¯â®â¨ç¥áª ï á¢®¡®¤  ¢ ���.

� ¤ ç  5.1. �®ª § âì, çâ® ¯¥àâãà¡ â¨¢­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï à¥­®à¬£àã¯¯ë (4.6) ¤«ï ¨­-
¢ à¨ ­â­®£® § àï¤  ��� αs(Q2) = g2(Q2)/(4π)

d ln α
(`)
s (µ2)

d ln µ2 = −
`−1∑
j=0

βj

[
α

(`)
s (µ2)
4π

]j+1

(5.1)
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¢ ®¤­®¯¥â«¥¢®¬ ¯à¨¡«¨¦¥­¨¨ (` = 1) ¨¬¥¥â ¢¨¤

α(1)
s (Q2) = 4π

β0

1
ln z

, z = Q2

�2 . (5.2)

� ©â¨ § ¢¨á¨¬®áâì ¬ áèâ ¡­®£® ¯ à ¬¥âà  � ®â â®çª¨ ­®à¬¨à®¢ª¨ Q2
0 ¨ ®â §­ ç¥-

­¨ï α
(1)
s (Q2

0). �ª § ­¨¥: à §¤¥«¨âì ¯¥à¥¬¥­­ë¥ ¢ ãà ¢­¥­¨¨ (5.1) ¨ ¯à®¨­â¥£à¨à®¢ âì
à¥§ã«ìâ â ¢ ª®­¥ç­ëå ¯à¥¤¥« å.

� ¤ ç  5.2. �®ª § âì, çâ® à¥è¥­¨¥ ãà ¢­¥­¨ï à¥­®à¬£àã¯¯ë ¤«ï ¨­¢ à¨ ­â­®£® § àï¤ 
��� (5.1) ¢ ¤¢ãå¯¥â«¥¢®¬ ¯à¨¡«¨¦¥­¨¨ (` = 2) ¨¬¥¥â ¢¨¤

α(2)
s (Q2) = −4π

β0

1
B1

1
1 + W−1

{− exp
[−(

1 + B−1
1 ln z

)]} , Bj = βj

βj+1
0

, (5.3)

£¤¥ W−1(x) ®¡®§­ ç ¥â á®®â¢¥âáâ¢ãîéãî ¢¥â¢ì W{äã­ªæ¨¨ � ¬¡¥àâ , ª®â®à ï ®¯à¥¤¥-
«ï¥âáï ãà ¢­¥­¨¥¬ Wk(x) exp[Wk(x)] = x. � ©â¨ § ¢¨á¨¬®áâì ¬ áèâ ¡­®£® ¯ à ¬¥âà  �
®â â®çª¨ ­®à¬¨à®¢ª¨ Q2

0 ¨ ®â §­ ç¥­¨ï α
(2)
s (Q2

0). �®ª § âì, çâ® ¢ ¯à¥¤¥«¥ Q2 → ∞ ¡¥-
£ãé ï ª®­áâ ­â  á¢ï§¨ (5.3) ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­  ¢ ¢¨¤¥

α(2)
s (Q2) ' 4π

β0

[ 1
ln z

−B1
ln(ln z)

ln2 z

]
. (5.4)

� ¤ ç  5.3. �®ª § âì, çâ® ¢ ¯à¥¤¥«¥ Q2 → ∞ ¨â¥à â¨¢­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï à¥­®à¬-
£àã¯¯ë ¤«ï ¨­¢ à¨ ­â­®£® § àï¤  ��� (5.1) ¢ âà¥å¯¥â«¥¢®¬ ¯à¨¡«¨¦¥­¨¨ (` = 3)
¨¬¥¥â ¢¨¤

α(3)
s (Q2) ' 4π

β0

[ 1
ln z

−B1
ln(ln z)

ln2 z
+ 1

ln3z

{
B2

1

[
ln2(ln z)− ln(ln z)− 1

]
+ B2

}]
. (5.5)

�¥ªæ¨ï 6. � àâ®­­ ï ¬®¤¥«ì.

