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Quantum Chromodynamics Factorization Theorem in Limit of the Large x
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The quantum chromodynamics (QCD) factorizatin theorem is considered for high-energy scat-

tering in the limit of large x, with the main focus being deep inelastic scattering (DIS). Using the

extensible parton distribution function (PDF) for large x, we derive the QCD factorization theorem

for DIS. The PDF in the limited x → 1 consists of collinear and soft interactions, which are not

factrorizable further because subleading spectator soft-collinear interactions are indispensable. This

fact also indicates that the PDF at large x should be suppressed by some powers of (1− x). With

the extensible PDF, we considered the factorization theorem for the Drell-Yan process in the limit

of large x, which might break down because of the nonfactorizable soft interactions.
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)

	�H xô�Ç>�\�"f_��¦\��-t�íß�êøÍõ�&ñ
\�@/ô�Ç QCD factorization theorem�̀¦d��8£xq�òøÍ$í
Ø�æ[�t (deep

inelastic scattering, DIS)\� ÅÒ�Ð �í&h��̀¦ ú́�2X ¶ú�(R�Ð��¤��. 	�H x ��t� SX��©�s� ��0pxô�Ç ���:r ì�r�í �<ÊÃº

\�¦ ��6 x
�#� d��8£x q�òøÍ$í
 Ø�æ[�t\� @/K� QCD factorization theorem�̀¦ Ä»�̧
�%i���. x→ 1��� ô�Ç>�\�"f

_����:rì�r�í�<ÊÃº��H collinearx9� soft�©� ñ���6 xÜ¼�Ð ½̈$í
÷&#Qe����HX<,~½Ó�'a�� (spetator){9���_�]jô�Ç

�)a(���ô�Ç) soft-collienar �©� ñ ���6 xÜ¼�Ð ���K� s�[þt �©� ñ ���6 x�Ér î�r1lx �̧|	�\� ���� �8 s��©� ì�ro�÷&t� ·ú§

��H��. s��Qô�Ç ~½Ó�'a�� �©� ñ ���6 x_� �>rF���H ¢̧ô�Ç 	�H x ô�Ç>�\�"f_� ���:r ì�r�í �<ÊÃº�� (1−x)_� �¦	��½ÓÜ¼

�Ðy���è÷&#QÅÒ#Q�������H��z�́�̀¦�Ð#�ï�r��.SX��©���0pxô�Ç���:rì�r�í�<ÊÃº\�¦s�6 xK�×¼5\�-îà� (Drell-Yan)

õ�&ñ
_� 	�H x ô�Ç>�\�"f_� factorization theorem %i�r� �¦¹1ÏK� �Ð��¤��HX<, s� �â
Äº �8 s��©� ì�ro�÷&t� ·ú§

��H soft �©� ñ ���6 x_� �>rF���H {9��'a�)a factorization_� l�Õüts� Ô�¦��0px½+É Ãº�̧ e��6£§�̀¦ �Ð#�ï�r��.
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I. "e Â]Ø

�¦\��-t� ��5Åql� z�́+«>\�"f �¦\��-t� Óüto� �&³�©��̀¦ &ñ


x9�
�>� s�K�
���H {9��Ér l� &ñ
wn��)a ³ðï�r�̧+þA (Standard
Model)�̀¦ %3�x9�y� ���7£x
��¦ ³ðï�r�̧+þA�̀¦ �- Q"f��H Dh�Ð
î�r Óüto��<Æ (new physics)_� z�́��o�\�¦ �����
�l� 0Aô�Ç ��
�©� ×�æ@/ô�Ç ���\O�s���. �¦\��-t� ��5Åql� z�́+«>\�"f �¦\��-
t� Óüto� �&³�©�\� ���©� ÅÒ�)a %ò
�¾Ó§4��̀¦ '����
���H ��Ér	כ y©�ô�Ç

�©� ñ���6 x (strong interaction)���X<, s���H ú́�Õª@/�Ð Õª ���
½+Ë§4�s� y©�
�l� M:ë�H\� [O�1lx s��:r�̀¦ +�"f &ñ
|¾Ó&h�Ü¼�Ð l�

Õüt
���H ��s	כ :�x�©�&h�Ü¼�Ð Ô�¦��0px
���. 
�t�ëß�, �ª��� Ò�o1lx
§4��<Æ (Quantum chromodynamics, QCD)Ü¼�Ð ¬¹��÷&��H
y©�ô�Ç �©� ñ���6 x�Ér Õª \��-t� Û¼H�{9� (energy scale)s� Z�}
��t����Z�}��|9�Ãº2�¤���½+Ë�©�Ãº_�[jl������K�t���H&h���H&h�

Ü¼�Ð ��Ä»�Ðî�r $í
|9�s� e��Ü¼Ù¼�Ð, Z�}�Ér \��-t� Û¼H�{9�\�
"f_� Âúª�Ér ��o� �©� ñ���6 x\� @/K�"f��H [O�1lx s��:r�̀¦ &h�6 x


���H ��s	כ ��0px
���. ����"f, �̂>�&h���� l�Õüt�̀¦ 0AK�"f��H
y©�ô�Ç �©� ñ���6 x�̀¦ Z�}�Ér \��-t� Û¼H�{9�\�"f_� Âúª�Ér ��o�

�©� ñ���6 xõ� ±ú��Ér \��-t� Û¼H�{9�\�"f_� |�� ��o� �©� ñ���

6 xÜ¼�Ð ½̈ì�r
���H ���\O�s� ìøÍ×¼r� ,>¹ô�ÇXכ��9 s�\�¦ 0Aô�Ç {9�
º��_� s��:r&h���� �̂>�\�¦ QCD factorization theorems���
�¦ ô�Ç��.
�¦\��-t� ��5Åql� z�́+«>\�"f_� ���ª�ô�Ç íß�êøÍ õ�&ñ
 ×�æ\�

"f ���©� l��:rs� ÷&��H �íF�c&h���� (inclusive) d��8£x q�òøÍ$í

Ø�æ[�t (deep inelastic scattering, DIS)õ� ×¼5\�-îà� (Drell-
Yan) õ�&ñ
�̀¦ ¶ú�(R�Ð��� s��Qô�Ç íß�êøÍ õ�&ñ
�Ér Õª íß�êøÍ éß�
���&h�s� Âúª�Ér ��o� �©� ñ���6 x�̀¦ l�Õüt
���H hard functionõ�
|�� ��o� �©� ñ���6 x�̀¦ @/���
���H ���:r ì�r�í �<ÊÃº (parton
distribution function, PDF)�Ð factorization H�d�̀¦ �̂¦ Ãº
e����1. #�l�"f hard function�Ér [O�1lx s��:r�̀¦ +�"f l�Õüt
�
��H ��s	כ ��0px
�Ù¼�Ð Õª ½©�̧\�¦ Äºo��� "é¶
���H ���½+Ë�©�Ãº

_� 	�Ãº��t� &ñ
|¾Ó&h�Ü¼�Ð >�íß�½+É Ãº e����H �ª�s� 9, q�[O�1lx
&h���� ���:r ì�r�í �<ÊÃº��H #��Q z�́+«>�̀¦ :�xK� Õª ½©�̧ü< $í


|9��̀¦ �����½+É Ãº e����. s�\�¦_����, �â
{9��� (lepton)ü< Ùþ���
(nucleon)çß�_� �¦\��-t� íß�êøÍõ�&ñ
��� DIS\�"f Ùþ���_� ÅÒ
�)a ½̈�̧ �<ÊÃº��� F1�Ér ��6£§õ� °ú s� ¥̧>h4R e����.

F1(x) =
∫ 1

x

dz

z
H(Q2, z, µ)fq/N (

x

z
, µ). (1)

#�l�"f, H��H hard function, fq/N Ùþ����ÐÂÒ'� ��!9î�r 3$

ß¼�� �¦\��-t� íß�êøÍ õ�&ñ
\� �ÃÐ#�
�>� |̈c SX�Ò�¦�̀¦ _�p�
�

��H ���:r ì�r�í �<ÊÃºs���. F�½©����o (renormalization) Û¼
H�{9� ¢̧��H \��-t� Û¼H�{9���� µ\� @/
�#� hard functionõ�

1 s�\� @/ô�Ç �ÃÐ�¦½+Éëß�ô�Ç 8úx[O� �7Hë�HÜ¼�Ð Ref. 1s� e����.

Fig. 1. Deep inelastic scattering process.

