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q(x, Q2)
��. a�a #&%(.
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G�#�0�:�W�'�0!#�. :I#1� -H074�210b<=%54�47:�81%(#�GI47#�:c<(4m'*)�#9G�# <=#&%(jK47:m21:I.-072HF5<=%5WI<(<(W�%=2-,m21%i<=. :%�
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∆q(x, Q2)
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#

∆q(x, Q2)
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21:c<=# 470c,�%5.M'&#�F(F5.
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p↑p̄↑ −→ e+e−X.
�i�1�!� �
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G�47F5'�%5#�,m21:I6S29%547F('&. :c<=%(2;<*2J<=%(2�4ca;2107.1%(4c.1<5<=#�:�WI<(4�Gm214�jk.VG�#&07074w<=#&. %(4!'�4c'�.1%(%(#&:c<=4V#
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'*)I# 8 074�21:c<=4!,�%(.;<=. :�4�a #&:�8c21:�.	,�. 0721%(4!6�6S2w<=4]47: WI: 2;:�#�0!07. � 	
	�l"������� � � (J#�F5'�07WIF(4!a;2.�
jK#�:c<(#�GI#�G�4!'S2;<(. 210!032 ~x21F5#ZGI4J,/. 0721%(4!6�6�216�4!. :�#1� N�0 <(%=21Fi~ #�%(4!jk#&:c<=.�G�4]21:c<=4!,�%(.1<(. :�4
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,I%(# ��21'�'&#�0!#�%=2;6�47.1:�# �m:I. 2
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'�.1:I~ WI<*2w<=.�� "$#&% � W�21:c<=. %(4!8 Wm21%5Gm2 470O'�. :c<(%(4 q WI<=.	2;G�%(. :I47'�. 2;09,�%5.M'&#�F(F5. G�4�,�.*�
032;%(476&6S216&47. :I# (�:I#�07072 ~x2;F(# F5W�'�'&#�F5F(4!a;2 4!: '�WI49"�LO^ .1,/#&%(#�% � 21G L � � L9:c<=4!,�%(.1<(. :
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�O#�'�#&07#&%=2;<(. % � ( 2 ,�%(4!. %(4 :I. : + ,�. F(F54 q 4!07# ,�%5#&a #&G�#�%5#tF(#�470 q #&%(F=2;8 074!.�GI4J47G�%5. 8 #�:I.
~ WI:�6�4!. :�4 jK#�810747.kG�#�0 q #�%5F=21810747. G�4_G�#&WI<=. :I4_,/#&%H032�,�. 032;%(476&6S216&47. :I#@G�#&8 074_21:c<=47,I%(.*�
<(. :�4 � 	�#�0u'S21F5.�47:Z'�W�4�a #&:�8c2�4!jk,�4!#�8c2w<=.UW�: q #�%5F=218 0!47.KG�4uG�#�WI<(. :�4�(/,�#�%92 a;21:I6S21%5#
GI#�070!#�,�%5#&aV47F547. :I4(1'*)I#J'�. j�WI: � W�#JG�#&a1. :�.A#�F5F(#&%(#JjK47F(WI%=2;<(#�#J47:c<(#�%(,I%(#&<=2;<=# ( q 4!F(. 8 :�2
'&. :�. F5'�#&%(#-jk. 0b<=. q #�:I#-4!0�,�%5.M'&#�F(F5.kGI4�G�#�WI<(#�%5. : q %(#S2;rVWI,��
T�2�%5#S216&47. :�# G�4 G�#&WI<=#&%(. :8� q %5#S21r�W�,�+�47:�.10!<=%5# 4!:�<(#�%5#�F(F(21:c<=#UG�4$,/#&%HF(+�#U210_�%$-h &
F54�F5. :�. F5<=2;<=# Fi<=W�GI432;<(# CZ'S2;:m21074 ,m21%i<=47'&. 032;%(4�G�4 � W�#&F5<=2 %5#S216&47. :I#�47: '&W�4 F54�F(.1:�.
Fi<=W�GI432;<(4�G�4!a1#�%5F(4�jK.MG�#&070!4/G�#&0�,/.;<=#�:I6�432;07#�:�W�'&07#S2;%(#�+

� �
pd−→(pp)n

+U~x21F('&47.tG�4�,�%(.1<(. :�4 47:�'&47G�#&:�<(#�F(W q #�%5F=21810747. �mF(F5. G�4 G�#&WI<=. :I4(
'�. : 4!0/F547F5<(#�jk2 G�4 ��,�%5.1<=. :I#O#&jk#&F(F(.K2

