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TUVWXY Z [[\Y ] V^ [__`a

bcd\e V cfgW hdf\ WiXfjXk lVcXY f\ midjVn c^kk XWj^ V\Y V
∆(1232)

jXcf\V\mX
k fYXn oX hjfh fcX V\ XcWdk VWX gfj WiX hjfYpmWdf\ mjfcc cXmWdf\ fg nfo X\Xje^ hdf\c
d\ WiX YXXhn^ qdjWpVn rfkhWf\ cmVWWXjd\e TUsrta hjf mXcc u v\ hVjWdmpnVj w oX XxhjXcc
WiX

ep → eγπN
hjfmXccXc d\ WXjk c fg eX\XjVndyXY hVjWf\ YdcWjdlpWdf\c u zX hjfqdYX

XcWdk VWXc fg WiX mf\WVk d\VWdf\ fg WiX
ep → eγp

Usrt flcXjqVlnXc YpX Wf Widc Vccf{
mdVWXY hdf\ hjfYpmWdf\ hjf mXccXc oiX\ WiX Xxh Xjdk X\WVn YVWV VjX \fW gpnn^ XxmnpcdqX w
gfj V cXW fg |d\Xk VWdmVn mf\YdWdf\c jXhjXcX\WVWdqX fg hjXcX\W fj hnV\\XY Xxh Xjdk X\Wc
VW }~Vl w ���]�t V\Y r�]��tt u
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¥�B ¦�!§ ¨B© ªB�C! ��«B © �§�B!!B� �� ��§B�!B §�B�CB§���¬ ��§�« �§ª �� §�B ­B¬� �¨ �B�BC�¬�®B�
��C§�� ¯ �!§C�°�§���! ±��¯!² � ¥�Bª ¦�C�³ B§C�®B §�B ��� ¦ BC§�C°�§�«B ���§B�§ �¨ §�B ���C��!
��� �CB B!!B�§��¬¬ª ³ �§C�´ B¬B³ B�§! �¨ §�B ¨�C³ µ¶· ¸¹

〈N ′ |q̄α(xµ)qβ(0)|N〉 , ±¶²

©�BCB
xµ �! � ¬�D�§º¬�»B «B�§�C ±

x2 = 0)
� ¼� ±¶²

qα
�! §�B ½��C» ­B¬� © �§� ¯ �C�� ���B´

α
���

N, N ′ �CB §©� ���C���� !§�§B! ©���� ��� ��¾BC B�§�BC °ª §�B�C !§C��§�CB �C °ª §�B »��B³ �§��! �
¥�B ¬�³ �§

N = N ′ D�«B! §�B �C����Cª ¦�C§�� ��!§C�°�§���! �
¼� §�B ¿À �C»B� ¬�³ �§ §�B ��¯! �¦¦ B�C �� §�B �³¦¬�§��B! �¨ B´�¬�!�«B CB��§���! !��� �!

γ∗(q) +N →M +N ′,
±¸²



¸

©�BCB
γ∗

�! � ��D�¬ª « �C§��¬ ¦��§�� ±
Q2 = −qµqµ → ∞ ² ���

M
��� °B � ³B!�� �C � ¦��§�� ·

�� ©���� ��!B §�B CB��§��� �! ��¬¬B� ¯BB¦¬ª A �C§��¬ ��³¦§�� ���§§BC��D ±¯A��² � ¼§ �! © ��B¬ª
° B¬�B«B� §��§ ¯A�� �! ����B¦§��¬¬ª §�B �¬B��B!§ ¦C� �B!! §� ���B!! §�B ��¯! � ¥�B °�!��
CB�!�� �! §��§ §�B �³¦¬�§��B ¨�C ³ B!�� ¦C����§��� ��«�¬«B! §�B ��§ !� ©B¬¬ »��©� ³B!��
©�«B ¨���§��� � ¿ª ���§C�!§ §�B ­��¬ CB�¬ ¦��§�� �� ¯A�� ��� °B ���!��BCB� �! ¦ ���§¬�»B
° B���!B ¦��§�� !§C��§�CB B¾B�§! ±A¯�º¬�»B² �CB !�¦¦CB!!B� °ª ¦�©BC! �¨