���:r ì�r�í �<ÊÃº��H Õª _��>r$í
�̀¦ ì�r"î
y� ��t���HX< ìøÍK� Óüt

o�&h��'a8£¤|¾Ó��� ½̈�̧�<ÊÃº F1�Éry���<ÊÃº_�\��-t�Û¼H�{9�

_��>r$í
s� "f�Ð �©��W÷&#Q Eq. (1)\�"f �̂¦ Ãº e��1pws� Û¼H�
{9�\� @/ô�Ç Ô�¦���$í
�̀¦ ��t��¦ e����.
q¹כ���p ���Ãº x��H

x =
Q2

2P · q
(2)

�Ð ÅÒ#Qt���H �ª�Ü¼�Ð"f Ùþ���_� ����̂ \��-t� @/q� Ùþ����Ð

ÂÒ'� �¦\��-t� íß�êøÍ�̀¦ ���>� ÷&��H ���:rs� ��t���H \��-t�

q�Ö�¦�̀¦ _�p�ô�Ç��. Fig. 1\�"f �̂¦ Ãº e��1pws� P��H Ùþ���_�

î�r1lx|¾Ó, q��H Ùþ���?/_� ���:rõ� 5\��:rõ�_� �����l� �©� ñ���

6 x�̀¦ B�>h
���H �í�:r_� î�r1lx|¾ÓÜ¼�Ð Q2 = −q2 �Ð ÅÒ#Q

�����. #�l�"f Q2
��H Âúª�Ér ��o� �©� ñ���6 xs� {9�#Q����H ���

+þA&h���� Z�}�Ér \��-t� Û¼H�{9��Ð çß�ÅÒ½+É Ãº e����. ����"f,
q¹כ���p ���Ãº x_� #3�0A��H 0 < x < 1�Ð ÅÒ#Qt�>� ÷&��H
X<, ú̧� &ñ
wn��)a QCD factorization theorem�Ér :�x�©� x ∼
O(1) & 1− x ∼ O(1)Ü¼�Ð ÅÒ#Q|9� M: Ä»ò́
���. s� M: Ùþ�
��?/_� �̧��H valence quark[þt�Ér \��-t��� 	�H collinearô�Ç
{9���[þt�Ð ¬¹��|̈c Ãº e����.
s� �7Hë�H\�"f ¶ú�(R�̂¦ x → 1��� ô�Ç>�\�"f_� QCD fac-

torization theorem�Ér 0A\� "fÕütô�Ç x_� {9�ìøÍ&h���� #3�0A\�

"f_� factorization theorem�Ð�� B�Äº 4�¤ú̧�K������. Õª s�
Ä»��H x_� {9�ìøÍ&h���� #3�0A\�"f_� íß�êøÍéß����&h� ?/t���H ½̈

�̧ �<ÊÃº�� factorization theorem\�"f éß�t� ¿º >h_� Û¼H�
{9�, 7£¤, hard Û¼H�{9� Qü< (q�[O�1lx&h����) y©�{9��� Û¼H�{9����
ΛQCD\�ëß� _��>r
���H ìøÍ���, x → 1��� ô�Ç>�\�"f��H s��Qô�Ç
Û¼H�{9�[þt\� �8K� þj7áx �©�I�_� {9���[þts� Q(1 − x)1/2 ¢̧

��H Q(1− x)_� Û¼H�{9�_� t�C�\�¦ ~ÃÎ�̀¦ Ãº e��l� M:ë�Hs���.
x → 1��� ô�Ç>���H î�r1lx�<Æ&h�Ü¼�Ð )�6 x÷&��H 0A�©� /BNçß�_�

=åQÂÒì�r\�K�{©�
�l�M:ë�H\�{9�ìøÍ&h�Ü¼�ÐÕªíß�êøÍéß����&h��Ér

ß¼>� �����t�>� ÷& 9, Ùþ���[þt_� ���:r ì�r�í �<ÊÃº %i�r� s�
\�  ñ6£x
�#� �����t�>� �)a��. 
�t�ëß�, x → 1��� ô�Ç>�\�"f
_� Óüto��<Æ�Ér íß�êøÍéß����&h�_� ß¼l�\� �'a>�\O�s� Õª ×�æ¹$כí
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�̀¦ (̀>� ÷&��HX<, s�\� @/K�"f ß¼>� ¿º ��t�\�¦ g1L�̀¦ Ãº e��
��.
'Í	P:, 	�H x ô�Ç>�\�"f_� Óüto��<Æ�̀¦ s�K��<ÊÜ¼�Ð+� Ùþ���

_� ½̈�̧\�¦ �Ð�� ¢-a���y� s�K�½+É Ãº e����. �ª�$í
�� ¢̧��H ×�æ
$í
�� 1px_� Ùþ���[þt�Ér #��Q @/g�A$í
�̀¦ :�x
�#� ?/ÂÒ valence
quark[þt_� �>rF�\�¦ �<H~1�>� \V8£¤½+É Ãº e��t�ëß�, �¦\��-t�
�©� ñ���6 x�̀¦ 
���H �â
Äº, s�[þt_� Û¼�2; ¢̧��H î�r1lx|¾Ó\� @/
ô�Ç _��>r$í
 1px #��Q ���\�"f ·ú��9t�t� ·ú§�Ér ÂÒì�r[þts� ú́§

s� �>rF�ô�Ç��. s��Qô�Ç Ùþ���_� ½̈�̧\�¦ �Ð�� "î
SX�y� s�K�

�l� 0AK�"f��H 7á§ �8 C���&h���� (exclusive) �â
Äº\�¦ ]j/BN

���H 	�H x ô�Ç>�\�"f_� �¦\��-t� íß�êøÍõ�&ñ
�Ér �9�Ãº&h�Ü¼

�Ð ���½̈÷&#Q�� ô�Ç��. ¢̧ô�Ç, s��ÐÂÒ'� s�K�÷&��H 	�H x\�

"f_� ���:r ì�r�í �<ÊÃº\� @/ô�Ç Óüto�&h���� $í
|9� x9� Õª [j

l� ��0pu (power counting)�Ér ���:r ì�r�í �<ÊÃº\�¦ x_� ���

#3�0A\�"f ¢-a#4�
�>� s�K�
���H >�l��� ÷&#Q ��@/ y©�{9���

��5Åql� (Large Hadron Collider, LHC) 1px\�"f_� ��������
l� (electroweak)\��-t�Û¼H�{9�\�"f_��¦\��-t�Óüto��&³
�©��̀¦ s�K�
���H X< ��ÅÒ Ä»e��ô�Ç &ñ
�Ð\�¦ ]j/BN½+É Ãº e����.
�&³F� s��Qô�Ç 1lxl�\�¦ t�m��¦ Thomas Jefferson National
Accelerator Facility (JLab)\�"f��H	�H xô�Ç>�\�"f_�Óüto�

�<Æ�̀¦s�K�½+ÉÃºe����H���ª�ô�Çz�́+«>[þts�>�S\�÷&�¦e���� [2].
ÑütP:,Dh�Ðî�rÛ¼H�{9� Q(1−x)���>rF�
�Ù¼�Ð\��-t�Û¼
H�{9�s� Q � Q(1 − x) � ΛQCDõ� °ú �Ér >�8£x ½̈�̧\�¦ ��

t�>� ÷&�¦, s�\� ���� [O�1lx�:r&h���� >�íß�\�"f ln(1 − x)ü<
°ú �Ér 	�H °ú̀�כ¦ t�m���H �ÐÕª�½Ós� �9����&h�Ü¼�Ð µ1ÏÒqtô�Ç��. �8
Äºl� �¦\��-t� íß�êøÍ õ�&ñ
\�"f y©�ô�Ç �©� ñ���6 x�̀¦ 
���H {9�

��[þt_� |9�|¾Ó�̀¦ Áºr�
�>� ÷&��� Ãº���ïáÔ �ÐÕª (Sudakov
logarithms)��ÆÒ��&h�Ü¼�Ðµ1ÏÒqt�<ÊÜ¼�Ð+�,s�\�¦_����[O�1lx
s��:r\�"f_�'Í	���P:�¦o��½Ó_�>�íß�\�"f�̧ αs ln2(1−x)ü<
°ú �Ér �ª�s� Òqt$í
÷&�¦ s��Qô�Ç �½Ó[þt�Ér [O�1lxs��:r\�"f �¦	�

�½Ó_� Ãº§4��̀¦ d��y��
�>� ~½ÓK�
�>� �)a��. ����"f, s��:r&h�Ü¼
�Ð &ñ
SX�ô�Ç \V8£¤�̀¦ 0AK�"f��H s��Qô�Ç 	�H �ÐÕª�½Ó[þt�̀¦ "é¶gË:

&h�Ü¼�Ð ���½+Ë �©�Ãº_� �̧��H 	�Ãº��t� ��r� �8
���H 4�¤ú̧�ô�Ç

���\O�s� 
¹כ��9���. s��Qô�Ç s��:r&h���� ë�H]j��H QCDü< °ú �Ér

q���8̈� >�s�t� s��:r�̀¦ &h�6 x
�#� z�́]j �&³�©��̀¦ [O�"î

���H

X< e��#Q"f ���©� #Q�9î�r èß�]j ×�æ_� 
����Ð"f 1980�̧�@/ Êê

ìøÍÂÒ'� ú́§�Ér �'ad���̀¦ ~ÃÎ��M®o�� [3–6].

s� ì�r��_� ���½̈\� e��#Q S\�l�&h���� ���8̈�&h��Ér 2000�̧�@/

[þt#Q soft-collinear effective theory (SCET) [7–9]_� 1px�©�

Ü¼�Ð, s��Ð+� 	�H x ô�Ç>�\�"f_� s��:r&h� èß�&h��̀¦ �Ð�� �̂>�

&h���� d�¦ 5Åq\�"f ���½̈ ½+É Ãº e��>� ÷&%3���. SCET��H �¦\�

�-t� Óüto� �&³�©��̀¦ [O�"î

�l� 0Aô�Ç þj&h�_� Ä»ò́�©� s��:rÜ¼

�ÐÕª�©� ñ���6 x_�[jl���0pu�̀¦ �̂>�&h�Ü¼�Ð½+ÉÃºe��>�
�

 9, collinear�©� (field)õ� soft�©��̀¦±ú��Ér\��-t�\�"f ½̈ì�r

½+ÉÃºe��Ü¼Ù¼�Ð factorization ½̈�̧\�¦���íß���YU6\�\�"f~1�

>� ·ú����̂¦ Ãº e���̧2�¤ ô�Ç��. ¢̧ô�Ç, Ãº���ïáÔ �ÐÕª�½Ó�̀¦ �í

�<Êô�Ç 	�H �ÐÕª�½Ó[þt_� F�½+Ëíß� (resummation) õ�&ñ
�̀¦ F�½©

����o ~½Ó&ñ
d���̀¦ ÉÒ��H {9��'a�)a ~½ÓZO�Ü¼�Ð ��1lx&h�Ü¼�Ð K����

½+É Ãº e����H z�́��o�\�¦ ]j/BN
��¦ e����.