� ¤ ç  6.1. �ë¯¨á âì ¬ âà¨ç­ë© í«¥¬¥­â, á®®â¢¥âáâ¢ãîé¨© ¯à®æ¥ááã ã¯àã£®£® à áá¥ï­¨ï
í«¥ªâà®­  ­  â®ç¥ç­®¯®¤®¡­®¬ ¯à®â®­¥ (�¨á. 3 A), ¨ ¯®ª § âì, çâ® ®­ ¬®¦¥â ¡ëâì ¯à¥¤-
áâ ¢«¥­ ¢ ¢¨¤¥

|Mif |2 = e4

Q4 Lµν(k, k′,m)Lµν(P, P ′,M), (6.1)

£¤¥ Q2 = −q2 = −(k − k′)2 > 0 { ª¢ ¤à â ¯¥à¥¤ ­­®£® ¨¬¯ã«ìá  (¯à®áâà ­áâ¢¥­­®{
¯®¤®¡­ ï ®¡« áâì) ¨

Lµν(k, k′,m) = 2
[
kµk

′
ν + kνk

′
µ − gµν(kk′ −m2)

]
. (6.2)

� ¤ ç  6.2. �®ª § âì, çâ® ¤¨ää¥à¥­æ¨ «ì­®¥ á¥ç¥­¨¥ ã¯àã£®£® «¥¯â®­{¯à®â®­­®£® à áá¥-
ï­¨ï (�¨á. 3 A) ¨¬¥¥â ¢¨¤

dσ

dQ2 = 2πα2

Q4

[
1 + (1− y)2 − M2y

kP

]
' 4πα2

Q4 ¯à¨ y → 0, (6.3)

£¤¥ α = e2/(4π) ¨ y = (qP )/(kP ).
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A

k k0
q

P P 0
B

k k0
q

P 9>>>>>>=>>>>>>;  ¤à®­ë
�¨áã­®ª 3: �à®æ¥ááë ã¯àã£®£® (A) ¨ £«ã¡®ª®­¥ã¯àã£®£® (B) «¥¯â®­{­ãª«®­­®£® à áá¥ï­¨ï.

� ¤ ç  6.3. �áå®¤ï ¨§ ãá«®¢¨© «®à¥­æ{¨­¢ à¨ ­â­®áâ¨, íà¬¨â®¢®áâ¨, ç¥â­®áâ¨ ¨ ª «¨¡-
à®¢®ç­®© ¨­¢ à¨ ­â­®áâ¨ â¥­§®à  Wµν , ®¯¨áë¢ îé¥£® ¯à®â®­­ãî ¢¥àè¨­ã ¯à®æ¥áá 
£«ã¡®ª®­¥ã¯àã£®£® à áá¥ï­¨ï (�¨á. 3 B), ¯®ª § âì, çâ® â¥­§®à Wµν ¬®¦¥â ¡ëâì ¯à¥¤-
áâ ¢«¥­ ¢ ¢¨¤¥

Wµν(P, q) = −W1(P, q)
(

gµν − qµqν

q2

)
+ W2(P, q)

M2
p

(
Pµ − Pq

q2 qµ

)(
Pν − Pq

q2 qν

)
, (6.4)

£¤¥ W1(P, q) ¨ W2(P, q) { ­¥ª®â®àë¥ à¥ «ì­ë¥ áª «ïà­ë¥ äã­ªæ¨¨, ®¯¨áë¢ îé¨¥ ¢­ãâ-
à¥­­îî áâàãªâãàã ¯à®â®­ .

� ¤ ç  6.4. �®ª § âì, çâ® ¢ à ¬ª å ¯ àâ®­­®© ¬®¤¥«¨ ª¢ ¤à â ¬ âà¨ç­®£® í«¥¬¥­â  £«ã-
¡®ª®­¥ã¯àã£®£® «¥¯â®­{­ãª«®­­®£® à áá¥ï­¨ï (�¨á. 3 B) ¨¬¥¥â ¢¨¤

|Mif |2 = e4

Q4
4(kP )

y

[
xy2W1(P, q) + W2(P, q) ν

Mp

(
1− y − M2

p

Q2 x2y2
)]

, (6.5)

£¤¥ x = Q2/(2Pq) { ç áâì ¨¬¯ã«ìá  ­ãª«®­ , ª®â®àãî ­¥á¥â ¢§ ¨¬®¤¥©áâ¢ãîé¨© á
ä®â®­®¬ ¯ àâ®­ ¨ ν = Pq/Mp.

