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1 Úó

e-A�Ý��5Ñ�L§¥�)�¯�Ü©f�

5BLe�ØÔ��, duõÑ�, ¬���5U

þ�� (�5|»). 3cÏ�ïÄ¥, |^�6QCD

��{, 3í2�ÝÝ4Ïfzµee
[1, 2]
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e-A�Ý��5Ñ�¥duõÑ����é��

¼ê�?�±9�5|»�A
[3—5]

. î��O�
[5]

�

�923���ã, �¹
�~E,�¦,$�Ú�þ

�È©, ó�þ�~�. 3Ú^�ÌCqe, ¦^
^

�fË�4�zg = 1−z → 0(ùpzg ´Ë���f�

é+ÞÜ©f¤��Uþ°�, z ´Ë��f��Ü

©f�é+ÞÜ©f¤��Uþ°�), ~�
Ü©O

�þ, �EI�O��
�È©. Ó�é��¼ê�

?��¿K
�
�z, ÙUþ�����î�O�

�1.2�
[5]

. �©uÐ
�«#�{, ò¤kù
õ

Ñ��¤ùãw�´d�
Ä��|�¤�¤, �Ñ


ù
|��¤ù5K±9�|��(Ü��(Ü5

K. |^ù
5K, �±é�B/�Ñ��¤ùã¤

éA�Ñ��Ì, ;�
E,�O�. ÏLÚ\k�

Äþ�Vg, �����¼ê?�±9Uþ���(

JÚî���6QCDO���. �©�SüXe: Ä

k{ü£�æ^Ï~�Ú^�ÌCqO���{, ¿

½Â
�
Ä��ëþ; ,�0�·��#�{, Ó

��(ÜäN�¤ùã��`²; �e5�Ñée-A

�Ý��5Ñ�L§¥ÝÝ4��fË��Ì�O�,

|^ù
(J���Ïfz/ª¥��6Ü©, ��

6QCDî�O��(J��. N¹¥�Ñ
#O�

�{¥¤ù5K�y². �©¤k�O�Ñ´31I

�I¥?1�,Ó�·��Ä�´���§�.

2 Ú^�ÌCq

b ½ + Þ § � � Ä þ lq � ± C q / L «�

lq ≈ [0, l−q ,0⊥], Kk
[3]

µ(lq,λ)γµµ(l′q,λ
′)≈ 2

√

l−q l′−q δλλ′nµ, (1)

ùpn = [0,1,0⊥], λÚλ′ ´§��Ú^Ý. z�Ð

© � § � � é � Ì � � z�µ(p), z � Ð © � �

f � é � Ì � � z� pσ, ù p σ ´ � f � ¤ � �

â Ô [ � I. ¿ � z � Ä þ� pi = [xip
+,0,kT] �

Ð © Ü © f � � z � � È © dxi/2π, Ù � Ï f�

exp(−ixip
+y−

i + ikT
•yiT), ùpy−

i ´éA�|��

Cþ. V)å5ù, éuÐ©�§����f�, §�

©O÷v±eAÏ�¤ù5K:

µ(p)

∫
dxi

2π
e−ixip+y−

i
+ikT·yiT , (2)

pσ

∫
dxi

2π
e−ixip+y−

i
+ikT·yiT , (3)
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Ù{�Ü©þ�ÌÏ~�¤ù5K.

ùp, ¦^1I5�A− =0. b½Äþ� l�"�

�f�k+Þ§��Äþ°��1−z, Ó�§�4z

�ε(l), K

l =

[

l2T
2(1−z)q−

,(1−z)q−, lT

]

, (4)

ε(l) =

[

εT
• lT

(1−z)q−
,0,εT

]

. (5)

�â±þ�¤ù5K, ügÑ����fË���Ì

(�ã1(a))�±��:

MS
µ(y) =

∫
dx

2π
µ(xp+q)γµµ(p)M

S
, (6)

M
S
(y) = 2g

εT
• lT

l2T
Tce

−i(xB+xL)p+y−

. (7)

5¿�"�§����^��

(xp+q− l)2 = 2zp+q−(x−xB−xL) = 0, (8)

Ó��Ä�^�fË�4�1−z → 0. ª¥, Tc�Ú

Ý
, c´Ë��f�Ú�I. ùp, xB = Q2/(2p+q−)

´BjorkenCþ. �
�B, ·�½Â±e3�þ:

xL =
`2
T

2p+q−z(1−z)
, xD =

k2
T−2kT

•lT

2p+q−z
, x0

D =
k2

T

2p+q−
.