Õª1lxîß� SCET\�¦ s�6 x
�#� 	�H x ô�Ç>�\�"f_� factoriza-

tion theorem_� 7£x"î
�̀¦ r��̧
��¦ [10–12], [O�1lx s��:r\�"f

_� &h�, ��ü@��� µ1Ïíß� ½̈�̧\�¦ �¦¹1Ï
��¦ [13,14], 	�H �ÐÕª�½Ó

_� F�½+Ëíß� [15–18]�̀¦ Ãº'��
���H 1px ú́§�Ér ×�æ¹כô�Ç ���½̈�� e��

#Q M®o��HX<, s���� 8úx[O� �7Hë�H\�"f��H d��8£x q�òøÍ$í
 Ø�æ[�t õ�

&ñ
�̀¦ ×�æd��Ü¼�Ð t��FK��t�_� s��:r&h� $í
õ�\�¦ ÷&|9�#Q 4�§õ�

1lxr�\� p�K�����)a s��:r&h� èß�&h��̀¦ ì�r$3�
��¦ ·ú¡Ü¼�Ð_� ���

}©��̀¦ çß�|ÄÌy� �è>hK� �Ðl��Ð 
���x��.

II. Éa< x ;c"e8ý ÅkÈ�	« R���mVRË ûsÞôvÚ8ý ���º ]K¤�¤

d��8£x q�òøÍ$í
 Ø�æ[�t\�"f_� y©�{9��� J$�"f Wµν��H ��6£§õ�

°ú s� ÅÒ#Q�����.

Wµν(q, P ) =
1
2π

∑
X

(2π)4δ(q + P − pX)〈N |J†µ|X〉〈X|Jν |N〉, (3)

= (−gµν +
qµqν

q2
)F1 + (Pµ − qµ

P · q
q2

)(Pν − qν
P · q
q2

)F2 (4)

#�l�"f Jµ��H ���:r_� �����l�ÀÓ (electromagnetic current)
7£¤, Jµ = q̄γµqs� 9, F1,2��H y©�{9��� (Ùþ���) N\� @/ô�Ç

½̈�̧�<ÊÃº (structure function)�Ð &ñ
_��)a��. ÚÔYUs�àÔ d�¦
(Breit frame)\�"f �¦�9½+É �â
Äº, �í�:r_� î�r1lx|¾Ó�Ér qµ =

Q(−nµ + n̄µ)/2�Ð ÅÒ#Q|9� Ãº e����. #�l�"f lightcone  7�
'� nõ� n̄��H nµ = (1, 0, 0, 1), n̄µ = (1, 0, 0,−1)�Ð �¦&ñ
÷&
%3�Ü¼ 9, �̧|	� n2 = n̄2 = 0, n · n̄ = 2�̀¦ ëß�7á¤ô�Ç��. #�l�
"f n̄��H 0Au� /BNçß�\�"f n_� ìøÍ@/ ~½Ó�¾Ó�̀¦ ����ÍÇr�̀¦ Ä»_�
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�#���. ÚÔYUs�àÔ d�¦\�"f y©�{9��� N_� c�� (beam) ~½Ó�¾Ós�
+z~½Ó�¾Ós������ y©�{9��� N_� î�r1lx|¾Ó�Ér

Pµ = n̄ · P nµ

2
+

m2

n̄ · P
n̄µ

2
(5)

�Ð ³ð�&³�)a��. #�l�"f m�Ér y©�{9��� N_� |9�|¾Ós� 9, Õª ß¼
l��� O(ΛQCD) &ñ
�̧�Ð çß�ÅÒ|̈c Ãº e��Ü¼Ù¼�ÐÁºr�½+É Ãº e��
��. ÚÔYUs�àÔ d�¦\�"f_� �í�:rõ� N_� î�r1lx|¾Ó�̀¦ d�� (4)\�
@/{9�
�#� &ñ
o�
����, y©�{9��� J$�"f Wµν

��H

Wµν = −gµν
⊥ F1 +

(nµ

2
+

n̄µ

2

)(nν

2
+

n̄ν

2

)
FL (6)

�Ð jþt Ãº e����. #�l�"f f���§ BjàÔaË: J$�"f gµν
⊥ ��H gµν

⊥ =
gµν − (nµn̄ν + nν n̄µ)/2�Ð ��H��. 7áx&h� (longitudinal) ½̈�̧
�<ÊÃº FL�Ér

FL = F2
Q2

4x
− F1 (7)

�Ð &ñ
_�
� 9, x_� �̧��H #3�0A\�¦ �¦�9½+É M:, ºú�êøÍ-Õª�ÐÛ¼
(Callan-Groos) �'a>�d��\� ���� Áºr�½+É Ãº e����H �ª�s�t�
ëß�, x → 1��� ô�Ç>�\�"f��H Eq. (6)\�"f_� F1�̧ �����t�>�

÷&Ù¼�Ð ~1�>� Áºr�½+É Ãº \O���. FL_� [jl� ��0pu\� @/ô�Ç ��

[jô�Ç ì�r$3��Ér Ref. 19\�¦ �ÃÐ�¦
���.
ÚÔYUs�àÔ d�¦\�"f q¹כ���p ���Ãº x��H

x =
Q2

2P · q
∼ Q

n̄ · P
(8)

�Ð ��H��|̈c Ãº e����. s� q¹כ���p ���Ãº\�¦ :�xK� þj7áx�©�I�_�
����̂ î�r1lx|¾Ó_� ]jY�L�̀¦ ¶ú�(R�Ð���

p2
X = (P + q)2 = m2 + 2P · q −Q2 ∼ Q2 1− x

x
(9)

�� ÷&��HX<, x → 1��� ô�Ç>�\�"f��H s� �ª�s� Q2\� q�K� Áº

'�� ���6£§�̀¦ �̂¦ Ãº e����. ����"f, s��Qô�Ç î�r1lx �̧|	�\� ����
	�H x\�"f��H þj7áx �©�I���H collinearô�Ç jets�����, softô�Ç {9�
��[þtëß� ��0px�<Ê\� Ä»_�
�#���. 7£¤, x_� �̧��H #3�0A\�¦ �¦�9

½+É M:%�!3�, 	�H \��-t�\�¦ ��t���H {9���[þt ��s�_� y��s� ß¼
>� ÷&��H �â
Äº��H Ô�¦��
�Ù¼�Ð þj7áx �©�I���H Eq. (1)\�"f%�
!3� hard function H(Q2, z, µ)�Ð ³ð�&³
���H ��s	כ Ô�¦��0px
�
��.

Fig. 1\�"f p�Ð³ð�&³÷&��H{9���
���H���:r_�î�r1lx|¾Ó�ÉrÚÔ

YUs�àÔ d�¦\�"f ��6£§õ� °ú s� n−collinear î�r1lx|¾ÓÜ¼�Ð ³ð
�&³½+É Ãº e����.

pµ = n̄ · pnµ

2
+ pµ

⊥ + n · pn̄µ

2
= O(Q) +O(Qλ) +O(Qλ2)

(10)

#�l�"f λ ∼ p⊥/n̄ · p � O(1)��H ����Ér B�>h���Ãºs���. s�\�¦

�Ö̧6 xô�Ç [jl� ��0pu�Ér SCETü< °ú �Ér Ä»ò́�©� s��:r�̀¦ +�"f

ì�r$3�½+É M: ��ÅÒ �Ö̧6 x÷&��HX<, àÔ0AÛ¼àÔ\� ���Ér ���>hü< 1lx

1px
���. ����"f, {9���
���H ���:rs� n-collinear �©�Ü¼�Ð ¬¹

��÷&���, �����l�ÀÓ Jµ\�¦ :�xK� ~½ÓØ�¦÷&��H ���:r�Ér x → 1 ô�Ç

>�\�"f n̄−collinear {9����Ð ³ð�&³÷&#Q�� ½+É �.���s	כ

����"f, full QCD\�"f_� �����l�ÀÓ��H ���©�_� hard �©�

 ñ���6 x�̀¦ �̧¿º &h�ì�rK�!Q�2; Êê (integrating out), SCET

\�¦ :�xK� ��6£§õ� °ú s� ³ð�&³|̈c Ãº e����.

Jµ = q̄γµq = C(Q2, µ)ξ̄n̄Wn̄Ỹ †
n̄ γµ

⊥YnW †
nξn +O(λ) (11)

#�l�"f, γµ
⊥ = gµν

⊥ γν s� 9 ξn(n̄)��H n(n̄)-collinear 3$ß¼ �©�

s���. Collinear �]4��H��� (Wilson line) Wn [8]�Ér

Wn(x) = P exp
[
ig

∫ x

−∞
dsn̄ ·An(sn̄µ)

]
(12)

�Ð ÅÒ#Qt� 9, n−collinear s�ü@_� ���Ér î�r1lx�̀¦ 
���H ÂÒì�r

\�"f λ_� Ü¼>pu 	�Ãº\�"f n−collinear /åJÀÒ�:r_� 4�¤�� õ�

&ñ
�̀¦ ã¼|9�#Q �·p �.���s	כ #�l�"f ‘P’��H �â
�Ð ×�¦[j¹¡§ (path

ordering)�̀¦_�p�ô�Ç��. ¢̧���Ér collinear�]4��H���Wn̄��H nõ�

n̄\�¦ ú́���ÀDKÜ¼�Ð+�~1�>�%3�#Qè­qÃºe����. Ref. 9\�"f�Ð���

��ü< °ú s� λ_� Ü¼>pu 	�Ãº\�"f soft �©� ñ���6 x�̀¦ collinear

�©�\�"f ì�ro�½+É Ãº e����. s� M:, ���̧��H ��s	כ soft �]4��H���

Ü¼�Ð s���H ��6£§õ� °ú s� ³ð�&³�)a��.