� ¤ ç  6.5. � à ¬ª å ¯ àâ®­­®© ¬®¤¥«¨ ¢ë¢¥áâ¨ ä®à¬ã«ã ¤«ï ¤¨ää¥à¥­æ¨ «ì­®£® á¥ç¥­¨ï
¯à®æ¥áá  £«ã¡®ª®­¥ã¯àã£®£® «¥¯â®­{­ãª«®­­®£® à áá¥ï­¨ï (�¨á. 3 B)

dσ

dx dQ2 = 4πα2

Q4

[
y2F1(x,Q2) + F2(x,Q2)

x

(
1− y − M2

p

s
xy

)]

' 4πα2

Q4
F2(x,Q2)

x
¯à¨ s →∞, (6.6)

£¤¥ s = (k + P )2 { ª¢ ¤à â ¯®«­®© í­¥à£¨¨ «¥¯â®­  ¨ ­ãª«®­  ¢ á¨áâ¥¬¥ æ¥­âà  ¬ áá,  
F1 = W1 ¨ F2 = νW2/Mp { áâàãªâãà­ë¥ äã­ªæ¨¨ ¯à®â®­ .
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�¥ªæ¨ï 7. �«¥ªâà®­{¯®§¨âà®­­ ï  ­­¨£¨«ïæ¨ï ¢  ¤à®­ë.

� ¤ ç  7.1. � ©â¨ á¥ç¥­¨¥ ¯à®æ¥áá  í«¥ªâà®­{¯®§¨âà®­­®©  ­­¨£¨«ïæ¨¨ ¢ µ+µ− (�¨á. 4 A).

� ¤ ç  7.2. �®ª § âì, çâ® á¥ç¥­¨¥ ¯à®æ¥áá  í«¥ªâà®­{¯®§¨âà®­­®©  ­­¨£¨«ïæ¨¨ ¢  ¤à®­ë
(�¨á. 4 B) ¨¬¥¥â ¢¨¤

σ = 4π2 2α2

s3 Lµν�µν , (7.1)

£¤¥ s = q2 = (p1 + p2)2 > 0 { ª¢ ¤à â ¯®«­®© í­¥à£¨¨ í«¥ªâà®­  ¨ ¯®§¨âà®­  ¢ á¨áâ¥¬¥
æ¥­âà  ¬ áá (¢à¥¬¥­¨{¯®¤®¡­ ï ®¡« áâì). � ãà ¢­¥­¨¨ (7.1) Lµν { «¥¯â®­­ë© â¥­§®à:

Lµν = 1
2
[
qµqν − gµνq

2 − (p1 − p2)µ(p1 − p2)ν

]
, (7.2)

�µν {  ¤à®­­ë© â¥­§®à:

�µν = (2π)4
∑

�
δ(p1 + p2 − p�) 〈0|Jµ(−q)|�〉〈�|Jν(q)|0〉, (7.3)

� { ª®­¥ç­®¥  ¤à®­­®¥ á®áâ®ï­¨¥, Jµ { í«¥ªâà®¬ £­¨â­ë© â®ª ª¢ àª®¢:

Jµ =
nf∑

f=1
Qf : �qγµq : (7.4)

¨ Qf ®¡®§­ ç ¥â § àï¤ ª¢ àª   à®¬ â  f ¢ ¥¤¨­¨æ å § àï¤  í«¥ªâà®­ . �ª § ­¨¥:
áç¨â âì í«¥ªâà®­ ¡¥§¬ áá®¢ë¬.

A

p1
p2

k1
k2

qe�
e+

��
�+
; Z0

B

p1
p2

qe�
e+ 
; Z0

9>>>>>>>>>>>>>>>=>>>>>>>>>>>>>>>;
 ¤à®­ë

�¨áã­®ª 4: �à®æ¥ááë í«¥ªâà®­{¯®§¨âà®­­®©  ­­¨£¨«ïæ¨¨ ¯® í«¥ªâà®á« ¡®¬ã (A) ¨ á¨«ì-
­®¬ã (B) ª ­ « ¬.

� ¤ ç  7.3. �®ª § âì, çâ®  ¤à®­­ë© â¥­§®à �µν (7.3) ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­ ¢ ¢¨¤¥ �µν =
2 Im �µν , £¤¥

�µν(q2) = i

∫
eiqx 〈0 |T{Jµ(x) Jν(0)}| 0〉 d4x = (qµqν − gµνq

2)�(q2). (7.5)

� ¤ ç  7.4. �ë¢¥áâ¨ ¤¨á¯¥àá¨®­­®¥ á®®â­®è¥­¨¥ ¤«ï  ¤à®­­®© äã­ªæ¨¨ ¯®«ïà¨§ æ¨¨ ¢ -
ªãã¬  �(q2) (7.5)

�(q2) = �(s′)− (
q2 − s′

) ∞∫

4m2
π

R(s)
(s− q2)(s− s′) ds, (7.6)
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£¤¥ mπ = (134.9766± 0.0006) �í� { ¬ áá  π0 ¬¥§®­  («¥£ç ©è¥£®  ¤à®­­®£® á®áâ®ï­¨ï).
� ¯®¤¨­â¥£à «ì­®¬ ¢ëà ¦¥­¨¨ (7.6) äã­ªæ¨ï R(s) ®¡®§­ ç ¥â R{®â­®è¥­¨¥ í«¥ªâà®­{
¯®§¨âà®­­®©  ­­¨£¨«ïæ¨¨ ¢  ¤à®­ë

R(s) = 1
2πi

lim
ε→0+

[�(s− iε)− �(s + iε)] = σ (e+e− →  ¤à®­ë; s)
σ (e+e− → µ+µ−; s) . (7.7)

�ª § ­¨¥: ¨á¯®«ì§®¢ âì ¨­â¥£à «ì­ãî ä®à¬ã«ã �®è¨ á ¢ëç¨â ­¨¥¬.