ügÑ��Ì�O�é{ü, Ï�§Ø�9È©

O�. XJ�Ä�Ñ�, ÒI�O����È©, 

�éu4:�ÀJ  kü«�U, §éA
ü�Ø

ÓÔnL§��z
[3, 6]. éu�Ñ�, "�§���

�^��

[q+(x+x1)p+kT−l]2 = 2zp+q−(x+x1−xB−xL−xD) = 0.

(9)

O��{�ügÑ�aq, ±ã1(b)�~, ùp��

È©�4:kü«ÀJ�ª, éAuü�ØÓ��z.

3�¤
TÈ©±�, ã1(b)��Ì�±��

M
D
(y,y1) = 2g

εT
• lT

l2T
Ta1Tce

−i(xB+xL)p+y−
−ixDp+y

−
1 ×

[1−eixLp+(y−
−y−

1
)]igθ(y−

−y−

1 ). (10)

ùpa1�Ð©�f�Ú�I. A��Ñ, È©�A

�ékT ?1. ·���{´òTÈ©ëÓ�Ïf

exp(ikT
•y1T)áÂ�Ü©fÝ
��½Â¥�

[3]
.

ã 1 dügÑ�9�Ñ�����fË�

aq/, éunÑ�I�O�ü��È©, Ó

�4:��ê�C�ü�. éuùü�4:  �´

kü«�U�ÀJ�ª�LØÓ�ÔnL§é�Ì�

�z. �±��, ��Ä��p��Ñ��, �È©

±94:��êòOõ, Ó�dun�fº:�O\,

O�þ�C���. ��XÑ�gê�Oõ, éA

�¤ùã�êþò×�Oõ. ù
Ñ¦�^ÊÏ�Ú

^�ÌCqO�C�(J.

3 �fË��Ì�#O��{

�!ò0��«O�e-A�Ý��5Ñ�¥�f

Ë��Ì�#�{. Äk�Ñé¤ùã�©¬9(Ü

5K.

õÑ�p��fË��¤ùãÑ�±w�´

dã2¥�4�Ä��¤, §�©OéAXe¤ù5

K(y²�N¹).

(a)→ e−ixp+y−

, (b)→ 2g
εT

•LT(eff)

L2
T(eff)

,

(c)→−ige−ixip+y−
i , (d)→ ge−ixip+y−

i .

A��Ñ,ã2(c, d)¥IkÄþxip+kT ��f��L

�´D4Ü©f�Ø¥�Ü©f�p�^��f, ã

2(b)¥��f��L�´Ë���f, �¿Ø�½´

"��f, ¤±^LIP§, ±BÚ"��fÄþ l«

O.

ã 2 �¤¤ùã�4�Ä�

'uþ¡Ë��f�k�ÄþLT(eff) ´ù�½Â

�: =l§���Äþ�¥�Ø5gØ¥��f��

z. ¤±ù�k�ÄþÒÚË��f�c�5guØ

¥��f�'é. ±ã3�ü�ã�~, U�Ù/n)

'uù�k�Äþ�½Â.
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ã3(a)¥�Ë��fk�ÄþLT(eff) = lT− (1−

z)kT, 5¿�3c¡®²5½Ë��f�k+Þ§�

�Äþ°��1−z. ã3(b)¥�Ë��fk�Äþ

KL«�LT(eff) = lT−zkT, d�Ë��fÏLn�f

º:�1��Ð©�f'é, �©z[3]�Ó, ùp�


O�kT →−kT.

ã 3 d�Ñ�9nÑ�����fË�

éu��äN�¤ùãI���§´d=


Ä��¤�, ,
Ä��UõgÑy. �â±þ

5 K, � ± é ¯ � Ñ T ¤ ù ã � � Ì L �ª. ,

��7L(½�êÏf¥���xi ��, ùÒI�

^�±e�(Ü5K. �Ä��(Ü¬�¤��

DÂf. éu3��þ�DÂf, |^��^�

Ò�±(½�A�xi ��, Xã4(a)¥�1���

z. éuÄþ� (xp + q)�DÂf, duTDÂf

´3��þ, ¤±k (xp + q)2 = 2p+q−(x−xB) = 0,

��±(½x = xB. 3¤ùã����z¥, �

k��DÂf´Ø3��þ�. éuù��DÂ

f, A � � ò § é A � xi � ( ½ e 5. Ó � ± ã

4(a)¥�1���z�~, Äkd3��þ�DÂ

f�±(½x = xB, 2|^"�§����^�

[q+(x+x1)p+kT−l]2 = 2zp+q−(x+x1−xB−xL−xD) = 0,

Ò�±(½x1 = xL+xD. DÂf´Ä3��þéA


^�½M�Ñ�L§
[3, 6]

.