Yn(x) = P exp
[
ig

∫ x

−∞
dsn ·As(snµ)

]
(13)

Ỹn(x) = P̄ exp
[
−ig

∫ +∞

x

dsn ·An(sn̄µ)
]

(14)

#�l�"f P̄��H ìøÍ�â
�Ð ×�¦[j¹¡§ (anti-path ordering)�̀¦ >pwô�Ç

��. Ỹnõ� Yn_� �â
�Ð�� ��ØÔ>� ³ðr�H�d [20]\� Ä»_�
�#���.

Eq. (11)\�"f �]4��H >�Ãº��H αs_� !Q�FKÜ¼>pu	�Ãº��t�

C(Q2, µ) = 1 +
αsCF

4π

(
− ln2 µ2

Q2
− 3 ln

µ2

Q2
− 8 +

π2

6

)
(15)

�Ð ÅÒ#Q����� [10].

Eq. (3)Ü¼�Ð Ø�¦µ1ÏK� x → 1 ô�Ç>�\�"f ½̈�̧ �<ÊÃº F1�̀¦

SCET\�¦ :�xK� ³ð�&³
����,
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F1(x, ,Q2) = −
gµν
⊥
2

Wµν = − 1
4π

∑
X

(2π)4δ(q + P − pX)〈N |J†⊥µ|X〉〈X|J
µ
⊥|N〉

= −4π3
∑
X

δ(q + P − pX)|C(Q2, µ)|2〈N |Ψ̄nY †
n γµ

⊥Ỹn̄Ψn̄|X〉〈X|Ψ̄n̄Ỹ †
n̄ γ⊥µ ỸnΨn|N〉 (16)

#�l�"f Ψn ≡ W †
nξn�Ð >�s�t� Ô�¦������ n−collinear 3$ß¼

�©�s���. x → 1��� �â
Äº, Ùþ��� N_� î�r1lx|¾Ó_� @/ÂÒì�r�̀¦ {9�

��
���H ���:rs� ��4R����H �s�Ù¼�Ð	כ Ùþ���_� �� Qt���H @/

ÂÒì�r_� \��-t�\�¦ {9�>� |̈c �.���s	כ ����"f, î�r1lx �̧|	�\�
���� þj7áx �©�I�\� n-collinear {9����� �>rF�
���H ��Ér	כ Ô�¦
��
�Ù¼�Ð �À» d��\�"f |X〉 = |Xn̄〉 ⊗ |Xs〉�Ð ÅÒ#Q|9� ��s	כ
��.

n̄-collinear ÂÒì�r�Ér ��A�ü< °ú s� Z>�>h_� jet functionÜ¼
�Ð ¬¹��
���H ��s	כ ��0px
���.∑
Xn̄

〈0|Ψα
n̄|Xn̄〉〈Xn̄|Ψ̄β

n̄|0〉 =
∫

d4pXn̄

(2π)3
6 n̄
2

n̄·pXn̄
Jn̄(pXn̄

)δαβ .

(17)
#�l�"f α, β��HÒ�o¾ú�\�@/ô�Ç�ª���Ãº (quantum number)\�¦

�����·p��. Ü¼>pu	�Ãº\�"f s� jet function�Ér J
(0)
n̄ (p) =

δ(p2) Ü¼�Ð ÅÒ#Q�����.

î�r1lx|¾Ó �Ð�>rõ� ,��|9� 0A ��Ä»�̧ (on-shell degrees of

freedom)\�¦ �¦�9
���� n̄-collinear î�r1lx|¾Óõ� soft î�r1lx|¾Ó

�Ér 1−x ∼ O(λ2)�ÐÑütM:��6£§õ�°ú s�Û¼H�{9�a�A
���H�	כ

�̀¦ ·ú� Ãº e����.

pn̄ = (p+
n̄ , p−n̄ ,p⊥n̄ ) = (λ2, 1, λ),

ps = (p+
s , p−s ,p⊥s ) = (λ2, λ2, λ2) (18)

#�l�"f pn̄ ≡ pXn̄ , ps ≡ pXss��¦, p+ ≡ n̄ ·p, p− ≡ n ·p�Ð
¿º%3��� (·ú¡Ü¼�Ð�̧ s�³ðl�\�¦>�5Åq�Ö̧6 x½+É�.(.���s	כ ����

"f, Eq. (16)\�"f ÚÔYUs�àÔ d�¦\�"f_� 4Sq�� �<ÊÃº��H

δ(q + P − pn̄ − ps) = 2δ(−Q + P+ − p+
n̄ − p+

s )δ(Q− p−n̄ − p−s )δ(2)(p⊥n̄ + p⊥s )

∼ 2δ(Q
1− x

x
− p+

n̄ − p+
s )δ(Q− p−n̄ )δ(2)(p⊥n̄ ) (19)

�Ð éß�í�H�o�)a��. #�l�"f �'a¹1Ï|¾Ó x\�¦ �í�<Ê
�t� ·ú§��H î�r1lx

|¾Ó_� $í
ì�r\� @/K�"f��H [jl� ��0pu�̀¦ :�x
�#� ���>� l�#�
�

��H ÂÒì�r�Ér Áºr�
�%i���. ����"f, ÚÔYUs�àÔ d�¦\�"f��H 	�H x

ô�Ç>�\�"f �½Ó�©� p−n̄ = Q, p⊥n̄ = 0Ü¼�Ð jþt Ãº e��6£§\� Ä»_�


�#���.

Eq. (17)�̀¦ Eq. (16)\� @/{9�ô�Ç +' Eq. (19)\�¦ &h�6 x
�#�

&ñ
o�
����,

F1(x, Q2) = H(Q2, µ)Q
∑
Xs

Jn̄(p+
n̄ = Q

1− x

x
− p+

s ;Q)〈N |Ψ̄nY †
n Ỹn̄|Xs〉

6 n̄
2
〈Xs|Ỹ †

n̄ ỸnΨn|N〉

= H(Q2, µ)
Q2

x

∫ 1

x

dyJn̄(Q
y − x

x
;Q)〈N |Ψ̄nY †

n Ỹn̄
6 n̄
2

δ(yP+ − P+ − i∂+)Ỹ †
n̄ ỸnΨn|N〉

= H(Q2, µ)
∫ 1

x

dy

y
J̄n̄(1− x

y
;Q)〈N |Ψ̄nY †

n Ỹn̄
6 n̄
2

δ(yP+ − P+ − i∂+)Ỹ †
n̄ ỸnΨn|N〉 (20)

�Ð jþt Ãº e����. #�l�"f H(Q2, µ) = |C(Q2, µ)|2s���. s� d���̀¦ Ä»�̧½+É M:, ¿º���P: ×�¦\�"f ¢-a��� �'a>� (com-
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pleteness relation)
∑

Xs
|Xs〉〈Xs| = 1�̀¦ &h�6 x
�%i��¦,∫

dyδ(y−· · · )\�¦���íß�����s�\�¶ú�{9�
�%i���. P+ü< i∂+
��H

collinear �©�õ� soft �©�\� y��y�� &h�6 x÷&��H î�r1lx|¾Ó�̀¦ ã¼|9�#Q
?/��Hp�ì�r���íß���s���.��t�}��d��\�"f½©����o�)a jet func-
tion�Ér "é¶A� jet functionõ� ��6£§õ� °ú �Ér �'a>�\�¦ �������.

J̄n̄ =
y

x
Q2Jn̄ ∼ Q2Jn̄ (21)

��6£§ �©�\�"f ��[jy� ¶ú�(R�Ð��xt�ëß�, Eq. (20)\�"f Ùþ���
N ��s�_� '��§>= ¹�èכ (matrix element)��H ���:r ì�r�í �<ÊÃº
�� 	�H y (¢̧��H x)\�¦ t�u�́ M:_� SX��©��)a ³ð�&³Ü¼�Ð �¦�9|̈c
Ãº e����.