θlab � 0o %(4ba #�072;<=. Gm21070��XL
	
�A\ ~ . % � 21%5G
G�#&<(#�' <=. % (/2;GZ2;0!<=.�jK. jK#�:c<=.�<(%=21Fi~ #�%(4b<=.��

CM�
dp−→(pp)n

+�~x21F('&47.HG�4�GI#�WI<(. :�4�4!:�'�4!G�#�:c<=#JF5WUW�: q #&%=21F58 074!.
�mF(F5.@GI4I,�%5.1<=. :I4(
'�. : 470�F(4!F5<=#&j 2�G�4�� ,�%(.;<=. :�#�#�jK#�F5F(.�4!:�2Sa;21:c<=4V#�%54!a #&032;<(.OG�21070��XL
	
�A\Z~ . % � 21%5G
G�#&<(#�' <=. % (/2 q 2;F(F(.KjK. jk#&:c<=.�<=%(21F5~ #&%(4!<(.��

E$478 W�%(2��1� �%+�� ���
�� ����� ����� � ����$��
� ��� � ��� � ��	� � ��� � � ���
#
�)�� ����� ����� � ����$��
� ��� � ��� �

��	� � ��� � � ��� ' � � ��� ��� ��� �� � � ����� ��� � ������� � � ����������� �&� ��� � �
� ���	��� �	��� � � � � � 
��
���
� �	��� ������� ���	��
 ! � ���� � � � ��	��� �	����� � � � ���"� �������(���	��� ���$� � � ����� ��� ��� ���(� �����'� ������� � ��� �
� � �
� �	�������� � ��	������� ������� ���'

N�0uF(# < � W�,tF(,�#�%547jK#�:c<*2;07#-'�. Fi<=4!<(W�4!<(. Gm2;070�gL 	 �A\ ~ . % ��21%5GtG�#&<(#�' <=. %�+@<*210!#@Gm2k'�. :%�
F5#�:c<=4!%(#kF(. 0!.Z072Z%(4ba #&03216&47. :�#UG�#&070!#k,m2;%5<=4!'�#&0707#�#&jk#&F(F5#�47: 2 a;21:c<(4(u%(47F5,/# <(<(.t210!032 G�4��
%5#�6&47. :�#HGI4�47:�'&47G�#&:�6S2�G�#&0�~x21F('&47. $b� e & �
	�#�0�'S2;F(.t�@470�,�%5.1<=. :I#@G�#&0u~x2;F('�4!.k4!:�'�4!G�#-F(W�0�,�%5.1<=. :I# G�#&0 q #�%5F=21810747.K#AaM4!#�:�#@%(4ba # �
072;<*2 �xGm2;<=2�032�8 #&. jk# <=%5432�G�#&0�%(4!a1#�072;<=. %5# � 072�'�. ,I,�432�G�4�,�%5.1<=.1:�4�47: 2Sa;21:c<=4�(�jK#�:c<=%5#
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E 4!8 W�%=2@� � �%+  � � ����$��
� ��� � ��� � ��	� � ��� � � ��� � � � �&� ��� � ���
� �	��� � � � ��������� 
 �&� �(� �� � � � ���
# � � '$ �" � �� � � � ����� � �����	��������
���� ������� �����	� � �
� �	������ ����'