ã 4 d�Ñ�9oÑ�����fË�

�
�Ñ����ÌL�ª, �I�\þ±eA

^5½:

1) duØÓÑ��m�3Z��A, ¤±�3�

�ÎÒ¯K. 3¤ùã����z¥, eã2Ä� (b)

�>Ü©/¤�DÂfØ3��þ, K5½T��z

��, ,���z (XJk�{)K�K;

2) z�¤ùãÑ�¹
Ú�I�$�, �±üÕ

é§?1;

3) éunÑ�, �Ìc¡�A\þ��Ïf

in−1, §´5gu�È©��z;

4) �ÌL�ª¥�A\þL«31I�I¥Ñ

�u)gS�¼ê, = θ(y−
− y−

1 )θ(y−

1 − y−

2 )θ(y−

2 −

y−

3 ) · · · §��´5g�È©��z.

|^±þ��{, ÒUé¯/�Ñ��¤ùã�

�ÌL�ª, Xã4(ã¥DÂf�¢%ç:L«§Ø

3��þ), §���Ì©O�

M
a
(y,y1) = 2g

εT
• lT

l2T
Ta1Tce

−i(xB+xL)p+y−
−ixDp+y−

1 ×

[1−eixLp+(y−
−y−

1
)]igθ(y−

−y−

1 ), (11)

M
b
(y,y1,y2,y3) = 2ig4 εT

• lT

l2T
Ta1[[Ta3,Tc] Ta2]×

e−i(xB+xL)p+y−
−ixDp+y−

1 ×

[1−eixLp+(y−
−y−

1
)]eizxDp+(y−

2
−y−

3
)/(z−1)

×

θ(y−
−y−

1 )θ(y−

1 −y−

2 )θ(y−

2 −y−

3 ). (12)

XJ��Ä�p��Ñ��Ì,�{����.$

^ù@�{,¬¦O�þ��~�.

4 e-A�Ý��5Ñ�¥ÝÝ4��f

Ë��Ì

3e-A�Ý��5Ñ�L§¥, �Ä�é��¼

ê�ÝÝ4�?�, I�O�11�¤ùã�Ñ��Ì.

e¡�Ñ^#�O��{¤���(J.

ügÑ�(�ã5(a))�(J�:

M
S
(y) = 2g

εT
• lT

l2T
Tce

−i(xB+xL)p+y−

. (13)

�Ñ���k5g3�ã��z (�ã5(b—

d)), §��(J©O�:

M
Da

(y,y1) = 2g
εT

•(lT−(1−z)kT)

(lT−(1−z)kT)2
TcTa1×

e−i(xB+xL)p+y−
−ixDp+y−

1 eixLp+(y−
−y−

1
)igθ(y−

−y−

1 ),

(14)
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M
Db

(y,y1) = 2g
εT

• lT

l2T
Ta1Tc×

e−i(xB+xL)p+y−
−ixDp+y−

1 ×

[1−eixLp+(y−
−y−

1
)]igθ(y−

−y−

1 ), (15)

M
Dc

(y,y1) =−2g
εT

•(lT−kT)

(lT−kT)2
[Ta1,Tc]×

e−i(xB+xL)p+y−
−ixDp+y−

1 ×

[e−ixDp+(y−
−y−

1
)/(1−z)

−

eixLp+(y−
−y−

1
)]igθ(y−

−y−

1 ). (16)

nÑ���k5g7�ã��z (�ã6(a—

g)), §��(J©O�:

M
Ta

(y,y1,y2) = 2g
εT

• lT

l2T
TcTa2Ta1×

e−i(xB+xL)p+y−
−ix0

Dp+(y−
1

−y−
2

)
×

eixLp+(y−
−y−

2
)
×

(−g2)θ(y−
−y−

1 )θ(y−

1 −y−

2 ), (17)

M
Tb

(y,y1,y2) = 2g
εT

•(lT−(1−z)kT)

(lT−(1−z)kT)2
Ta2TcTa1×

e−i(xB+xL)p+y−
−ixDp+(y−

1
−y−

2
)
×

[eixLp+(y−
−y−

1
)
−

eixLp+(y−
−y−

2
)−i(x0

D−xD)p+(y−
1

−y−
2

)]×

(−g2)θ(y−
−y−

1 )θ(y−

1 −y−

2 ), (18)

M
Tc

(y,y1,y2) = 2g
εT

• lT

l2T
Ta2Ta1Tc×

e−i(xB+xL)p+y−
−ixDp+(y−

1
−y−

2
)
×

[1−eixLp+(y−
−y−

1
)]×

(−g2)θ(y−
−y−

1 )θ(y−

1 −y−

2 ), (19)