III. ½�ÊXês ���Ö«�X¢ ��Ê]Ø ÄZØ�º ]K¤�¤õu§ T��ÓÞ�X¢
QCD factorization theorem

Ùþ����ÐÂÒ'� :£¤&ñ
ô�Ç ���:rs� Ùþ���\� @/ô�Ç \��-t� q�Ö�¦

x\�¦ ��t��¦ {9���
�#� �¦\��-t� �©� ñ ���6 x�̀¦ ½+É SX�Ò�¦�̀¦

����?/��H ���:r ì�r�í �<ÊÃº��H full QCD\�"f ��6£§õ� °ú s�

&ñ
_��)a�� [21].

fq/N (x, µ) =
∫

dz−
4π

e−ixP+z−/2〈N(P )|q̄n(
z−
2

)
6 n̄
2

P exp
[
ig

∫ z−/2

0

dz̄′n̄ ·A(z̄′)
]
qn(0)|N(P )〉 (22)

= 〈N(P )|q̄n
6 n̄
2

δ(xP+ − n̄ · iD)qn|N(P )〉 (23)

#�l�"f qn�Ér n-~½Ó�¾ÓÜ¼�Ð collinearô�Ç 3$ß¼�©�s� 9 >�s�t�
Ô�¦����̀¦ 0AK�"f n̄-~½Ó�¾Ó�̀¦ ���� ¹¡§f��s���H >�s�t� /BN��� �]4
��H���s� ¶ú�{9�÷&%3���. ¿º���P: ×�¦�Ér ÉÓo�#Q (Fourier) ���8̈�
s�Êê î�r1lx|¾Ó /BNçß�\�"f ³ð�&³ô�Ç �.���s	כ /åJÀÒ�:r\� @/ô�Ç ��

�:r ì�r�í �<ÊÃº�̧ s�ü< Ä»��ô�Ç ~½Ód��Ü¼�Ð &ñ
_�|̈c Ãº e����.

àÔ0AÛ¼àÔ (¢̧��H λ)\� @/ô�Ç Ü¼>pu 	�Ãº\�"f SCET\� B�

g�A(matching)
�#� s�\�¦ ³ð�&³
����,

fq/N (x, µ) = 〈N(P )|ξ̄n
6 n̄
2

δ(xP+ − n̄ · iDn −Wnn̄ · iDsW
†
n) ξn|N(P )〉

= 〈N(P )|ξ̄nWn
6 n̄
2

δ(xP+ − P+ − n̄ · iDs) W †
nξn|N(P )〉

= 〈N(P )|ξ̄nWnỸn̄
6 n̄
2

δ(xP+ − P+ − i∂+) Ỹ †
n̄ W †

nξn|N(P )〉

= 〈N(P )|ξ̄(0)
n W (0)

n Y †
n Ỹn̄

6 n̄
2

δ(xP+ − P+ − i∂+) Ỹ †
n̄ YnW (0)†

n ξ(0)
n |N(P )〉 (24)

�Ð jþt Ãº e����. 'Í	���P: ×�¦\�"f full QCD_� /BN��� p�ì�r ���
íß��� (covariant derivative) n̄ · iD��H SCET\�"f

n̄ · iD = n̄ · iDn + Wnn̄ · iDsW
†
n (25)

�Ð ³ð�&³½+É Ãº e����. #�l�"f n̄ · iDn�Ér n−collinear /BN���
���íß���s� 9, n̄ · iDs��H soft �©�\� @/ô�Ç �.���s	כ �À» d���Ér
SCET ��Õª|½Ót�îß� x9� ���íß���\�¦ ���>h½+É M:, λ_� �̧��H y��

y��_�	�Ãº\�"f>�s�t�Ô�¦���Ü¼�Ðëß�[þtl�0A
�#� collinear
�©��̀¦ &h�]X�
�>� &ñ
_��<ÊÜ¼�Ð+� %3���H ³ð�&³d��s��� [22]. p�

ì�r���íß��� Pü< i∂�Ér collinear�©�õ� soft�©�\�y��y��&h�6 x÷&
��H �Ü¼�Ð	כ [P, φs] = [i∂, φn] = 0�̀¦ ëß�7á¤ô�Ç��. (φn,s��H e��

_�_� collinear(soft) �©�s���.) Eq. (24)_� ¿º���P: ×�¦õ� [j
���P:×�¦\�"fe��_�_��<ÊÃº f\�@/
�#��½Ó1pxd�� f(n̄·iDn) =
Wnf(P+)W †

n, f(n̄ · iDs) = Yn̄f(i∂+)Y †
n̄\�¦ ��6 x
�%i���.

Eq. (24)_���t�}�����õ���H λ_�Ü¼>pu	�Ãº\�"f n-collinear
�©�Ü¼�ÐÂÒ'� soft �©� ñ ���6 x�̀¦ ì�ro�K� �·p ����s	כ [9]. Õª
���õ�, collinear �©�[þt�Ér Ü¼>pu 	�Ãº\�"f �8 s��©� soft �©� ñ
���6 x�̀¦ 
�t� ·ú§>� �)a��.
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Eq. (24)_� ��t�}�� ³ð�&³d���Ér full QCD�Ð ÂÒ'� �����Û¼
XO�>�Ä»�̧÷&��H SCET\�"f_����:rì�r�í�<ÊÃº_�&ñ
_�s� 9,
s��ÐÂÒ'� x → 1���ô�Ç>���t���1lx&h�Ü¼�ÐSX��©�½+ÉÃºe����.
Äº��� Eq. (24)\�"f x_� �̧��H#3�0A\�¦�¦�9½+É�â
Äº (7£¤, x ∼
O(1) & 1− x ∼ O(1)��� �â
Äº), 4Sq�� �<ÊÃº_� argument��H

δ(xP+ − P+ − i∂+) = δ(xP+ − P+) +O(i∂+)�Ð ���>h|̈c

Ãº e���¦, ¿º���P: �½Ó�Ér Ü¼>pu 	�Ãº\�"f Áºr�½+É Ãº e����. ��

��"f, s� �â
Äº ���:r ì�r�í �<ÊÃº��H e��y� ú̧� ·ú��9��� ��6£§õ�

°ú �Ér ³ð�&³d��Ü¼�Ð �r)
ô�Ç��.

fq/N (x, µ) ∼ 〈N(P )|Ψ̄nY †
n Ỹn̄

6 n̄
2

δ(xP+ − P+) Ỹ †
n̄ YnΨn|N(P )〉

= 〈N(P )|Ψ̄n
6 n̄
2

δ(xP+ − P+)Ψn|N(P )〉 (26)

#�l�"f Ψn = W †
nξns� 9, ¿º���P: d��\�"f �]4��H���_� Ä»m�

'�o� (unitary)�'a>�d�� Y Y † = Y †Y = 1�̀¦+�"f �̧��H soft
�©�_� l�#�\�¦ ]j��
�%i���.
ëß�{9� x → 1 ô�Ç>�\� [þt#Q"f>� ÷&���, �Ö̧$í
�o�)a

n−collinear���:r��� Ψn�ÉrÙþ���_���_� �̧��H\��-t�\�¦��

t�Ù¼�Ð P+Ψn = P+Ψns� ÷&�¦, s� �â
Äº 4Sq�� �<ÊÃº_�
argument��H (1 − x)P+ + i∂+�Ð jþt Ãº e��>� �)a��. ����
"f, Äºo��� 	�H x ô�Ç>�\�"f_� ½̈�̧ �<ÊÃº\�¦ �¦�9½+É �â
Äº

(1− x)P+ ∼ i∂+�Ð [jl� ��0pus� ÷&#Q ���:r ì�r�í �<ÊÃº ?/

\�"f soft �©��̀¦ ]j��½+É Ãº \O�>� ÷&�¦ Eq. (24)_� ��t�}��
³ð�&³d���̀¦ :�xK� ���:r ì�r�í �<ÊÃº\�¦ �¦�9K���ëß� 
���H ��s	כ

��.
����"f, Eq. (24)_� �'a>�d���̀¦ Eq. (20)\� @/{9�K� �Ð

���, Äºo���H 	�H x ô�Ç>�\�"f_� ½̈�̧ �<ÊÃº F1\� @/ô�Ç QCD
factorization theorem�̀¦ ��6£§õ� °ú s� ½̈½+É Ãº e����.

F1(x, Q2) = H(Q2, µ)
∫ 1

x

dy

y
fq/N (y, µ)J̄n̄(1− x

y
;Q,µ)

= H(Q2, µ)
∫ 1

x

dy

y
fq/N (

y

x
, µ)J̄n̄(1− y;Q,µ)

(27)

���²DG, d��8£x q�òøÍ$í
 Ø�æ[�t\�"f ½̈�̧ �<ÊÃº��H 	�H x ô�Ç>�\�

"f hard �©� ñ ���6 x�̀¦ ì�ro�K� �·p Êê, ±ú��Ér \��-t�\�"f

n̄−collinear �©� ñ ���6 x�̀¦ ³ð�&³
���H jet functionõ� SX��©�

�)a ³ð�&³_� ���:r ì�r�í �<ÊÃº�Ð ¥̧>h#Q ³ð�&³½+É Ãº e����. #�

l�"f ���:r ì�r�í �<ÊÃº��H éß�í�Hô�Ç (n−)collinear �©� ñ ���6 x

÷�rëß� ��m��� soft �©� ñ ���6 x�̧ �íF�c½+É Ãº e��6£§\� Ä»_�
�

#��� ô�Ç��.

Eq. (27)\�"f jet fucntion_� αs_� !Q�FK Ü¼>pu 	�Ãº\�"f

_� >�íß��Ér ��6£§õ� °ú s� ·ú��94R e���� [23,24].

J(1− z;Q,µ) = δ(1− z) +
αs

2π
CF

{
δ(1− z)

[
7
2
− π2

2
+

3
2

ln
µ2

Q2
+ ln2 µ2

Q2

]

− 1
(1− z)+

[
2 ln

µ2

Q2
+

3
2

]
+ 2

(
ln(1− z)

1− z

)
+

}
. (28)

#�l�"f (f(z))+�Ér e�¦�QÛ¼ ì�r�í �<ÊÃº\�¦ ����?/ 9, Õª &ñ


_���H ��6£§õ� °ú ��.