470 :�#�WI<(%(. :I#UaV4!#�:�#�G�4 	�WIF(.�2 8 %=21:IG�4�21:�81. 074 ��	�#�0�'S2;F(.ZC�470 ~x21F5'�4!. 47:�'&47G�#&:�<(#�+UG�4
G�#&WI<=. :I4 � �947#&:�#J%(4ba #�072;<=.H4!0I'�21F(.A47:�'&W�4�4!0I:�#&WI<=%5. :�#]'�. :c<(#�:�WI<=.-:�#&0�G�#�WM<=. :�#]4!:�'�4!G�#
F(WI0�,�%(.1<(. :�#UG�#&0 q #&%(F(218 074!. (�<(%=21Fi~ #�%(#&:�G�. 81074 <(WI<(<(.�4!0 F5W�.Z4!jk,IW�07F5. (�470$,�%(.;<=. :�#�GI#�0
~x21F5'�47. #�470u,�%(.1<(. :�#�GI#�0 q #�%5F=21810747.Ka #&:�8 . :�. #&jk#&F(F(4 47: 2Sa;21:c<=4 �HN�: � WI#�F5<(. 'S21F5.�F54
)m2 q 21F5F(.Kjk. jK#�:c<(.�<=%=2;F5~ #�%54!<(.k2;07032@'�. ,�,I432�,�,��
N�0�<=#&%(6�.Z'S21F5.t'*)�#kF(4�,�W��ZW�:�47%5#K2 � W�#�Fi<=4�C�Fi<=W�G�4 �m:�.1%=2 %(#S2;07476&6S2;<(4(�+k'�. Fi<=4!<(W�4!<(.
Gm210!07#�%5#S216&47. :I4�G�4 q %5#S21r�W�,Z'*)�#Ha #�:I8 . :�.k47G�#&:�<(4��m'�2;<=#H4!: � W�#�Fi<=. 072Sa . %5.��
T�2K81#�. jK#&<(%(432�GI#�0�F(# < ��WI, F(,�#�%547jK#�:c<*2;07#H+AG�4!a1#�%5F=2k#A'&. :�F(#&:c<=# GI4�<(%=2;<5<*21%5#H470�'�21F(.
'�.1jk,�0!#�jK#�:c<*2;%(#1��N�: �-# CUG�4�GI47F(,�. :�#-G�4�W�:Z%(4ba #�072;<=.1%(#H,�. F5<(.k4!: 2Sa;21:c<=4�%(4!F(,�#&<5<=.
210�,�W�:c<=. G
�X4!:c<=#�%(216�4!. :�# (V.1%=2@F54/GI47F(,�. :�#OG�4�G�W�#O%(4!a1#�072;<=. %54�,/. Fi<=. 214�032;<(4mG�#�0/,�W�:c<=.
G
�g47:c<=#&%=216&47. :I#1����. : � W�#�Fi<=.�:�W�. a . 21,�,m2;%=2;<(.@F54�,�. F5F(. :�.@%(4ba #�0721%(#]4�,�%5.MG�.;<(<=4mGI#�07072
%(#�216�4!. :�#A,�#�%JF5<(W�G�4721%(#A470/F(W�GIG�#&<5<=.k<(#�%56�.K'S21F5.�+

• 3.pd−→(pp)n
� F('S2;j q 47..��'S2;%(47'�2�� � +�~x21F('&47.JG�4 ,I%(.1<(. :�414!:�'�4!G�#�:c<(#�F(W q #&%(F(218 074!.

�mF5F(.tGI4�GI#�WI<(. :�4(u'�.1: 470�F547Fi<=#�jk2 G�4�� ,�%(.1<(. :�#�#&jk#&F(F(. 2Z8 %(21:�G�4�21:I8 . 074 #k4!0
:�#&WI<=%5. :�#A#�jK#�F5F(.k47: 2Sa;21:c<=4(�2 q 2;F(F(.KjK. jk#&:c<=.�<=%(21F5~ #&%(4b<=.K2107072 '�.1,�,�432�,�,��

��� �5?,+��4:&�F��>*D )$D ?$�&>�:;>*D$��D$�C.(. >
3�:#+ :;>!�(D,�(AC� +�.(�%�1I � ��D$�%��8
�C3&3;>@� D + I +�DE:;�G)$D D$��)<:&�;>*D$�1D,��. .(>
34:&+ :&> �,D,+�. �
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T �g47G�#&:c<=4���'S216&47. :�#$G�#�0 q %(#S2;rVWI,-G�2],�21%5<(#�G�#�0 %54!a1#�032w<=. %5#_F(4!:�47Fi<=%=2 ��G�#&F5<=%(2JhM[J[ 2 a�aV47#&:�#
jK#�GI4321:c<=# 0�g47G�#&:c<=4���'S216&47. :�# G�#�4I,�%(.1<(. :�4V~ #�%(jk2;<(4I210!0�g47:c<=#&%(:�.OG�#�0IG�#&<(#�'&<(. %�� � WI#�F5<(.
4!jk,I0747'�2O'*)�#O032H'�.1: �m8 W�%(216�4!. :�#JG�4 q %5#S21r�W�,k'*)�#�F(4�%(4ba #�072H+ � W�#&07072A4!:U'�W�4�032H'&. ,�,�472
GI4M,�%5.1<=.1:�4VaV4!#�:�# #�jK#�F(F(2H2O8 %(21:�G�4M21:�81. 074�%(4!F(,�#&<5<=.�2;07032]G�4!%(#�6&47. :I# G�4V47:I'�47GI#�:�6�29G�#�0
~x2;F('�4!. (�,�#�%5'*)�+ � W�#�Fi<*2 +�032k%(#�8147. :�# '�. ,�#�%i<*2�Gm210$%(4ba #�072;<=.1%(# (/#�470u:�#�WM<=%(.1:�#�aV47#�:I#
#&jk#&F(F5.k4!: 2 a;21:c<(4 � a #&G�4$� 21,�4b<=. 0!.�R�� �
N�0M'S21F5.#@�+J470I'�21F(.A'&. jk,I07#�jK#�:c<=21%(#�210�'S2;F(.@C9#J)m2�W�:m2H,m2;%5<=4!'�. 0721%(4b<��]47:�,�4
�07#&8c2;<*2
2;070�g#�:I#�%(81432�G�4�47:I'�47GI#�:�6�2ZG�#&0�~x2;F('�4!.���N�:I~x2w<(<=4�4!0�j 21F5F(4!jk. G�#&070�g#�:I#�%(81432 G�4 �%$-h &
%(218 8 4!W�:�8 4 q 470!#O,�#�%�W�:�~x21F('&47.KG�4�G�#�WI<(. :�4u+