� ¤ ç  7.5. �«ï D{äã­ªæ¨¨ �¤«¥à 

D(Q2) = d �(−Q2)
d ln Q2 (7.8)

¢ë¢¥áâ¨ ¤¨á¯¥àá¨®­­®¥ á®®â­®è¥­¨¥

D(Q2) = Q2
∞∫

4m2
π

R(s)
(s + Q2)2 ds. (7.9)

�®ª § âì, çâ® ®¡à â­®¥ ª (7.9) ¨­â¥£à «ì­®¥ á®®â­®è¥­¨¥ ¬¥¦¤ã ¢¥«¨ç¨­ ¬¨ D(Q2) ¨
R(s) ¨¬¥¥â ¢¨¤

R(s) = 1
2πi

lim
ε→0+

s−iε∫

s+iε

D(−ζ) dζ

ζ
, (7.10)

£¤¥ ª®­âãà ¨­â¥£à¨à®¢ ­¨ï ¢ ª®¬¯«¥ªá­®© ζ-¯«®áª®áâ¨ «¥¦¨â ¢ ®¡« áâ¨  ­ «¨â¨ç­®áâ¨
¯®¤¨­â¥£à «ì­®£® ¢ëà ¦¥­¨ï (7.10).

� ¤ ç  7.6. � à ¬ª å â¥®à¨¨ ¢®§¬ãé¥­¨© ¯®ª § âì, çâ® D{äã­ªæ¨ï �¤«¥à  (7.8) ¢ ®¤­®-
¯¥â«¥¢®¬ ¯à¨¡«¨¦¥­¨¨ ¨¬¥¥â ¢¨¤

D
(1)
pert(Q2) = Nc

nf∑

f=1
Q2

f

[
1 + 1

π
α(1)

s (Q2)
]
, (7.11)

£¤¥ ¡¥£ãé ï ª®­áâ ­â  á¢ï§¨ α
(1)
s (Q2) ®¯à¥¤¥«¥­  ¢ (5.2). � ¯®¬®éìî ¨­â¥£à «ì­®£® á®-

®â­®è¥­¨ï (7.10) ¯®ª § âì, çâ® äã­ªæ¨ï R(s), á®®â¢¥âáâ¢ãîé ï D
(1)
pert(Q2) (7.11), ¨¬¥¥â

¢¨¤

R
(1)
pert(s) = Nc

nf∑

f=1
Q2

f

[
1 + 1

π
α̂(1)

s (s)
]
, (7.12)

£¤¥
α̂(1)

s (s) = 4π

β0

[1
2 −

1
π

arctg
( ln w

π

)]
, w = s

�2 . (7.13)

�®ª § âì, çâ® ¢ ã«ìâà ä¨®«¥â®¢®¬ ¯à¥¤¥«¥ s →∞ ãà ¢­¥­¨¥ (7.12) ¯à¨­¨¬ ¥â ¢¨¤

R
(1)
pert(s) ' Nc

nf∑

f=1
Q2

f

[
1 + 1

π
α(1)

s (|s|)− π

3

(
β0
4π

)2[
α(1)

s (|s|)]3 +O
{[

α(1)
s (|s|)]5

}]
. (7.14)

� ¤ ç  7.7. �áå®¤ï ¨§ íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå ª®«« ¡®à æ¨¨ CLEO R(s0) = 3.56 ±
0.01 (stat.) ± 0.07 (syst.), √s0 = 10.52 �í� (nf = 4) ®æ¥­¨âì §­ ç¥­¨¥ ¬ áèâ ¡­®£® ¯ -
à ¬¥âà  � ¢ ®¤­®¯¥â«¥¢®¬ ¯à¨¡«¨¦¥­¨¨.
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�¥ªæ¨ï 8. �­ª«î§¨¢­ë© à á¯ ¤ τ «¥¯â®­ .