(
f(x)

)
+

= lim
β→0

[
f(x)θ(1−x−β)−δ(1−x−β)

∫ 1−β

0

dyf(y)

]
(29)

����"f, Eq. (28)�̀¦ :�xô�Ç jet function_� s��©� 	�"é¶

(anomalous dimension)�Ér

γJ(z, µ) =
αsCF

π

[(
2 ln

µ2

Q2
+

3
2

)
δ(1− z)− 2

(1− z)+

]
(30)

�Ð ÅÒ#Q�����. 0A\�"f ½̈ô�Ç s��©� 	�"é¶�Ér ��6£§õ� °ú �Ér F�
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½©����o ÕªÒ�̈ ~½Ó&ñ
d�� (renormalization group equation)�̀¦
ëß�7á¤
���H °úכs���.

d

d lnµ
J(x, µ) =

∫ 1

x

dz

z
γJ(z, µ)J(

x

z
, µ) (31)

Hard function H(Q2, µ)_� s��©� 	�"é¶�Ér

γH(µ) =
1

H(Q2, µ)
d

d lnµ
H(Q2, µ) = −αsCF

π

(
2 ln

µ2

Q2
+3
)

(32)
�Ð ÅÒ#Q�����.

���:r ì�r�í �<ÊÃº_� s��©� 	�"é¶�Ér ú̧� ·ú��9��� ��ü< °ú s�

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)&�

V,� (kernel) [25–27]�Ð ·ú��94R e����. 	�H x ô�Ç>�\�"f�̧ s�

\�¦ ëß�7á¤
���Ht� ¶ú�(R�Ðl� 0A
�#� ���:r 	�"é¶\�"f ���:r ì�r

�í �<ÊÃº\�¦ �¦�9K� �Ðl��Ð 
���. F�½©����o Û¼H�{9�a�A '��

1lx (renormalization scaling behavior)�Ér �̧�Ðt� ���íß���

\� _��>r½+É �s�Ù¼�Ð	כ ���:r 	�"é¶_� s��©� 	�"é¶�Ér z�́]j y©�{9�

�� 	�"é¶_� ���:r ì�r�í �<ÊÃºü< °ú ��.

fq/q(x, µ) = 〈q(p)|Ψ̄nY †
n Ỹn̄

6 n̄
2

δ((1− x)p+ + i∂+) Ỹ †
n̄ YnΨn|q(p)〉 (33)

=
1

p+
〈q(p)|Ψ̄n|0〉

6 n̄
2
〈0|Ψn|q(p)〉 · 1

Nc
〈0|Y †

n Ỹn̄
6 n̄
2

δ((1− x) +
i∂+

p+
) Ỹ †

n̄ Yn|0〉 (34)

≡ C(p+, µ) · S(1− x; p+, µ)

¿º ���P: ³ð�&³d���̀¦ ã¼|9�#Q è­q M:, ���:r 	�"é¶\�"f

collinearü< soft �©�s� λ\� @/ô�Ç Ü¼>pu 	�Ãº\�"f �8 s��©�

�©� ñ ���6 x
�t� ·ú§��H����H �¦̀�	כ �¦�9
�#� s�[þt ��s�\� &h�

]X�y� |0〉〈0|\�¦ ¶ú�{9�
�%i���.
αs_� !Q�FK Ü¼>pu	�Ãº��t�_� collinear functionõ� soft

function_� >�íß�°úכ�Ér

C(p+, µ) = 1 +
αsCF

π

( 1
εUV

− 1
εIR

)( 1
εUV

+ 1 + ln
µ

p+

)
− αsCF

4π

( 1
εUV

− 1
εIR

)
(35)

S(1− x; p+, µ) = δ(1− x) +
αsCF

π

( 1
εUV

− 1
εIR

)[(
− 1

εUV
− ln

µ

p+

)
δ(1− x) +

1
(1− x)+

]
(36)

�Ð ÅÒ#Q�����. ����"f, ���:r 	�"é¶_� ���:r ì�r�í �<ÊÃº��H

fq/q(x, µ) = C(p+, µ) · S(1− x; p+, µ)

= δ(1− x) +
αsCF

2π

( 1
εUV

− 1
εIR

)[3
2
δ(1− x) +

2
(1− x)+

]
(37)

�Ð ÅÒ#Qt��¦, s�\� @/ô�Ç s��©� 	�"é¶�̧ &ñ
½© DGLAP &�V,�
°ú̀�כ¦ �������.

γf (x, µ) = Pq/q(x → 1) =
αsCF

π

[3
2
δ(1− x) +

2
(1− x)+

]
(38)

¢̧ô�Ç, Eqs. (30), (32), (38)\�¦ :�xK� Eq. (27)\�"f ÅÒ#Q���
Óüto�&h�����'a8£¤°úכ��� ½̈�̧�<ÊÃº F1s�F�½©����oÛ¼H�{9� µ\�

_��>r
�t� ·ú§�¦ d/(d lnµ)F1 = 0 �̀¦ ëß�7á¤
��¦ e��6£§�̀¦ ~1�
>� SX����½+É Ãº e����.

t��FK��t� �7H_��)a ��\�¦ �¦�9
����, SCET\�¦ :�xK�"f ±ú�
�Ér \��-t�\�"f_� "f�Ð ���Ér î�r1lx �̧|	��̀¦ ����� �©�[þt�̀¦ $í


/BN&h�Ü¼�Ð ì�ro�½+É Ãº e��%3�Ü¼ 9, &h�, ��ü@��� µ1Ïíß� ½̈�̧ x9�
F�½©����o '��1lxs� Áºo� \O�s� ���>h÷&��H �¦̀�	כ SX�����<ÊÜ¼�Ð

+�, d��8£x q�òøÍ$í
 Ø�æ[�t\�"f_� ÅÒ�)a ½̈�̧ �<ÊÃº F1\� @/ô�Ç

	�H x\�"f_� factorization theorem�Ér $í
/BN&h�Ü¼�Ð ½̈�&³÷&
��H �Ü¼�Ð	כ �Ð�����. 
�t�ëß�, ô�Ç ��t� Ô�¦ëß�Û¼�Qî�r &h��Ér {9�
ìøÍ&h���� �â
Äº\� e��#Q"f ���:r ì�r�í �<ÊÃº�� �̧�Ðt� ô�Ç 7áxÀÓ

_� collinear �©�Ü¼�Ðëß� l�Õüt÷&��H X< ìøÍK�, 	�H x ô�Ç>�\�"f
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��H collinear �©�[þtõ� soft �©�[þts� ô�ÇX< [O�#�"f ���:r ì�r�í
�<ÊÃº\�¦ s�ÀÒ�¦ e������H &h�s���.

SCETü<°ú �ÉrÄ»ò́�©�s��:r�̀¦&h�6 x
�#����:rì�r�í�<ÊÃº
?/_� collinear �©�[þtõ� soft �©�[þt�̀¦ ���íß��� YU6\�\�"f $í
/BN
&h�Ü¼�Ð ì�ro�K� è­q Ãº e��%3�Ü¼Ù¼�Ð, s�[þt_� �<ÊÃº, 7£¤, Cü<
S��H "é¶gË:&h�Ü¼�Ð y��y�� Z>�>h_� F�½©����o Û¼H�{9�\�"f >�
íß�|̈c Ãº e����. ëß����, Cü< S�� 1lx{9�ô�Ç Û¼H�{9�\�"f >�íß�÷&
��H�,������s	כ Eq. (37)�̀¦ëß�7á¤
�#�s��:r&h�Ü¼�Ð	�H �̧í�Hs�
Òqtl�t� ·ú§��H��. 
�t�ëß�, ì�ro��)a ¿º >h_� �<ÊÃº�� y��y�� >h
Z>�&h���� F�½©����o Û¼H�{9�\�"f >�íß�s� �)a�����, Eq. (35)ü<
(36)\�"f�Ðs���H�Ó��t�>�íß��)ay��y��_��<ÊÃº½��	¦��3!�%	כ
��H ��ÅÒ 0A+«>ô�Ç &h�, ��ü@��� µ1Ïíß�s� 1lxr�\� ×¼�Q����H �½Ó
[þt�̀¦y��y���ÐÄ»
��¦e������H�g�©�ô�ÇÂÒ{��s��)a��."f�s�F	כ
�Ð���ÉrÛ¼H�{9�\�"f>�íß�½+É�â
Äº,s�[þt�̀¦y����_�s��©�	�
"é¶�̀¦ :�xK� y��y�� F�½©����o Û¼H�{9� ����o (evolution)\�¦ s�
ÀÒ#Q�� 
���HX<, s� �â
Äº s��©� 	�"é¶s� &h�, ��ü@��� 1lxr� µ1Ï
íß��½Ó_� �>rF� M:ë�H\� ���²DG &h�ü@��� µ1Ïíß�\� _��>r
�>� �)a��.
��r� ú́�
���� Z�}�Ér \��-t�\�"f_� F�½©����o '��1lxs� ±ú��Ér

\��-t�_�Óüto��<Æ\�_��>r�<ÊÜ¼�Ð+�s��:r&h�Ü¼�Ð �̧í�Hs�Òqt

l���H ���õ�\�¦ ±ú¢>� �)a��. þj��H, collinear �©�[þtõ� soft �©�[þt
�̀¦ ì�ro�½+É M: ���5Åq�̧ (rapidity) Û¼H�{9�s�����H F�½©����o
Û¼H�{9� s�ü@_� Dh�Ðî�r Û¼H�{9��̀¦ �̧{9�
�
���H s��:r&h� �̂

>��� �¦�9÷&l� r����Ùþ¡�¦ [28,29], s��Qô�Ç ~½ÓZO��:r�̀¦ &h�6 x

�#� 	�H x ô�Ç>�\�"f_� ���:r ì�r�í �<ÊÃº\� @/ô�Ç s��Qô�Ç s�

�:r&h� �̧í�H&h��̀¦ K����
���H r��̧�� e��%3���HX<, ���5Åq�̧ Û¼H�
{9� '��1lx\� @/K�"f�̧ &h�ü@��� µ1Ïíß�\� @/ô�Ç _��>r$í
s� Òqt|��

����H &h�s� SX����÷&#Q"f ���õ��� ëß�7á¤Û¼�Qî�r ��Ér	כ ��m���

[12].