1/Q2 µ� · � · �¹ �
¥��! §�B�CB§���¬ !�³¦¬���§ª �¨ ¯A�� �! §� !�³ B B´§B�§ ����§BC°�¬���B� °ª �§! B´¦ BC�³ B�§�¬

��� ��¬§ª ©���� �! �BC§��� ¬ª DCB�§BC §��� �� §�B ��!B �¨ ³ B!�� ¦C����§��� � � B«BC§�B¬B!! �
��³°BC �¨ B´¦ BC�³ B�§�¬ �§§B³¦§! §� ³ B�!�CB ¦��§�� B¬B�§C�¦C����§��� �¾ §�B ¦C�§�� ��«B
°BB� ¦BC¨�C³ B� �C �CB �� ¦C�DCB!! µ� · � · 	 · 
 · ¶�¹ � ��C §�B ��§BC¦CB§�§��� �¨ §�B!B B´¦ BC�³ B�§!
§� ° B ¨C��§¨� ¬ �§ �! ��³¦�¬!�Cª §� ��«B � ���§C�¬ �� §�B B´�¬�!�« �§ª �¨ §�B ­��¬ !§�§B � ¼¨ ©B
���!��BC ¯A�� �� §�B ¦C�§�� · §�B ³ �!§ ��§BCB!§��D ­��¬ !§�§B �! §�B ¦C�§�� �§!B¬¨ ·

γ∗ + p→ γ + p
±�²

��� ¨C�³ ��© �� ©B CB!§C��§ ��C �§§B�§��� §� §��! ��!B � ��C ¨�C§�BC CB¨BCB��B ©B ��¬¬ �§

� ¬�!§�� ¯A��� � µ� ¶¹

¥�B ¦C�°¬B³ ¨�C ³�!§ B´¦BC�³ B�§! �! §��§ §�B B´¦BC�³ B�§�¬ B�BCDª CB!�¬�§��� �! ��§
D��� B���D� §� �!�¬�§B §�B B´�¬�!�«B

(γ + p)
�����B¬ ° B���!B �§ �! !B¦�C�§B� ¨C�³ §�B ­C!§

!§C��D ��B¬�!§�� �����B¬ °ª ��¬ª §�B !³ �¬¬ ¦ ��� ³�!! � ¼� ¦C��§��B !��� ��§� © �¬¬ �¬©�ª! ° B
���§�³ ���§B� °ª §�B CB��§���! · CB¨BCCB� §� �! � !!� ���§B� ¯A�� ±�¯A��² �

γ∗ + p→ γ + p+ π0 or γ∗ + p→ γ + n+ π+,
±� ²

©�BCB
π+,0 �! � ¬�© B�BCDª ¦��� ©���� B!��¦ B! �B§B�§��� � ��§B §��§ B´¦BC�³ B�§! ©���� ��«B

!�� ��B�§ B�BCDª CB!�¬�§��� §� ��!§��D��!� §�B
γπN

­��¬ !§�§B ¨C�³ §�B
γp

��B ��� !§��ª §�B
¦C� �B!! ±� ² ¨�C �§!B¬¨ µ¶¶¹ · §�BCB°ª B�¬�CD��D §�B !��¦ B �¨ « �C§��¬ ��³¦§�� !��§§BC��D � ¥��!
�! ¬�»B¬ª §� ° B §�B ��!B �¨ §�B B´¦BC�³ B�§! ¦¬���B� �§ �¬�° �

¼� §��! ¦�¦BC ©B ¦C�¦�!B � ��¬��¬�§��� �¨ §�B �C�!! !B�§��� ¨�C CB��§��� ±� ² ��� ©B ��³ º
¦�CB �§ © �§� §�B B¬�!§�� �����B¬ ±�² °ª ��§BDC�§��D �«BC §�B ¦��� ³�³B�§�³ �¦ §� � D�«B�
��§�¾ � � ! §�B ���DBC��! ¦���! �CB §��!B ©���� ��«B � !³ �¬¬ B�BCDª ©B �!B §�B !�¨§ ¦���
§B����½�B! °�!B� �� ���C�¬ !ª³³B§Cª� ¼� §�B !�¨§ ¦��� ¬�³ �§ · §��§ �!