M
Td

(y,y1,y2) = 2g
εT

•(lT−zkT)

(lT−zkT)2
[Ta2,Tc]Ta1×

e−i(xB+xL)p+y−
−ixDp+(y−

1
−y−

2
)
×

[e−i(x0
D−xD)p+(y−

1
−y−

2
)+ixLp+(y−

−y−
2

)
−

ei(1−z/(1−z))xDp+(y−
1

−y−
2

)+ixLp+(y−
−y−

1
)]×

(−g2)θ(y−
−y−

1 )θ(y−

1 −y−

2 ), (20)

M
Te

(y,y1,y2) = 2g
εT

•(lT−kT)

(lT−kT)2
Ta2[Ta1,Tc]×

e−i(xB+xL)p+y−
−ixDp+(y−

1
−y−

2
)
×

[eixLp+(y−
−y

−
1

)
−e−ixDp+(y−

−y
−
1

)/(1−z)]×

(−g2)θ(y−
−y−

1 )θ(y−

1 −y−

2 ), (21)

M
Tf

(y,y1,y2) = 2g
εT

•(lT−kT)

(lT−kT)2
Ta1[Ta2,Tc]×

e−i(xB+xL)p+y−
−ixDp+(y−

1
−y−

2
)
×

[eixLp+(y−
−y−

1
)
−e−ixDp+(y−

−y−
1

)/(1−z)]×

ei(1−z/(1−z))xDp+(y−
1

−y−
2

)
×

(−g2)θ(y−
−y−

1 )θ(y−

1 −y−

2 ), (22)

M
Tg

(y,y1,y2) = 2g
εT

•lT

l2T
[Ta1, [Ta2,Tc]]×

e−i(xB+xL)p+y−
−ixDp+(y−

1
−y−

2
)
×

[1−eixLp+(y−
−y−

1
)]×

ei(1−z/(1−z))xDp+(y−
1

−y−
2

)
×

(−g2)θ(y−
−y−

1 )θ(y−

1 −y−

2 ). (23)

ã 5 dügÑ�9�Ñ�����fË�

ã 6 dnÑ�����fË�

3þ¡�(J¥, ���1− z → 0�4�, Ò�

Ú^�ÌCq�(J����. |^ù
(J�±O

�Ïfz¥rfÜþM�Ü©
[3]

H
D

=

∫
d2lT

4(2π)3
1+z2

1−z
dz[M

D
(0,y2)M

D†

(y,y1)+

M
T
(0,y2,y1)M

S†

(y)+M
S
(0)M

T†

(y,y1,y2)], (24)
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Ù¥M
S
, M

D
, M

T
©O�üg!VÚnÑ��

�Ì. dd, �±��é��¼ê�?�Ú�5�U

þ��. |^ù@�{�O�(J��6QCD�î

�O�
[5]

��, �O�þ²w/~�
. §Q;�


�È©, �Ø^��E,�¡�¦,$�.

5 (Ø

�©0�
�«k��O��fË��Ì�#

�{. |^ù@�{�±é¯��?¿��Ë��

Ì, ;�
�,��È©9γÝ
�¦,O�. ÏL

#O��{�Ñ
 e-A�Ý��5Ñ�L§¥ÝÝ

4��fË��Ì, ?��Ïfz/ª¥��6Ü

©, Ù(J��6QCDî�O���. dd�±��

é��¼ê�?�ÚUþ��. ùp?Ø�´eØ�

�¹, 'u9�¸¥�fË���Uþ���¯K,

Gyulassy�<uÐ
�@opacityÐmEâ
[7—9]

, ��


?¿��Ë�Uþ��. (JL², �g-E, =

opacityÐm��$�, éUþ����z´Ì��.

aquopacityÐm, �©¤uÐ��{U
N´/í

2��pÝÝ��¹, 5ïÄ�fË����Uþ�

�¯K, lU
(½ØÓ�ÝÝ?���é��,

ù�¡�ó��3?1¥.

N¹

3ù�!¥, ò3Ú^�ÌCq�^�e�Ñk'©

¬5K�y².

3¤ùã¥, éuã2(d)�Ñ�Ä�, �§�–�f

º:��mü>þ�¤��§�DÂf (�"���Ø

	), oÄþ�Pq �§�DÂféA�¤ù5K�
iγ •Pq

P 2
q +iε

.