2.3
-H#�� (�jk#&:c<=%(#-470�jk21F5F(47jK.UG�#�0!0�g#�:%�

#&%(8 472Z,�#�%�WI: ~x21F('&47.tGI4�,�%5.1<=. :I4 +
3
-A#�� � � W�4!:�G�4�470�'S21F5.�@t%(4!F(,�#&<(<(.t210 'S21F5.�C

'&. :�F5#�:c<=#-G�4�F=2;0747%5#�47: #&:�#�%58 432�#H47:ca1#�F5<(478c2;%(#AW�:�%=21:�81#H#�:�#&%(8 # <=47'&.k,I4��21jK,�47.��
[uWI<5<=. � W�#�Fi<=.�G�47F5'�. %5F(. + 07#�8 2;<=. 210!032 ,I%(. F5,/# <(<=4ba;2tG�4JG�#�GI47'S2;%(# W�:
�g#�F5,/#&%(4!jk#&:�<(.
2;07032@%(#S2;6�47.1:�#HG�4 q %5#S21r�W�,�'�. :�0�X21,�,�21%=2;<(.�F(#&,�%(4!jk#&:�<=2107#-hV[J[H�
N�:%�m:�#A470�jK#�'&'S21:I47F(jK.�G�#&0 q %(#S2;rVWI,ZG�#&0�G�#�WI<(. :�#A+A47:c<=#&%(#&F(F=2;:�<(#@4!: � W�21:c<=.K'�. Fi<=4��
<(W�47F5'�#AW�:Z032 q . %=2w<=. %547. 4!G�#S2;07#H,�#�%�07.UF5<(W�G�47.UG�#&070��X4!:�<(#�%(216�4!. :�#H:�W�'�0!#S21%5#A47:�F(47Fi<=#&jk4
2�<(%(#A'�. %5,�4 �
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T�#9'�. 0!032 q . %=2;6�47.1:�4 �����
	 l � ��� )m21:�:�.U2Sa;21:�6�2;<=. 032 ,�%5. ,�. F5<=2�G�4�Fi<=W�G�4721%(#9032
G�#&,/. 0721%(4!6�6�216�4!. :�#�G�4�W�: ~x21F5'�47.UG�4�,�%5.1<=.1:�4�210!0�g#�:�#&%(8 472�G�4�47:�4!#�6&47. :�#H:I#�0u�%$Ah'& G�4
45