kπ → 0
©�BCB

kπ
�! §�B



�

¦��� �º³ �³B�§�³ · §��! �¬¬�© ! §� B«�¬��§B §�B �!!����§B� ¯A�� �³¦¬�§��B �!��D §�B ��� �

DB�BC�¬�®B� ¦�C§�� ��!§C�°�§��� �! �� §�B B¬�!§�� ��!B � �� · �� � CB¬�§�«B !B�!B · §��! B«�¬��§���
�! ³��B¬ ���B¦ B��B�§ � ¥�B ���BCB�§ ¬�³ �§�§��� �¨ §��! �¦¦C���� �! §��§ · �¦�C§ §�B ���C�¬
¬�³ �§ ±

mπ → 0
² · �§ D�«B! � CB¬��°¬B B!§�³ �§B ��¬ª ¨�C � !³ �¬¬ �B�§BC �¨ ³ �!! ±��² B�BCDª �¨

§�B ­��¬ ¦���º���¬B�� ¦��C � ¥ª¦���¬¬ª §�B �¦¦BC ¬�³ �§ �! !B§ °ª §�B B´��§�§��� B�BCDª �¨ §�B
­C!§

∆
CB!�����B · §��§ �! �°��§ ��� �BA � ¼� �C�BC §� ���CB�!B §�B C��DB �¨ «�¬���§ª �¨ ��C

B!§�³ �§B ©B ¦C�¦�!B � ±³ ��B¬ �B¦ B��B�§² B!§�³ �§B �¨ §�B �!!����§B� ¯A�� ��CCB!¦ �����D
§�

γ ∗ +p→ γ + ∆.

��C §��! ©B �!B §�B ¬�CDB
Nc

¬�³ �§ �! � D������B ©���� �¬¬�© ! ��B §� CB¬�§B §�B ��¯! �¨ §�B

N → ∆
§C��!�§��� §� §�B ��B! �¨ §�B

N → N
§C��!�§��� µ¶¸¹ �

¼� ¦C��§��B ��B ³B�!�CB! §�B
(l, l′, γ)

CB��§��� ©�BCB
l
�B��§B! B�§�BC � ³��� �C ��

B¬B�§C�� � ¥�B �³¦¬�§��B
T ll′γ ¨�C §��! CB��§��� �! §�B ���BCB�§ !�³ �¨

T V CS · §�B «�C§��¬
��³¦§�� !��§§BC��D �³¦¬�§��B ��� �¨

TBH §�B �³¦¬�§��B �¨ §�B ¿B§�Bº� B�§¬BC ¦C��B!! ©�BCB
§�B ­��¬ ¦��§�� �! B³ �§§B� °ª §�B ¬B¦§�� � � �B� §�B CB��§��� ¦C����B! ��¬ª � ¦C�§�� ±B¬�!§��
��!B² §�B ��¬��¬�§��� �¨ §��! 
B¬�!§��º¿� � �³¦¬�§��B ��¬ª ��«�¬«B! §�B B¬�!§�� ¨�C³ ¨��§�C!
�¨ §�B ¦C�§�� · ©���� �CB ©B¬¬ »��©� � � �B� � ¦��� �! ¦C����B� §�DB§�BC © �§� §�B ­��¬
���¬B�� · §�B� §�B ��CCB!¦�����D 
�!!����§B�º¿� � ±�¿� ² �³¦¬�§��B ��«�¬«B! §�B ¦��� B¬B�§C�º
¦C����§��� �³¦¬�§��B � ��C ���!�!§B��ª CB�!��! ©B !��¬¬ B«�¬��§B §��! �³¦¬�§��B �� §�B !�³ B
¨C�³ B©�C» �! §�B �!!� ���§B� ¯A�� �

��C ¦�¦BC �! �CD���®B� �! ¨�¬¬�© ! � �� �B�§��� ¼¼ ©B !¦ B��¨ª §�B »��B³ �§��! ��� D�«B
§�B CB¬B«��§ B´¦CB!!���! ¨�C §�B �³¦¬�§��B! ��� �C�!! !B�§���! � ¼� �B�§��� ¼¼ ¼ ©B CB³ ��� §�B
¬B����D �C�BC �¦¦C�´ �³ �§��� ¨�C §�B ¯A�� �³¦¬�§��B ��� �B­�B §�B §© �!§º¸ ½��C» �¦ BC�§�C!
©���� ���§C�¬ §�B ¯A�� �³¦¬�§��B °�§� �� §�B B¬�!§�� ��� �!!����§B� ��!B � ¼� �B�§��� ¼A ©B
CB³ ��� §�B �B­��§��� �¨ §�B ��¯! �� §�B B¬�!§�� ��!B � ¼� �B�§��� A ©B �BC�«B §�B !�¨§ ¦���
§�B�CB³ ! CB¬B«��§ ¨�C §�B B«�¬��§��� �¨ §�B �!!� ���§B� ¯A�� ��� ¿� �³¦¬�§��B! � ¼� �B�§���
A ¼ ©B ¦CB!B�§ � ³ ��B¬ §� B!§�³ �§B §�B �!!����§B� ¯A�� ��� ¿� �� §�B

∆
CBD��� � �B�§���

A ¼¼ �! �B«�§B� §� � ¦CB!B�§�§��� ��� ��!��!!��� �¨ ��C CB!�¬§! �� »��B³ �§���¬ !�§��§���! �¨
��§BCB!§ � �B�§��� A ¼¼¼ �! ��C ����¬�!��� �



�

�VlnX v Z �xWXj\Vn hVjWdmnXc qVjdVlnXc u
¼� �§��¬ � ���¬ � ���¬ ¼� �§��¬ � ���¬ � ���¬
¬B¦§�� ¬B¦§�� ¦��§�� ¦C�§�� ���¬B�� ¦���

��³B�§�³
k k′ q′ p p′ kπ��!!
ml ml 0 M M mπ

� B¬���§ª· !¦ ��
h h′ λ′ σ σ′

��«B ¨���§���
u(k, h) u(k′, h′) ε′(q′, λ′) u(p, σ) u(p′, σ′)

H

γ

l l’

i f

� depjX � Z � jVhi fg WiX qdjWpVn rfkhWf\ hjfmXcc

�� � � ���� ��� 	

¼� ¥�°¬B ¼ ©B ��«B ��¬¬B�§B� §�B ���C��§BC�!§��! �¨ §�B ¦�C§��¬B! ��«�¬«B� �� §�B CB��§��� �
�B �B­�B

q
�! §�B ³�³B�§�³ �¨ §�B «�C§��¬ ¦��§�� B´����DB� �� §�B A�� ¦C��B!! · §��§ �!

q = k − k′
� �� §�B ¿� «�C§��¬ ¦��§�� ��!

q − q′
� ¥�B CB¬B«��§  �CB�§® !��¬�C! �CB

Q2 = −q2, tγ = (q − q′)2, xB =
Q2

2p.q
, W 2 = (p+ q − q′)2.

±�²

�B !��¬¬ �¬!� ��§B
t = (p′ − p)2 ©���� �������B! © �§�

tγ
�� §�B B¬�!§�� ��!B �C �� §�B ¬�³ �§

kπ = 0.
¼� §�B ��B ¦��§�� B´����DB �¦¦C�´ �³ �§��� ��� �� §�B  �CB�§® D��DB ©B ��«B §�B DB�BC��

B´¦CB!!���! ¨�C §�B A�� ��� ¿� �³¦¬�§��B! �

T V CS = ±e3ε′∗µHµν 1

Q2
ū(l′)γνu(l),

±�²

TBH = −e3 Jν
1

tγ
ū(l′)

[

γ.ε′∗
1

γ.(k′ + q′) −ml
γν+



�

J

l l’
γ l

J

l’