� â 1 � ! ¥ � k ' � ½, Ø J y ²: P 2
q o � ± ��

2p+q−(Xall − Xcon) � / ª. ù p � Xall � L 
 � Ü ©

f�Uþ°� x, x1, x2, · · · �|Ü,  Xcon K´Õáu

ù
Uþ°��Cþ. ~X, [q + (x + x1)p + kT − l]2 =

2zp+q−(x+x1−xB−xL−xD), ùp�
z ªu1�4�.

�â±þ�©Û, �±��

iγ •Pq

P 2
q +iε

=
iµ(Pq)µ(Pq)

2p+q−(Xall−Xcon +iε)
=

iµ(Pq)

2p+q−
µ(Pq)

1

Xall−Xcon +iε
. (25)

ù p ò þ ª ¥
iµ(Pq)

2p+q−
� � z 8 u T D Â f m > � º

:,  µ(Pq)��z8uÙ�>�º:. éu©1¥�

Xall −Xcon +iε, du§´����È©k'X, ùp6Ø

�Ä§. ù�, éu§�–�fº: (�)�"���), =ã

2(d)¥�Ä�, §�¤ù5K��u

µ(Pqr)(−igγ
µ)

iµ(Pql)

2p+q−
pµe−ixip+y−

i = ge−ixip+y−
i . (26)

ùp|^
(1)ª, Ù¥�Pql ÚPqr ©OL«TÄ��mü

>�DÂf�oÄþ.

�â±þ©Û, 5¿�I�O��´M, |^ (6)Ú (7)

ª, N´�Ñã2(a)¥�Ä�éA�¤ù5K�e−ixp+y−

.

'uã2(c)¥�Ä��y²�þ¡�g�aq. oÄ

þ�Pg ��fDÂféA�¤ù5K�
−igµν

P 2
g +iε

. duP 2
g

o�±��2p+l−(Xall−Xcon)�/ª, |^ε∗µεν →−gµν ,

�±ò
iεν

2p+l
−

��z8uTDÂfm>�n�fº:,

ò ε∗µ � � z 8 u Ù � > � º :. ù �, é u n � f º

:, =ã2(c)¥�Ä�, �±O�Ñ§�¤ù5K��

u−ige−ixip
+y−

i .

���Ñã2(b)¥�Ä��y². 3��¤ùã��

��z¥, ok��DÂf´Ø3��þ¡�, ù��D

Âf�´�ã2(b)¥�Ä��ë�. Ó�, ùaDÂf�©

1Ü© (Xall−Xcon)Ø´?1È©�À��4:, ¤±rù

�©1��zO\ã2(b)éA�Ä�¥. �±y², T©1

��z�±XL, Ù¥XL =
L2

T

2p+q−z(1−z)
. ùp�KÒ�

À�éAu31n!¥o(�1�^5½.

±ã1(b)�~, �ã2(b)¥�Ä��éX�ü�§�

DÂf�©1Ü©©O� (x−xB), (x−xB−xL). e�>�

DÂfØ3��þ, Kx= xB +xL, @oTDÂf©1Ü©

��z�xL. w,, eÀ�m>�DÂfØ3��þ, KT

DÂf©1Ü©��zÒ�−xL.

�â±þ©Û, N´�Ñã2(b)¥�Ä�éA�¤ù

5K�

1

XL
µ(Pqr)(−igγ

µ)
iµ(Pql)

2p+q−
ε
∗

µ = 2g
εT •LT

L2
T

. (27)
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A New Calculational Approach to the Amplitude of

Gluon Radiation in e-A DIS *

GUO Yun1;1) WANG En-Ke1;2)

1 (Institute of Particle Physics, Huazhong Normal University, Wuhan 430079, China)

Abstract In the deeply inelastic e-A scattering, the gluon radiation induced by multiple scattering will lead to medium

modification of the parton fragmentation functions and also associate with the energy loss of the leading quark. To

obtain the hard partonic part of quark-gluon double scattering, one can do a complete calculation within the framework

of generalized factorization in perturbative QCD. In another way one can utilize the approach of helicity amplitude

approximation(HAA) to calculate the amplitude of gluon radiation. However, the two methods are both complicated

and tedious. In this paper, we will introduce a new approach which enables one to calculate easily the amplitude for

gluon radiation in multiple scattering. The final results obtained by using our new approach agree exactly with the

complete calculation in perturbative QCD.

Key words deeply inelastic scattering, amplitude for gluon radiation, modified fragmentation function, jet energy loss

Received 9 October 2005

*Supported by National Natural Science Foundation of China (10440420018, 10475031, 10135030) and Science Foundation of

Ministry of Education of China (NCET-04-0744, CFKSTIP-704035)

1) E-mail: guoy@iopp.ccnu.edu.cn

2) E-mail:wangek@iopp.ccnu.edu.cn


