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� � � � � � �  � ! � � � � �"  � � � # �

$ % � � � & �  � & ' � ( % � B ) * + , � � � � � � - �  ! � � B . � � � �  ! � ! ! � � � �  � �

. � � � # � � � �  "
/ �  � � #  0 � � # � # . � � � � � & � � 0 Q2 B �  � �� � � � � �� �  !

� � # . � � � � � � � �� , � � � � �  � � � �  � � 1 � � � � � �   0 � � # � � � �   2 � � 3 � �
4 � � � � � �

�  � 5 "
/  � � � . � � � � �  e−1/αs

2 � � 1 � � � � � � �  Q2

5  � � � � � � � �  "
/   � � � !

� 0 . � , � � � �  � � ᾱs(Q
2) � ᾱs(Q

2)2 � " " " ᾱs(Q
2)k, �  � ! � � �  , � � �

 �  B . � , � � � � � � 6 . �   � �   � � 7

Ak(Q
2)

8 9 k = 1, 2, . . .

% # � & " ( ( Ak(Q
2) � � :  ( " � # + � & � ,

;

& � < � = �> A1(Q) = � � ) � #$ � ) *  ' ( # + :>

?  " + � # � " � #$ � ( @ ) * � � � = ' * + A = � * � � =  ( � = * B

C " � � # ) � - #  ( " � # * + A * % + � * Q ∼ 500 MeV.

^ _̀
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� � � � � � � � � � � �

− 1
k
Ȧk = β0Ak+1 + β1Ak+2 + . . .

2 � 5

� � � 3  � � 3 � � � � . � � � � � 0 � � � � � � �  � � ! � �
" � �" �  ! ! � �  � � ! � � � � �

� � � � � � � � (
� �  0 � � �  βk

0 Ak(Q → UV ) → (αs(Q))k "

� � � � �  � # � � � # � �
� � � � � � 2 � 5 . � � & � ! �  �  � , � � � . �   � � � � � �� � �

� � �  1 � � � � 1 � � � � � � � � � � � �  0 � � � � �  � � 0 � � 0 � � 1 � # �  � "

�
" 1" � � �

� B � � � . � �  �

c1 A1(Q) + c2 A2(Q) + · · · ∼ c1A1(Q−∆Q) + o(A3) ,

, � � �

∆Q ∼ ec2/(c1 β0) .

/  � � � � 0 � � � � ,  � , � , � � � . � �  � � & � � � �

� � � � � �

^ _̀
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) � # ��  % # * + �  � # , - & �  % � � # * . ! . / #  # ! . $ $ # $0

 % # # 1 # �  �2 # 3 4 56 7 8 5 5 8 9 9 :; mgl . 1GeV

� # !2 � � ' .� . � < ! # ' " , .  � !(

) ) % # � # � � � $ �  # /� � "  � -  % # ' % ��  = - ! # # � . ,>  � �

? # !  " ! @ .  � � � % # � !> AB ? C � � / * ! �� � � '
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+ � � " * , � � ' αs(Q) ! # ' " , . ! + , @ # % .2 � � !(
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αs(Q)
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 	 � � �� � � � � � � 
 	 � � �

αlat
s (Q)  � �� � � � � � � � 
 	 � � � � � �  � � � � ! � � "

# � � � � � $ % � !� � � & � % � ' ! � � �� � � ' � � � ( � � � � � �  � �

( � � ) � ! � � ' � � % � � � �� ! � � ' � '  ! � � � � % ) � ! ) % *

) � �� � � � � � ) � + % * , % # � ! � ) % � - � . % � � ) � � � % � ! $ ! * ! � /

 ! � � * ! � � % � ! � � � � � % * � � % � ' ( � � � % � ! � � ' "

� � � ! ' � � % * � � % ' ' � � � � � � � � � � � � � � � ! 0 ) % � ! � �

! � ' � ! � � � $ / � � � � % � � � 1 2 3 4 5 6 7 7 8  ! * * $ � � � � � � ' � � "
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�
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� % ' $ � � � � �� ! ' � � "

' � * �  �  � ) � � ' � � � ) � ! " # # $ % & ( ) # ( � � ' � � � � )

 ! � � � � � % � � � � + $ � � Λ

. 0 � � ! � � � % � % � � � � � mgl ,

 � ! ) �

� � � ! 0 � ' αs(Q)
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� F / = �� 5 / / � = : > > 1 A - - 	 � : . > 1 / . 8

z = Q2/µ2, y = m2/µ2
;

αs(z)
[2]
pt = αs − α2

sA1(z, y) + α3
s

(

A2
1 −A2(z, y)

)

+ . . . ; ,

8 � ;

/ . - 4 - 0 > 1 
 � � �  � 2 3 4 5  7 � �� 2 3 4 5 6 7 � 8 � �� 1 . A : F 1 : . 0 3 = : > > 1 A - <

> 6 =

αs(z)
[2]
rg =

αs

1 + αsA1(z) + αs
A2(z)
A1(z)

ln(1 + αsA1(z))
.

8 � ;

� P N � K � � � O J N �

Λ � T � T R K N K � J� T N J S P
1/β0 αs + ln(Q2/µ2) = ln(Q2/Λ2) ≡ ln x .