� ¤ ç  8.1. � ©â¨ è¨à¨­ã à á¯ ¤  τ «¥¯â®­  ¯® í«¥ªâà®á« ¡®¬ã ª ­ «ã (�¨á. 5 A).

� ¤ ç  8.2. �®ª § âì, çâ® á¨«ì­ ï ¯®¯à ¢ª  �QCD ª ¨§¬¥àï¥¬®¬ã ­  íªá¯¥à¨¬¥­â¥ ®â­®è¥-
­¨î ¤¢ãå è¨à¨­ à á¯ ¤  τ «¥¯â®­ 

Rτ = �(τ− → ντ  ¤à®­ë)
�(τ− → ντ e− �νe)

= Rτ,V + Rτ,A + Rτ,S

= Nc
(|Vud|2 + |Vus|2

)
SEW

(
�QCD + δ′EW

)
(8.1)

¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­  ¢ ¢¨¤¥

�QCD = 2
M2

τ∫

0

(
1− s

M2
τ

)2(
1 + 2 s

M2
τ

)
R0(s) ds

M2
τ

, (8.2)

£¤¥ Mτ = 1.777 �í� { ¬ áá  τ «¥¯â®­ ,

R0(s) = R(s)
[
Nc

nf∑

f=1
Q2

f

]−1

, (8.3)

  R(s) ®¯à¥¤¥«¥­® ¢ (7.7). � ãà ¢­¥­¨¨ (8.1) |Vud| = 0.97377± 0.00027 ¨ |Vus| = 0.2257±
0.0021 { í«¥¬¥­âë ¬ âà¨æë � ¡¨¡¡®{�®¡ ïè¨{� áª ¢ ,   SEW = 1.0194 ± 0.0050 ¨
δ′EW = 0.0010 { í«¥ªâà®á« ¡ë¥ ¯®¯à ¢ª¨.

A

�� ��
W�

��e e� B

�� ��
W�

| {z }  ¤ à ® ­ ë
�¨áã­®ª 5: �à®æ¥ááë à á¯ ¤  τ «¥¯â®­  ¯® í«¥ªâà®á« ¡®¬ã (A) ¨ á¨«ì­®¬ã (B) ª ­ « ¬.

� ¤ ç  8.3. � à ¬ª å â¥®à¨¨ ¢®§¬ãé¥­¨© ¯®ª § âì, çâ® ¢ ®¤­®¯¥â«¥¢®¬ ¯à¨¡«¨¦¥­¨¨ ¢¥«¨-
ç¨­  Rτ,V (8.1), á®®â¢¥âáâ¢ãîé ï à á¯ ¤ã τ «¥¯â®­  ¯® ¢¥ªâ®à­®¬ã ª ­ «ã á ãç áâ¨¥¬
â®«ìª® «¥£ª¨å (u, d) ª¢ àª®¢, ¬®¦¥â ¡ëâì ¯à¥¤áâ ¢«¥­  ¢ ¢¨¤¥

Rτ,V = Nc
2 |Vud|2SEW

[
1 + 1

π
α(1)

s (M2
τ ) + δ′EW

]
. (8.4)
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� ¤ ç  8.4. �áå®¤ï ¨§ íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå ª®«« ¡®à æ¨¨ ALEPH Rτ,V = 1.787 ±
0.011± 0.007 (nf = 2) ®æ¥­¨âì §­ ç¥­¨¥ ¬ áèâ ¡­®£® ¯ à ¬¥âà  � ¢ ®¤­®¯¥â«¥¢®¬ ¯à¨-
¡«¨¦¥­¨¨.

�¥ªæ¨ï 9. �ª« ¤ á¨«ì­ëå ¢§ ¨¬®¤¥©áâ¢¨© ¢ í«¥ªâà®á« ¡ë¥ ¯à®æ¥ááë.

� ¤ ç  9.1. �®ª § âì, çâ® ¢ «¨¤¨àãîé¥¬ ¯®àï¤ª¥ â¥®à¨¨ ¢®§¬ãé¥­¨© ¢ª« ¤ á¨«ì­ëå ¢§ -
¨¬®¤¥©áâ¢¨© ¢  ­®¬ «ì­ë© ¬ £­¨â­ë© ¬®¬¥­â ¬î®­  aµ = (g − 2)µ/2 (�¨á. 6) ¨¬¥¥â
¢¨¤

aHLO
µ = α2

3π2

∞∫

4m2
π

K(s)R(s)ds

s
, (9.1)

£¤¥ R(s) ®¯à¥¤¥«¥­® ¢ (7.7),

K(s) =
1∫

0

x2(1− x)
x2 + (1− x)s/m2

µ

dx, (9.2)

  mµ = 105.658 �í� { ¬ áá  ¬î®­ .