IV. Éa< x �X¢4�;c"e8ý :gM� ���Ö̈ õmÍ
factorization theorem;c 6��X¢ Wcx®�zº8ý �¹ÅTês

Eq. (37)\�"f ~1�>� ·ú����̂¦ Ãº e��1pws� ���:r 	�"é¶\�"f_�

���:r ì�r�í �<ÊÃº��H fq/q(x) ∼ δ(1 − x)�Ð ÅÒ#Q�����. s���H

x → 1 ô�Ç>�\�"f ÅÒ�)a l�#�\�¦ ô�Ç����H �¦̀�	כ _�p�ô�Ç��. 
�

t�ëß�, y©�{9���\� @/ô�Ç ���:r ì�r�í �<ÊÃº_� �â
Äº ���:r 	�"é¶

_� ì�r�í �<ÊÃºü< ���)� �©�ìøÍ�)a ���õ�\�¦ ±ú¢�̀¦ Ãº e����. 7£¤,

	�H x ô�Ç>�\�"f y©�{9���\� @/ô�Ç ���:r ì�r�í �<ÊÃº��H Õª ½©�̧

�� �©�{©�y� �����t�>� �)a��. s��Qô�Ç {9�s� {9�#Q����H s�Ä»��H

x → 1��� ô�Ç>�\�"f y©�{9���_� ~½Ó�'a�� (spectator) {9���[þt

s� ��t���H î�r1lx �̧|	�[þt\� �©�{©�ô�Ç ]j���s� ��ØÔl� M:ë�Hs�

��.

·ú¡\�"f ���r� ���/åLÙþ¡1pws� 	�H x ô�Ç>�\�"f��H þj7áx �©�I�

_� 8úx î�r1lx|¾Ó_� ]jY�Ls� p2
X ∼ Q2(1− x) � Q2�Ð ÅÒ#Qt�

Ù¼�Ð, þj7áx �©�I�_� {9���[þt�Ér n̄−collinear 
����� softô�Ç

{9���[þt�Ð ½̈$í
÷&#Q��ëß� ô�Ç��. ����"f, Ùþ��� ¢̧��H y©�{9���

N�̀¦ ½̈$í

���H ~½Ó�'a�� ���:r %i�r� n-collinearô�Ç �©�I�\�"f

n̄-collinear ¢̧��H soft�©�I��Ð��7
#Q��ô�Ç��. Fig. 2\�"f��H

s��Qô�Ç �̧|	��̀¦ Ø�æ7á¤r�v���H ~½Ó�'a�� {9���[þt_� �©� ñ ���6 x

s� ú̧� ������ e����. s��Qô�Ç ~½Ó�'a�� {9���[þt_� �©� ñ���6 x�̀¦

7á§ �8 U�·s� �¦¹1ÏK��Ð���, SCET_� λ\� @/ô�Ç [jl� ��0pu�̀¦

K� �̂¦ M: Ü¼>pu 	�Ãº�� ��m��� ìøÍ×¼r� �¦	��½Ó_� �©� ñ ���

6 x\�"fëß� ��0px
���. Fig. 2(b,c)\�"f �����l�ÀÓ Jµ_� #QL:

/åJ����H λ\�@/ô�Ç[jl���0pu�̀¦�����·p��. SCET\�"f Jµ��H

Jµ = Ψn̄Ỹ †
n̄ γµ

⊥YnΨn −
nµ

Q
Ψn̄Ỹ †

n̄ Yn 6 P⊥Ψn −
nµ

Q
Ψn̄ 6 P†⊥Ỹ †

n̄ YnΨn

− 2vµ

Q
Ψn̄Ỹ †

n̄ Yn 6 Bn⊥Ψn −
2vµ

Q
Ψn̄ 6 Bn̄⊥Ỹ †

n̄ YnΨn +O(λ2) (39)

�Ð ���>h÷&��HX<, Äº���_� 'Í	���P: �½Ó�Ér λ\� @/K� Ü¼>pu 	�Ãº

��� J
(0)
µ s��¦, �� Qt� �½Ó[þt�Ér �̧¿º λ\� @/K� !Q�FK Ü¼>pu 	�

Ãº��� J
(1)
µ s���. #�l�"f vµ = (nµ + n̄µ)/2�Ð ÅÒ#Q4R e����.

Soft-collinear �©� ñ ���6 x�̀¦ ³ð�&³
���H λ\� @/ô�Ç �¦	��½Ó_�

�©� ñ ���6 x ��Õª|½Ót�îß��Ér ��6£§õ� °ú s� ÅÒ#Q�����.

L(1)
sc = Ψn 6 B⊥n Y †

n qs + h.c., (40)

L(2a)
sc = Ψn

6 n̄
2

n ·BnY †
n qs + h.c., (41)

L(2b)
sc = Ψn

6 n̄
2

W †
ni 6 D⊥n Wn

1
n̄ · P

6 B⊥n Y †
n qs + h.c.,(42)

����"f, y©�{9���\� @/ô�Ç ½̈�̧ �<ÊÃº x9� ���:r ì�r�í �<ÊÃº
\�¦ �¦�9K� �̂¦ M:, 	�H x ô�Ç>�\�"f��H ~½Ó�'a�� {9���_� λ\� @/
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Fig. 2. Schematic descriptions on the spetator interaction for PDF in the largx x limit. Diagram (a) represents
the spectator interactions depicted in full QCD, and diagram (b) and (c) are main contributions in SCET. Here Lsc
represents subleading SCET interactions between collinear and soft fields. Diagram (b) contributes to the structure
function F1, and (c) contributes to FL.

ô�Ç �¦	��½Ó_� �©� ñ���6 xÜ¼�Ð ���K� �9����&h���� Õª ½©�̧_� y��

�è�&³�©�s�{9�#Qèß���.#�l�"f:£¤l�½+Éëß�ô�Ç���½Ó�Ér7áx&h� ½̈
�̧ �<ÊÃº FL �Ér {9�ìøÍ&h���� x_� #3�0A\�"f��H λ\� @/ô�Ç �¦	�

�½ÓÜ¼�Ð ÅÒ#Qt�l� M:ë�H\� F1\� q�K� ����Ér �ª�s�t�ëß�, x��

1\�����0>|9�Ãº2�¤ F1_�y���è�&³�©�s�¿º×¼�Q4R"f λ\�@/

ô�Ç [jl� ��0pu�̀¦ Ùþ¡�̀¦ M: °ú �Ér 	�Ãº_� �ª�Ü¼�Ð ÅÒ#Q�����.
Õª [jl� ��0pu\� @/ô�Ç ��[jô�Ç ì�r$3��Ér Ref. 19\� ú̧� l�Õüt

÷&#Q e��Ü¼Ù¼�Ð �ÃÐ�¦
�l� ��êøÍ��. 1− x ∼ O(ΛQCD/Q)�Ð

ÅÒ#Q|9� �â
Äº y�� ½̈�̧ �<ÊÃº x9� ���:r ì�r�í �<ÊÃº��H N =�ª�

$í
��{9� �â
Äº, (1− x)5 &ñ
�̧�Ð y���è
�>� �)a��.

y©�{9��� 	�"é¶_� ���:r ì�r�í �<ÊÃº�� ���:r 	�"é¶\�"fü< ²ú�

o� ~½Ó�'a�� {9���_� �©� ñ ���6 xM:ë�H\� ��6£§õ� °ú �Ér ���/BN ¶ú�

{9�s� Ô�¦��0px
���.

fq/N (x, µ) = 〈N(P )|Ψ̄nY †
n Ỹn̄

6 n̄
2

δ((1− x)P+ + i∂+) Ỹ †
n̄ YnΨn|N(P )〉

6= 1
N+

〈N(P )|Ψ̄n|0〉
6 n̄
2
〈0|Ψn|N(P )〉 · 1

Nc
〈0|Y †

n Ỹn̄
6 n̄
2

δ((1− x) +
i∂+

P+
) Ỹ †

n̄ Yn|0〉 (43)

7£¤, 	�H x ô�Ç>�\�"f_� ���:r ì�r�í �<ÊÃº��H ÚÔYUs�àÔ d�¦\�"f

n−collinear �©� ñ ���6 xõ� soft �©� ñ ���6 xs� �D¥F�÷&#Q e��
��H �Ü¼�Ð	כ ³ð�&³÷& 9, ì�ro�÷&t� ·ú§��H��. ���:r ì�r�í �<ÊÃº
_� s��Qô�Ç $í
|9��Ér s�\�¦ ×¼5\�-îà� õ�&ñ
\� &h�6 xr�~�́ M: d��
y��ô�Ç ë�H]j&h��̀¦ ��l�½+É Ãº e����. ��r� ú́�
����, d��8£x q�òøÍ
$í
 Ø�æ[�t_� �â
Äº ±ú��Ér \��-t�_� Óüto��<Æ�̀¦ jet functionõ�
���:r ì�r�í �<ÊÃº�Ð ¥̧>h#Q Òqty��
���H ��s	כ ��0pxô�Ç ìøÍ���,
×¼5\�-îà� õ�&ñ
_� �â
Äº 	�H xô�Ç>�\�"f s��Qô�Ç factorization
theorems� ��0pxô�Ç t� Ô�¦ì�r"î

���.
×¼5\�-îà� õ�&ñ
\� @/K�"f SCET\�¦ &h�6 x
�#� �'aº�� ���íß�
��\�¦ ú̧� ì�ro�
��¦ ���:r 	�"é¶\�"f αs_� �¦	��½Ó_� &h�, ��
ü@��� µ1Ïíß��̀¦ ú̧� ì�ro�½+É �â
Äº Õª ½̈�̧ �<ÊÃº\� @/
�#� @/

|ÄÌ ��6£§õ� °ú �Ér factorization l�Õüts� ��0px
��� [13,14].