γ

i ffi

� depjX [ Z � jVhic fg WiX � XWiX{� XdWnXj hjf mXcc

γν 1

γ.(k − q′) −ml

γ.ε′∗
]

u(l)
±�²

T ll′γ = T V CS + TBH ±	²

¥�Bª ��CCB!¦��� §� §�B DC�¦�! �¨ � �D �¶ ��� ¸ CB!¦ B�§�«B¬ª� ¼� §�B �°�«B B´¦CB!!���! §�B
���CDB

e =
√

4π/137
��! ° BB� ¨��§�CB� ��§ ��� §�B ± !�D� CB¨BC! §� §�B ���CDB �¨ §�B ¬B¦§��

°B�³ � ¥�B !¦���C! �CB ��C³ �¬�®B� §�
ūu = 2m

© �§�
m

� DB�BC�� ³ �!! ��� §�B ¦��§��
¦�¬�C�!�§��� �! ��C³ �¬�®B� §�

ε′.ε′ = −1
� ¥�B �³¦¬�§��B!

H
���

J
�CB �B­�B� °ª

Hµν = −i < f |
∫

d4xe−iq.xT [jµ(0), jν(x)] |i >, ±
²

Jµ = < f |jµ(0)|i >, ±¶�²

©�BCB
i, f

�CB §�B �¦¦C�¦C��§B ���C���� !§�§B! ���
j(x)

�! §�B B¬B�§C�³ �D�B§�� ��CCB�§ ��CC�B�
°ª §�B ½��C»!

jµ(x) = q̄γµQq(x) =
∑

f

Qf q̄fγ
µqf(x),

±¶¶²

© �§� Q §�B ���D���¬ ���CDB ³ �§C�´ Q = [2/3,−1/3, · · ·] � ¥�B ³�§C�´ B¬B³ B�§ �¨ §�B B¬B�§C�º
³ �D�B§�� ��CCB�§ ° B§©BB� ���¬B�� !§�§B! ��! §�B �!��¬ ¨�C³ ¨��§�C �B��³¦�!�§��� �

< N(p′)|jµ(0)|N(p) >= ū(p′)

[

F p,n
1 (t)γµ + iF p,n

2 (t)
σµν(p′ − p)ν

2M

]

u(p)
±¶¸²

©�BCB
p, n

CB¨BC §� §�B ¦C�§�� �C §�B �B�§C�� ���
t = (p− p′)2 � � �§� ��C ��C³ �¬�®�§���! ©B

��«B
F p

1 (0) = 1, F n
1 (0) = 0, F p

2 (0) = 1.79, F n
2 (0) = −1.91

�



�

�B !��¬¬ ��§B
T ll′γ

el.

§�B �³¦¬�§��B ¨�C � ­��¬ ���C���� !§�§B ���§�����D ��¬ª � ¦C�§�� ���

T ll′γ
as. (π+,0)

§�B �³¦¬�§��B ¨�C ¦C������D � ���¬B�� ��� � ¦��� �¨ ���CDB � ¶ �C � � � !�³ �¬�C
��§�§��� © �¬¬ ° B �!B� ¨�C §�B �C�!! !B�§���! �

¥� ­´ §�B ��B� · ©B ���!��BC �� B´¦BC�³ B�§ ©�BCB
(k′, q′)

§�B ³�³ B�§� �¨ §�B ­��¬ ¬B¦§��
��� ¦��§�� �CB ³ B�!�CB� ©��¬B §�B ­��¬ ���C���� !§�§B

p′
�C

(p′, kπ)
�! ��§ �°!BC«B� � ¥�B

B¬�!§��
(ll′γ)

B«B�§ �! !B¬B�§B� °ª §�B ³ �!!��D ³ �!! �����§���

W 2 = (k − k′ + p− q′)2 = M2.
±¶�²

¼� ¦C�§��B §�B B«B�§! © �¬¬ ° B ��§BDC�§B� �¦ §� � ��§�¾
Wmax

©���� DB�BC�¬¬ª B´�BB�! §�B ¦���
¦C����§��� §�CB!��¬� � ¼� §�B ¨�¬¬�© ��D ©B �!!�³ B §��§ §�B B´¦ BC�³ B�§�¬ CB!�¬�§��� ��

W
�!