QCD




 
� �
�¨áã­®ª 6: �ª« ¤ á¨«ì­ëå ¢§ ¨¬®¤¥©áâ¢¨© ¢  ­®¬ «ì­ë© ¬ £­¨â­ë© ¬®¬¥­â ¬î®­ .

� ¤ ç  9.2. �®ª § âì, çâ® ¢ª« ¤ á¨«ì­ëå ¢§ ¨¬®¤¥©áâ¢¨© ¢ á¤¢¨£ ¯®áâ®ï­­®© â®­ª®© áâàãª-
âãàë

α(q2) = α0
1−�α(q2) , �α(q2) = α0

3π
�0(q2) (9.3)

­  ¬ áèâ ¡¥ ¬ ááë Z{¡®§®­  ®¯à¥¤¥«ï¥âáï ä®à¬ã«®©:

�α
(5)
had(M2

Z) = −α0
3π

M2
Z

−

∞∫

4m2
π

R(s)
s−M2

Z

ds

s
, (9.4)

£¤¥ α0 = 1/137.036, MZ = (91.1876 ± 0.0021) �í�,   ¨­â¥£à¨à®¢ ­¨¥ ¢ (9.4) ¯®­¨¬ ¥âáï
¢ á¬ëá«¥ £« ¢­®£® §­ ç¥­¨ï. �ª § ­¨¥: ¨á¯®«ì§®¢ âì ¤¨á¯¥àá¨®­­®¥ á®®â­®è¥­¨¥ ¤«ï
 ¤à®­­®© äã­ªæ¨¨ ¯®«ïà¨§ æ¨¨ ¢ ªãã¬  �(q2) (7.6) á ¢ëç¨â ­¨¥¬ ¢ â®çª¥ s′ = 0.
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�¥ªæ¨ï 10. �®­ä ©­¬¥­â: ¯®â¥­æ¨ «ì­ë¥ ¬®¤¥«¨.

� ¤ ç  10.1. �®ª § âì, çâ® ¢ «¨¤¨àãîé¥¬ ¯®àï¤ª¥ â¥®à¨¨ ¢®§¬ãé¥­¨©  ¬¯«¨âã¤  ¯à®æ¥áá 
à áá¥ï­¨ï ª¢ àª  ­   ­â¨ª¢ àª¥ ¢ ­¥à¥«ïâ¨¢¨áâáª®¬ ¯à¥¤¥«¥ ¨¬¥¥â ¢¨¤

Mif (k) = 1
(2π)6

4
3

g2

~k2
, (10.1)

£¤¥ k { ¯¥à¥¤ ­­ë© ¨¬¯ã«ìá.

� ¤ ç  10.2. �®ª § âì, çâ® ¯®â¥­æ¨ « ª¢ àª{ ­â¨ª¢ àª®¢®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢ ¬¥§®­¥, á®-
®â¢¥âáâ¢ãîé¨©  ¬¯«¨âã¤¥ (10.1)

V (x) = −(2π)3
∫

Mif (k) exp(−i~k~x) d3k , (10.2)

¢ áä¥à¨ç¥áª¨{á¨¬¬¥âà¨ç­®¬ á«ãç ¥ ¨¬¥¥â ¢¨¤

V (r) = −4
3

α

r
, (10.3)

£¤¥ α = g2/(4π).

� ¤ ç  10.3. �®ª § âì, çâ® ¯®â¥­æ¨ « ¬¥¦ª¢ àª®¢®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢ ¡ à¨®­¥ ¨¬¥¥â ¢¨¤

V (r) = −2
3

α

r
. (10.4)

�®ª § âì, çâ® ¢§ ¨¬®¤¥©áâ¢¨¥ âà¥å ª¢ àª®¢ ç¥à¥§ âà¥å£«î®­­ãî ¢¥àè¨­ã ­¥ ¤ ¥â
¢ª« ¤  ¢  ¬¯«¨âã¤ã âà¥åç áâ¨ç­®£® à áá¥ï­¨ï.

� ¤ ç  10.4. �®ª § âì, çâ® ¢ áä¥à¨ç¥áª¨{á¨¬¬¥âà¨ç­®¬ á«ãç ¥ ¯®â¥­æ¨ « ª¢ àª{
 ­â¨ª¢ àª®¢®£® ¢§ ¨¬®¤¥©áâ¢¨ï

V (r) = − 8
3π

∞∫

0

α(Q2) sin(Qr)
Qr

dQ, (10.5)

¢ëç¨á«¥­­ë© á ¨á¯®«ì§®¢ ­¨¥¬ íää¥ªâ¨¢­®© ®¤­®¯¥â«¥¢®© ¡¥£ãé¥© ª®­áâ ­âë á¢ï§¨

α
(1)
R (Q2) = 4π

β0

1
ln(1 + Q2/�2) , (10.6)

ï¢«ï¥âáï «¨­¥©­® à áâãé¨¬ ¯à¨ r →∞.