FDY (τ → 1) ∼ HDY (Q2) ·WDY (1−τ ;Q)⊗fq/N1⊗fq̄/N2

(44)
#�l�"f, ‘⊗’��H	�H x\�@/ô�Ç&h�]X�ô�Ç&h�ì�r_�+'%í
(�� (convo-
lution)s���. #�l�"f Ø�æ[�t
���H ¿º >h_� Ùþ��� N1õ� N2��H

y��y�� n-collinear {9���, Õªo��¦ ìøÍ@/ ~½Ó�¾ÓÜ¼�Ð ���'��
���H
n̄-collinear {9����Ð l�Õüt�)a��. ����"f, d��8£x q�òøÍ$í
 Ø�æ[�t
\�"f_� 	�H x ô�Ç>�\�"f_� ���:r ì�r�í �<ÊÃº\� @/K� �¦�9Ùþ¡

~����\�¦&h�6 xK��Ð��� fq/N1�Ér n-collinear�©� ñ���6 xõ� soft
�©� ñ ���6 xs� �D¥F�ô�Ç �ª�s� 9, fq̄/N2�Ér n̄-collinear �©� ñ ���
6 xõ� soft �©� ñ ���6 xs� �D¥F�ô�Ç �ª�Ü¼�Ð l�Õüts� H�d�̀¦ ·ú� Ãº
e����. ±ú��Ér \��-t�\�"f n-collinear {9���[þt�Ér n̄-collinear
{9���[þtõ� �©� ñ ���6 x
�t� ·ú§t�ëß�, y�� ���:r ì�r�í �<ÊÃº ?/
_� soft{9���[þt�Ér���Ér%ò
%i�\�e����H soft�©�[þtõ��©� ñ���6 x
½+É �s�Ù¼�Ð	כ y�� ���:r ì�r�í �<ÊÃº ?/_� �©� ñ ���6 x�Ér ���Ð

ì�ro�÷&t�·ú§��H��. ¢̧ô�Ç&�V,� WDY %i�r� soft�©� ñ���6 xs�
ÅÒ�)a �©� ñ ���6 xs�Ù¼�Ð 0Aü< °ú �Ér factorization_� l�Õüt�Ér
Õª&ñ
{©�$í
s�ß¼>�_�d��~ÃÎ��H��s���.����:r&h�Ü¼�Ð,	�H xô�Ç

>�\�"f_� factorization theorem�̀¦}©���ä¼o���HÅÒ�)a�©�#4�
�Ér soft �©� ñ ���6 x_� �>rF��Ð ���ô�Ç �,s� 9	כ s��Qô�Ç soft �©�
 ñ ���6 xs� l�&h�&h�Ü¼�Ð �©��W�)a����H ��z�́s� 7£x"î
÷&t� ·ú§

��H ô�Ç, factorization theorem_� r�y��Ü¼�Ð ×¼5\�-îà� õ�&ñ
�̀¦
l�Õüt
���H ��Ér	כ Ô�¦��0px
���.
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V. +sÇ Â]Ø

Äºo���H t��FK��t� �¦\��-t� ��5Åql� z�́+«>\�"f x → 1���
ô�Ç>�\�"f QCD factorization theorems� $í
wn�÷&��H õ�&ñ

�̀¦ d��8£x q�òøÍ$í
 Ø�æ[�t�̀¦ ×�æd��Ü¼�Ð ¶ú�(R�Ð��¤��. x → 1���
ô�Ç>���H �¦\��-t� �©� ñ ���6 x Êê_� þj7áx �©�I�\� e����H {9���

[þt_� î�r1lx �̧|	�\� �©�{©�ô�Ç ]j���s� ��ØÔÙ¼�Ð factorization
theorem_� l�Õüts� {9�ìøÍ&h���� �â
Äº�Ð�� �©�{©�y� 4�¤ú̧�
���.
Õªo��¦, αs_� �¦	��½Ó_� >�íß�\�"f Ãº���ïáÔ �ÐÕª\�¦ �í�<Ê

ô�Ç 	�H �ÐÕª�½Ó[þt_� �>rF��Ð ���
�#� [O�1lx s��:r_� >�íß�\�"f

s�[þt�̀¦ αs_� �̧��H 	�Ãº\�"f �̧¿º �8
���H F�½+Ëíß� õ�&ñ
s�


¹כ��9�Ù¼�Ðs��:r&h�Ü¼�Ð�FG4�¤K���½+Éõ�]j�� ú́§�ÉrB�Äº �̧

���&h���� ì�r��s���. ¢̧ô�Ç �¦\��-t� ��5Åql� z�́+«>\�"f ��0px
ô�Ç 0A�©� /BNçß�_� =åQÂÒì�r\� K�{©�
�#� Õª íß�êøÍéß����&h�_� ß¼

l���H ���t�ëß�, :£¤Ä»_� C���&h���� $í
|9� M:ë�H\� Û¼�2; 1px ��
�ª�ô�Ç Óüto�|¾Ó�̀¦ �Ö̧6 x
�#� y©�{9��� 1px_� Óüto�&h���� ½̈�̧\�¦

¶ú�(R�:r����Ht�, ��@/ y©�{9��� ��5Åql� z�́+«>\�"f Dh�Ðî�r Óüt
o��<Æ_� ����̧\�¦ ¶ú�(R�̂¦ l��r\�¦ Û�æÂÒy� ]j/BNô�Ç��.
s��Qô�Ç 	�H x_� ô�Ç>�\�"f Äºo���H SX��©� ��0pxô�Ç ���:r ì�r

�í �<ÊÃº\�¦ &ñ
_�
�%i��¦, s�\�¦ SCET\� &h�6 x
�#� s�_� ��
�ª�ô�Ç Óüto�&h���� $í
|9��̀¦ ¶ú�(R�Ð��¤��. x_� �íF�c&h���� #3�0A

\�"f ���:r ì�r�í �<ÊÃº�� �̧�Ðt� collinear �©� ñ ���6 xëß� �í
�<Ê
���H ��õ	כ ²ú�o� 	�H x_� ô�Ç>�\�"f��H collinear ÂÒì�rõ�
soft ÂÒì�rs� �D¥F�÷&��H �Ü¼�Ð	כ ³ð�&³s� ÷& 9, s���H Óüto�&h�
���, 7£¤, y©�{9��� 	�"é¶_� ���:r ì�r�í �<ÊÃº\�¦ �¦�9½+É �â
Äº ]j
���s� ���Ér ~½Ó�'a�� {9���_� �©� ñ���6 x�̀¦ �¦�9K��� 
�Ù¼�Ð

s�[þt�©� ñ���6 x�Érî�r1lx�̧|	�\�����¾ú��FK
�>�ì�ro�÷&t�·ú§

��H��. s��Qô�Ç ë�H]j&h�\��̧ Ô�¦½̈
��¦ d��8£x q�òøÍ$í
 Ø�æ[�t\�
"f��H QCD factorization theorems� #����y� �>rF�½+É Ãº e��
6£§�̀¦ ¶ú�(R�Ð��¤t�ëß�, ���:r ì�r�í �<ÊÃº_� F�½©����o Û¼H�{9�
a�A '��1lx�̀¦ ¶ú�(R�Ð��¤�̀¦ M:, #����y� K����K��� ½+É ë�H]j&h�
s� �>rF��<Ê�̀¦ �Ð��¤��. Õªo��¦ s��Qô�Ç ���:r ì�r�í �<ÊÃº\�¦
×¼5\�-îà� õ�&ñ
\� &h�6 x½+É �â
Äº t��FK��t� ��¥y� �¦�9K�M®o~��
factorization_� l�Õüts� soft �©� ñ ���6 xÜ¼�Ð ���K� ë�H]j��
|̈c Ãº e����H ��0px$í
�̀¦ ¶ú�(R�Ð��¤��. s��Qô�Ç ë�H]j&h�[þt�Ér �Ð
�� ���x9�ô�Ç 	�"é¶\�"f_� s��:r&h���� ì�r$3��̀¦ ¹�Ðכ��9 
� 9, ·ú¡
Ü¼�Ð s��Qô�Ç �̧§4��̀¦ :�xK� y©�ô�Ç �©� ñ ���6 x�̀¦ �Ð�� ��H�:r&h�

Ü¼�Ð s�K�½+É Ãº e����H z�́��o��� Û�¦o�>� |̈c t� l�@/K� �:r

��.

Pcp��8ý òk>

s����½̈��H"fÖ�¦õ��<Æl�Õüt@/�<Æ�§�§?/�<ÆÕüt���½̈q� t�"é¶

Ü¼�Ð Ãº'��÷&%3�_þvm��� (õ�]j��� ñ: 2015-0778).
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