�B«BC§�B¬B!! D��� B���D� !� §��§ §�B ¦C����§��� �¨ ³�CB §��� ��B ¦��� ��� °B �BD¬B�§B� �
¼¨ ©B �!!�³B §��§ §�B ��B ¦�C§��¬B !§�§B! �CB ��C³ �¬�®B� �! �

< k|k′ >= (2π)32k0δ(~k − ~k′),
±¶� ²

©B ��«B §�B ¨�¬¬�© ��D B´¦CB!!���! ¨�C §�B ��«�C���§ �C�!! !B�§���! �

dσll′γ
el. = d4Γδ(W −M)dW

∣

∣

∣T ll′γ
el.

∣

∣

∣

2
,

±¶�²

dσll′γ
as. (π

+,0) = d4ΓdW

∣

∣

∣

~k∗π
∣

∣

∣

16π3

∫

dk̂∗π

∣

∣

∣T ll′γ
as. (π+,0)

∣

∣

∣

2
.

±¶�²

¼� §�B �°�«B B½��§���! §�B ��³³�� ¦��!B !¦��B ¨��§�C µ�¸¹ �!

d4Γ =
dxBdQ

2dtγdΦ

128(2π)4(p.k)2xB

√

1 + 4M2x2
B/Q

2

±¶�²

©�BCB
Φ

�! §�B ��D¬B ° B§©BB� §�B ¦¬��B!
(~k,~k ′)

���
(~q, ~q ′)

��� ~k∗π =
∣

∣

∣

~k∗π
∣

∣

∣ k̂∗π
!§���! ¨�C §�B

¦��� ³�³ B�§�³ �� §�B ¨C�³ B �B­�B� °ª
~p + ~q − ~q ′ = 0,

§��§ �! §�B CB!§ ¨C�³ B �¨ §�B ­��¬
¦���º���¬B�� ¦��C � ��B ��!

∣

∣

∣

~k∗π

∣

∣

∣

2
=
W 4 − 2W 2(M2 +m2

π) + (M2 −m2
π)2

4W 2
.

±¶	²

�C�³ �½! � ±¶� ·¶�² ©B !BB §��§ §�B ���§�³ ���§��� �¨ §�B B¬�!§�� CB��§��� °ª §�B �!!����§B�



�

��B �! ³ B�!�CB� °ª §�B ��³ B�!���¬B!! ½���§�§ª

κ(Q2, xB, tγ,Φ) =
1

16π3

∫Wmax

M+mπ

dW
∣

∣

∣

~k∗π
∣

∣

∣

∫

dk̂∗π
∑

hel.

(

∣

∣

∣T ll′γ
as. (π+)

∣

∣

∣

2
+
∣

∣

∣T ll′γ
as. (π0)

∣

∣

∣

2
)

∑

hel

∣

∣

∣T ll′γ
el.

∣

∣

∣

2 .
±¶
²

©�BCB ∑
hel

�B��§B! §�B !�³ �«BC �¬¬ §�B �B¬���§�B! � ¥��! �! §�B ½���§�§ª ©B ©��§ §� B«�¬��§B �

� �� � ���¢��� ��� ¡� �����¡� �¡  ��� �¤� ���� ��£¢�

�B �BB� §� B«�¬��§B §�B ���C���� §B�!�C
Hµν ±�½ �
 ² �� §�B DB�BC�¬�®B� ¿À �C»B� ¬�³ �§

©���� �BCB �! �B­�B� °ª �

Q2 → ∞, xB fixed, tγ/Q
2 → 0, W 2/Q2 → 0,

±¸�²

©�BCB §�B §©� ¬�!§ �����§���! �CB �B�B!!�Cª §� ��«B ¨��§�C�!�§��� �¨ §�B �³¦¬�§��B µ�¹ � ¥�B
�����§��� §��§

W
CB³ ���! !³ �¬¬ © �§� CB!¦ B�§ §�

Q
�! ��§ B´¦¬���§B¬ª !§�§B� ¨�C B¬�!§�� A��

!���B
W = M

�� §��! ��!B · °�§ �§ �! �B�B!!�Cª ¨�C §�B �!!����§B� A�� � ¥�B ¨��§�C�!�§���
§�B�CB³ D�C��§BB! §��§ §�B �³¦¬�§��B ¨��§�C�®B! �� � ��C� ¦�C§ ©���� ��� °B ��³¦�§B� ��
¦ BC§�C°�§��� §�B�Cª �! � !BC�B! ��

αS(Q2)
��� � !�¨§ ¦�C§ ©���� �B¦ B��! �� §�B ¬��D ��!§���B

!§C��§�CB �¨ §�B ���C�� � ¼� §��! ©�C» ©B ���!��BC ��¬ª §�B ¬B����D §BC³ �¨ §�B ��C� ¦�C§
©���� �³���§! §� B«�¬��§B §�B �³¦¬�§��B �� §�B ����°�D �¦¦C�´ �³ �§��� �! !��©� �� � �D � �

��C §��! ¦�C¦�!B ©B ���¦§ §�B ¨�C³�¬�§��� �¨ µ¶¹ §� ��C ¦C�°¬B³ � ¼� §�B ¿À �C»B� ¬�³ �§
°�§� §�B B¬�!§�� ��� �!!� ���§B� A�� �CB ¬�D�§º���B ��³ ���§B� � ¥�BCB¨�CB �§ �! ���«B��B�§ §�
��§C����B §©� ¬�D�§º¬�»B «B�§�C!

ñ
���

p̃
§� CB��C� §�B ��© �¨ ��C� ³�³B�§�³ � ¥�B!B ����»�«

«B�§�C! �CB ���!B� §� ° B �� §�B �ª¦ BCº¦¬��B �B­�B� °ª §�B «�C§��¬ ¦��§�� ³�³ B�§�³
q
���

���§�BC «B�§�C
P

©���� �! CB¬�§B� §� §�B §�CDB§ºBÀ B�§�¬B ³ �§��� � ¼� ��C ��!B �§ �! ���«B��B�§
§� ����!B �

P =
p+ p′

2
for the elastic VCS,

±¸ ¶²

P =
p+ p′ + kπ

2
for the associated VCS,

±¸¸²



	

� depjX ` Z �iX iV\YlVe Vhhjfx dk VWdf\ Wf WiX srt VkhndWpYX u �iX mjfccXY WXjk dc \fW cifo\ u

!� §��§ · ¨�C ° �§� CB��§���! ·
P

��! §�B !�³B B´¦CB!!��� �� §BC³ ! �¨
p, q, q′

§��§ �! �

P = p+
q − q′

2
= p+

∆

2
.

±¸�²

� §�BC �����B! �¨
P

�CB �¬¬�©B� · ¨�C ��!§���B
P = p

· °�§ §�B ¨�C³�¬�§��� �! ³�CB !ª³³B§C��
�¨ ��B �!B! §�B �B­��§��� ±¸�² � ��B �³¦�!B! §�B ��C³ �¬�®�§��� �����§���! � µ��¹

ñ2 = p̃2 = 0, ñ.p̃ = 1, ñ.P = 1,
±¸� ²

��� ��B �B­�B! §�B «�C��°¬B
ξ′

�! �

ξ′ =
Q2

4P.q
=
P.q

2P 2



−1 +

√

√

√

√1 +
Q2P 2

(P.q)2



 ≈ xB/2

1 − xB/2
in the Bjorken limit.

±¸�²

�C�³ §��! ��B DB§! §�B �B��³¦�!�§��� �

P = p̃+
P 2

2
ñ,

q = −2ξ′ p̃+
Q2

4ξ′
ñ,

±¸�²

©�BCB

P 2 = P µPµ =
M2 +W 2

2
− tγ

4
.

±¸�²






�� �C°�§C�Cª «B�§�C
a
��! §�B ��«�C���§ �B��³¦�!�§��� �

a = a.ñ p̃+ a.p̃ ñ+ a(⊥),
±¸	²

© �§� §�B ⊥ ��³¦��B�§ �B­�B� °ª
a(⊥).ñ = a(⊥).p̃ = 0

� ¼¨ ��B CB!§C��§! §� §�B ��!B ©�BCB
§�B ­��¬ ¦��§�� �! CB�¬ ��B §�B� DB§! �

∆ = −2ξp̃+

(

ξP 2 +
W 2 −M2

2

)

ñ+ ∆(⊥),

©�BCB �

ξ = ξ′
Q2 − tγ − 2ξ′ (W 2 −M2)

Q2 + 4ξ′2P 2
≈ ξ′ in the Bjorken limit.