�¥ªæ¨ï 11. �®­ä ©­¬¥­â: ¬®¤¥«ì ¬¥èª®¢.

� ¤ ç  11.1. �®ª § âì, çâ® ­  ¯®¢¥àå­®áâ¨ áâ â¨ç¥áª®£® ª¢ àª®¢®£® ¬¥èª , ª®â®à ï ®¯à¥-
¤¥«ï¥âáï ­®à¬ «ì­ë¬ ª ­¥© ¥¤¨­¨ç­ë¬ ¢¥ªâ®à®¬ ~n, ¤«ï á®¡áâ¢¥­­ëå ¢¥ªâ®à®¢ q+ ¨ q−
®¯¥à â®à  (~n~γ)

(~n~γ)q± = ±iq± (11.1)
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¢ë¯®«­ï¥âáï ãá«®¢¨¥ ®âáãâáâ¢¨ï æ¢¥â®¢®£® â®ª  ç¥à¥§ ¯®¢¥àå­®áâì ¬¥èª 

�q±(~n~γ)q±
∣∣∣
bag

= 0. (11.2)

� ¤ ç  11.2. �®ª § âì, çâ® ª¢ ­âë, ®¯¨áë¢ ¥¬ë¥ á®¡áâ¢¥­­ë¬ ¢¥ªâ®à®¬ q−(x) ®¯¥à â®à 
(~n~γ) (11.1), ï¢«ïîâáï  ­â¨ç áâ¨æ ¬¨ ¯® ®â­®è¥­¨î ª ª¢ ­â ¬, ®¯¨áë¢ ¥¬ë¬ á®¡áâ¢¥­-
­ë¬ ¢¥ªâ®à®¬ q+(x). �ª § ­¨¥: ¨á¯®«ì§®¢ âì á®®â­®è¥­¨¥ ¬¥¦¤ã ¢®«­®¢ë¬¨ äã­ªæ¨-
ï¬¨ ç áâ¨æë q ¨ á®®â¢¥âáâ¢ãîé¥©  ­â¨ç áâ¨æë ~q:

~q(x) = ĈP̂ T̂ q(x), ĈP̂ T̂ q = γ0iγ2
[
iγ1γ3(q)∗

]∗
. (11.3)

� ¤ ç  11.3. �®ª § âì, çâ® ¢ áä¥à¨ç¥áª¨{á¨¬¬¥âà¨ç­®¬ á«ãç ¥ (~n = ~er) ãá«®¢¨¥ ª®­ä ©­-
¬¥­â  æ¢¥â  (11.2) ¨ ãá«®¢¨¥ à ¢¥­áâ¢  ¤ ¢«¥­¨ï ª¢ àª®¢ ­  ¢­ãâà¥­­îî ¯®¢¥àå­®áâì
¬¥èª  à ¤¨ãá  R ¤ ¢«¥­¨î ä¨§¨ç¥áª®£® ¢ ªãã¬  B = (146 �í�)4 ­  ¢­¥è­îî ¯®¢¥àå-
­®áâì ¬¥èª  (¬®¤¥«ì \MIT bag") § ¤ îâáï á¨áâ¥¬®© ãà ¢­¥­¨©





− i (~er~γ) q(x) = q(x)
∣∣∣
|x|=R

,

1
2 (~n~∇)

∑
q

�q(x)q(x)
∣∣∣
|x|=R

= B .
(11.4)

�¥ªæ¨ï 12. �®¯®«®£¨ç¥áª ï áâàãªâãà  ¢ ªãã¬  ¢ ���.