� �  

N � J L ! J K I U L

αs(Q
2)[1]rg =

1

β0 L+ β1

β0
lnL

; L = ln
Q2

Λ2

� "  

N � T N J L # $ K P S R J P T N S � % K � � K L K P N T N J S P & S ' W S R R S P ( $ ) K * � � K L L J S PX
9 : ;
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) � % � � � � �  ( � � � � � � * � � � * � � �  ! � � � � � % � � � ' � % $ * �

� % � % � � � � �

ln x → Lξ(x) = ln(ξ + x) , x = Q2

Λ2 .

+ � .

� � � � � � % � � ' ) % * � ' � � � ( � � � 8 : 0 φ = 1/ξ , mgl =
√
ξ Λ

;

Lξ(x) = ln ξ+ln(1+φx) = 1
β0 αs

+ln(1+φx) ; φx = Q2

m2

gl

8 � ;

1 > = / F - : ? - 	6 : 0 -G


 - F - � 0 F : . > 1 0 1 / . 0 / 0 , - 3 5 / . 4 5 / 4 < 7 : . 9 - 2 / F =6 5 : 0 - ? 1 . 0 , -

= . - = / . 1 7 2 / F =
Q2 → Q2 +m2

gl
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� � � � � � * � � � ) % ' � � � � ' � � � & # " ! & � 	
 � � 	
 � 

A2(xφ) = β1 ln(1 + φx)

�
 � � � & �
�

	
 
 ( �
 � � � $ � � � $ 
 � �

� % � ! '

A[2]
1,MPT (x) =

=
αs

1 + αs β0 ln(1 + φx) + αs
β1

β0

ln[1 + αs β0 ln(1 + φx)] .

8 C ;

� � � � � % � Λ[2loop](ξ)

� � � � � � � � ) � � ' � � � � � � � � � � �

Λ[2](5) ∼ 335MeV; Λ[2](10± 2) ∼ 315∓ 10MeV � � � �

 � ! � � " ! � " " � � � � � # � � �

Λ
[3−loops]
nf=3 ∼= 420± 10MeV .

9 $ % �



� � � � � � � � � �	 
 � �  � �
� � � � � �� � �
�

� � � � � � � �  � " �� � � � �  ! � " � !  � �� � " " �� " # � ! �

$ � � " % ! � � " & � � '� (  ' !) � ' * #+ ! ")  � ' $ ,  � ! " % ! -+ " #  � .

� /  + � " # '� 0 + � � /  + � " # '� '  � ! + " � " ' $ $ %� 1 " # '� "

{

Ak,MPT (Q
2)
} 1 '� � � 1 " � � -) � # 2 � ! �� " #+ ! ! � 1 % ! " # '�

! � !+ " # '� 3 � # " & � ' " + " # '� $ ' ! ! ' � � � ! #  + " #  � Ḟ = xF
′

4

− 1
k
Ȧk,MPT = β0Ak+1,MPT (x) + β1Ak+2,MPT (x) + . . . ,

5 6 7 8

" & � "+ * � + " #� " & � � 9 � " " : ( ! ' '   � ! " # '�

− 1
k Ȧk,MPT = β0Ak+1,MPT (x) + . . . ,

3 : : 4

1 ' #� 1 # � � " � # " & " & � : ( ! ' '  � 9

9 $ % ;
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� # " & 	 #� �+ ! " !+ � � $ ' ! *+ " # '� � 	 # 
 � " !+ � � # " # '� " ' " & �

+ � � # & # 	+ " # '� � ( 1 &+ � � � 	 + � � " ' " & � � #� " + � 1 � r (  # 1 " % ! � 9

� �  � � � � � � � � �� � � � � � �  � ��
� � +  + ! " # 1 % 	+ ! 1+ � �

k = 1 � " & #� � #� �� " & �  � � � $ %� 1 " # '�

A2,MPT (x) = (A1,MPT )
2 R(x) ; R(x) =

φx

1 + φx
,

5 6 ! 8

" &+ " " % !� � " ' " � ! ' #� " & � � 	 # * # " � 	 # 
 � " & � � '� � �

- % " � # " & #� # " � � � ! #� + " #� � A′

2,MPT (0) = α2
s φ .

9 $ % ;
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β1 .

$ � � � % �& � �

2β0 A[1]
3,MPT (x) = −2A1,MPT Ȧ1,MPT R(x)−A2

1,MPT Ṙ(x) ,

5 6 ' 8

� � � � � � � ( ) � � � � � * " # + � # � � �& � � % � � � , - + # " + � # � � � �

A[1]
3,MPT (0) = 0; A[1]′

3,MPT (0) = −α2
s φ .

5 6 . 8

/ " ! 0
� � � 1 2 $ 3 + � # � ( # � � � �& � 4 � 5 + � � � � " � � � � � 6 � # � " 5 7 7 8 � �

∆
[2]
MPT (Q

2) =

= 1
π
A[2]

1,MPT (x)+ 0.363A[1]
2,MPT (x)+ 0.652A[1]

3,MPT (x)...

5 6 8 8
9 $ % ;
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