Y�#����mT �g. q 47# <(<(4!a . ,�%(4!:�'�4!,m2107#O+ � W�#�0!07.�G�4/'*)�432;%(47%5#�470�%(WI. 07.�8147.V'S2;<(.�Gm218 0!4/#&07# < �
<=%5. :�4�:�#&07032H,�. 032;%(476&6S216&47. :I# G�4�W�:k~x2;F('�4!.-21'�'&W�j�W�072;<=.-#OGI#&<=#&%(jK47:m2;%(#J032AF(#&6�4!. :�#�G
�
W�%i<=.KG�4�F('�21j q 4!.UG�4�F(,�4!:��
N�0 ,I%(47:I'�47,I47. GI#�07072 jK47F(WI%=2kGI4_G�#�,�. 0721%(4!6�6S2;6�47.1:�# (�'�. jK#�,�%5. ,�. F5<(.�Gm2 �@��$��DY�#&� #&% (
+ 0��X# � W�4!a;210!#�:�6�2Z'*)�#�F5W�F(F547Fi<=# <(%=2Z4!0�,�%(.V'�#&F(F(. GI4 ,�. 032;%(476&6S216&47. :I#�G�4 WI: ~x21F('&47.ZG�4
,�%5.1<=. :I4(14!:�476&4321jK#�:c<(# :�.1:K,�. 0721%(4!6�6S2w<=4(w2�F5#�8 W�4b<=.�GI4�,m21F5F=218 814I%(#&4!<(#�%=2w<=4M2;<(<(%=2Sa #&%(F(.
W�: q #�%5F=21810747.KG�4u#�0!#&<(<(%(. :I4u,�. 0721%(4!6�6S2w<=4�# 4!0�,�%(.V'�#&F(F5. G�4$GI#�,�. 0321%5476&6S216&47. :�#AG�4u,�%5.*�
<=.1:�4($47:�4!6�432;07jK#�:c<=#�,�. 0721%(4!6�6S2w<=4(�,�#�%@,m21F(F(218 8 4�j�W�0b<=4!,�074 2;<(<(%=2Sa #&%(F(. WI: q #&%(F(218 074!.
G�4�#�0!#&<(<(%(. :I4�:�. : ,�. 0721%(4!6�6S2w<=4 �KN�:	210b<=%54 <=#&%(jK47:�4�F54 Fi~ %(WI<5<*21:�.Z,/.10321%5476�6�216�4!. :�#�GI#�0
~x21F5'�47.U# q #�%(F(218 0!47.�'&. :Z%5W�. 0!4�47:ca #&%5<(4!<=4 �
� W�#�Fi<=4MF5<=WIG�4�F(,�#�%547jK#�:c<*2;074�F(. :I.�jk.;<=4!a;2;<(4cGm210!07#�%(#�'&#�:c<=4I,�%(# aM4!F(4!. :�4�<=#�.1%(47'*)I#J2Sa12;:%�
6S2w<=#AGm2UL9%(#&:�)�. a #&0�# � 210!'*)�#�%&�
� 2107'*)�#&%�#&F5<=#&:�G�# � W�#&F5<*2�4!G�#S2@21G�W�:�2 ,�%(.1,/. Fi<*2 ,�#�% ,/.10321%5476�6�21%(#�21:c<(47,�%5.1<=. :I4/2;' �
'�WIj�W�032w<=4 jK#�G�4721:c<=# W�: ~x21F('&47.�'�. jK. a #&:�<(#ZGI4J,/. F54!<(%(. :�4J,�. 0721%(4!6�6S2w<=4 � Tu2 q 2;F(F=2
#�:I#�%(81432�G�4/47:c<=#&%=216&47. :�#9'�%(WI'�432;07#9,�#�% � WI#�F5<=2KjK47F5W�%=2 (VaV47#&:�#H%=2;8 8 47WI:�<=2 47:IG�W�'�#&:�G�.
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WI:m2�a #�0!.M'&4!<���%(#�072;<=4ba;2 <=%=2�#&07#&<5<=%5. :�4�#A,�%5.1<=. :I4�#�Fi<=%(#&j 2;jk#&:�<(#A%(47GI.1<(<=2I�
T �g. %(GI47:�#HG�4�81%=21:�GI#�6�6�2KGI#�07072�F(#�6&47. :I#-G �XW�%i<=.KG�4�F(,I47: m47, � Wm21:�GI.k0��X#&:�#�%58 432�G�#&8 074
2;:�<(47,�%5.1<=.1:�4�:�#�0�F(4!F5<(#�jk2 2Z%547,�. F(.ZG�#�4�,�. F(4b<=%(.1:�4�+

Th � 1
r;#�� (_2;G W�:m2�a #�0!.M'&4!<��

%5#�072;<=4ba12kG�4
v/c � 0.002

(�%547F5W�0!<=2 +
σs = 4 · 1013

q 21%5:��-�O: a;2107.1%(#�'�.1F��J210b<=. G�#&07032
F5#�6&47. :�#]G
�gW�%i<=. F54m<=%=2;G�W�'�#]4!:kW�:�2AaV4!<=2-jK#�GI432HG�#�0!032H,�. 0321%5476&6S216&47. :�#�G�#�0!0�g. %(G�4!:�# G�4
� Wm2;07'*)�#JjK470!0747F5#�'&. :�G�.�#JG�. aV%(# qIq #]#�F5F(#&%(# � WI47:�G�4MW�:U# 	/#&<5<=.A'*)�432;%=21jK#�:c<=# aM4!F(4 q 470!#1�
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√
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√
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np
a

¥ 1l�`(<$'"D(!©� 5".$'&)"i6%/21#$+-04#"%?)(9,%-0/<15-`©� 5"%$�&W(�6%(9&)".g2/2?'-B(£AF-0"%1#"h-7kve#-0"%g2(9&W(D1#"%;S6%/21m¬?+/21m§
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√
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√
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