� ¤ ç  12.1. �®ª § âì, çâ® ¢ 4{¬¥à­®¬ ¥¢ª«¨¤®¢®¬ ¯à®áâà ­áâ¢¥{¢à¥¬¥­¨ ãà ¢­¥­¨ï ¤¢¨-
¦¥­¨ï ¤«ï á¨áâ¥¬ë á ¤¥©áâ¢¨¥¬ (ç¨áâ ï £«î®¤¨­ ¬¨ª )

A = − 1
2g2

∫
Tr

[
GµνG

µν
]
d4x (12.1)

¨¬¥îâ ¢¨¤
DµGµν = ∂µGµν +

[
Aµ, Gµν

]
= 0, (12.2)

£¤¥
Gµν = ∂µAν − ∂νAµ +

[
Aµ, Aν

]
. (12.3)

� ¤ ç  12.2. �®ª § âì, çâ® ¤«ï ª «¨¡à®¢®ç­®© £àã¯¯ë SU(2) à¥è¥­¨¥ ãà ¢­¥­¨ï á ¬®¤ã-
 «ì­®áâ¨

Gµν = G̃µν , G̃µν = 1
2 εµναβ Gαβ (12.4)

¢ ¥¢ª«¨¤®¢®¬ ¯à®áâà ­áâ¢¥{¢à¥¬¥­¨ ¨¬¥¥â ¢¨¤

Aµ(x) = −2i
�µν(x− a)ν

|x− a|2 + ρ2 , (12.5)
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£¤¥ 4{¢¥ªâ®à aµ § ¤ ¥â ¯®«®¦¥­¨¥ æ¥­âà  ¨­áâ ­â®­ , ρ { å à ªâ¥à­ë© à §¬¥à ¨­áâ ­-
â®­ , �µν = ηiµνσi/2, �µν = ηiµνσi/2, i = 1, 2, 3,   ηiµν ®¡®§­ ç ¥â á¨¬¢®« 'â �®äâ :

ηiµν =





εiµν , µ, ν = 1, 2, 3
δiµ, ν = 4

−δiν , µ = 4
, ηiµν =





εiµν , µ, ν = 1, 2, 3
−δiµ, ν = 4

δiν , µ = 4
. (12.6)

�ª § ­¨¥: à¥è¥­¨¥ ãà ¢­¥­¨ï (12.4) á«¥¤ã¥â ¨áª âì ¢ ¢¨¤¥

Aµ(x) = i�µν ∂ν
[

ln ϕ(x)
]

(12.7)

¨ ¨á¯®«ì§®¢ âì á¨­£ã«ïà­®¥ ª «¨¡à®¢®ç­®¥ SU(2) ¯à¥®¡à §®¢ ­¨¥ Aµ ⇒ U(Aµ+∂µ)U−1,
£¤¥

U(x) = 1
|x|(x41 + ixiσi). (12.8)

�¤¥áì σi { ¬ âà¨æë � ã«¨, 1 { ¥¤¨­¨ç­ ï ¬ âà¨æ  (2× 2).

� ¤ ç  12.3. �®ª § âì, çâ® à¥è¥­¨¥ (12.5) ¯à¨¢®¤¨â ª â¥­§®àã ­ ¯àï¦¥­­®áâ¨ ¯®«ï

Gµν = 4i
�µν ρ2

(|x− a|2 + ρ2
)2 . (12.9)

�®ª § âì, çâ® ¯à¨ x →∞ à¥è¥­¨¥ (12.5) ¯¥à¥å®¤¨â ¢ \ç¨áâãî ª «¨¡à®¢ªã"

Aµ(x) → U(x)∂µ

[
U−1(x)

]
, x →∞. (12.10)

�®ª § âì, çâ® ¯«®â­®áâì ¤¥©áâ¢¨ï (12.1) ¤«ï à¥è¥­¨© (12.5) «®ª «¨§®¢ ­  ¢¡«¨§¨
æ¥­âà  ¨­áâ ­â®­ 

(
Gµν

)2 = 192ρ4
(|x− a|2 + ρ2

)4 , (12.11)

¨ çâ® ¤¥©áâ¢¨¥ (12.1) ­  à¥è¥­¨¨ (12.5) ¯à¨­¨¬ ¥â ª®­¥ç­®¥ §­ ç¥­¨¥ A = 8π2/g2.

� ¤ ç  12.4. �®ª § âì, çâ® à¥è¥­¨¥ ãà ¢­¥­¨ï  ­â¨á ¬®¤ã «ì­®áâ¨

Gµν = −G̃µν (12.12)

¢ ¥¢ª«¨¤®¢®¬ ¯à®áâà ­áâ¢¥{¢à¥¬¥­¨ ¨¬¥¥â ¢¨¤

Aµ(x) = −2i
�µν(x− a)ν

|x− a|2 + ρ2 . (12.13)

� ©â¨ â¥­§®à ­ ¯àï¦¥­­®áâ¨ £«î®­­®£® ¯®«ï, ¯«®â­®áâì ¤¥©áâ¢¨ï, ¨ ¢ëç¨á«¨âì ¤¥©áâ-
¢¨¥ ­  à¥è¥­¨¨ (12.13).
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