¼¨ ��B »BB¦! §�B ¬B����D ¬�D�§º���B !��D�¬�C�§ª �¨ §�B §�³ B �C�BCB� ¦C����§ �¨ ��CCB�§! ��
�½ � ±
² ��B ��! · �§ ¬B����D �C�BC ��

αs(Q
2)

µ¶�¹ �

Hµν =
∫

dxCµν
+ (x, ξ) < f |

∑

f

Q2
fSf(x, ñ)|i >

+
∫

dxCµν
− (x, ξ) < f |

∑

f

Q2
fS

5
f(x, ñ)|i > +O

(

1

Q

)

,
±¸
²

©�BCB §�B ��C� !��§§BC��D ��B� ��B�§! ±�� ©���� ©B ���!�!§B�§¬ª ³ �»B §�B �¦¦C�´ �³ �§���

ξ ≈ ξ′
² © C�§B �

Cµν
+ (x, ξ) =

1

2
(ñµp̃ν + ñν p̃µ − gµν)

(

1

x− ξ + iε
+

1

x+ ξ − iε

)

,
±��²

Cµν
− (x, ξ) =

i

2
εµνρσp̃ρñσ

(

1

x− ξ + iε
− 1

x+ ξ − iε

)

,
±� ¶²

¥�B §© �!§º¸ �¦ BC�§�C!
Sf

���
S5

f

· ¨�C ©���� ©B �¨§B� �!B §�B D¬�°�¬ ��§�§���
S

(5)
f

�C
S(5) · �CB

�B­�B� °ª �

Sf(x, Ñ) =
∫ dλ

2π
eiλxq̄f(−λÑ/2)γ.Ñ qf(λÑ/2),

±�¸²

S5
f(x, Ñ) =

∫ dλ

2π
eiλxq̄f(−λÑ/2)γ.Ñ γ5qf (λÑ/2)

±��²



¶�

K−
−p

2

p

i(   )p1

K+
−p2 p1

2

f(   )2p

2 1

� depjX � Z � XhjXcX\WVWdf\ fg WiX Wo dcW{[ fh XjVWfj u

© �§�
Ñ

�� �C°�§C�Cª ¬�D�§º¬�»B «B�§�C � ¥�Bª �°«���!¬ª !�§�!¨ª §�B !��¬��D ¬�© �

S(5)(ωx, ωÑ) = S(5)(x, Ñ).
±�� ²

¼� �½ �±¸
² ��B ��!
Ñ = ñ

· ©���� �! §�B ��¬ª CB¬�� �¨ §�B ��C� !��§§BC��D �� §�B !�¨§ ³ �§C�´
B¬B³ B�§! �

¼� � �D � � ©B ��«B CB¦CB!B�§B� §�B ³ �§C�´ B¬B³ B�§ �¨
S(5) °B§©BB� DB�BC�� ���C���� !§�§B!

i(p1)
���

f(p2)
� ¥�B ½��C» ¬��B! �CB �� ³�!! !�B¬¬ ���» !§�§B! ½���§�®B� �§ B½��¬ ¬�D�§ ���B

§�³ B
xµÑ

µ = 0.
¼¨ ��B ¬�° B¬! §�B ³�³ B�§� �¨ §�B �� �§��¬ ��� ­��¬ ��§�«B ½��C»! �!

K− (p2 −
p1)/2

���
K + (p2 − p1)/2

CB!¦ B�§�«B¬ª· §�B� §�B ��§BDC�§��� �«BC
λ
�� �½! � ±�¸ ·��² �³¦¬�B!

§��§
x = K.Ñ

� �� §�B �§�BC ���� · ¨C�³ §�B ����§�« �§ª �¨ §�B ¬��D�§�����¬ ³�³B�§�³ · ��B
��! �

−
∣

∣

∣(p1 + p2).Ñ
∣

∣

∣

2
≤ K.Ñ ≤

∣

∣

∣(p1 + p2).Ñ
∣

∣

∣

2
,

�� · �¨ ��B ����!B! §�B ��C³ �¬�®�§���
Ñ .(p1 + p2)/2 = 1

�! �� ±¸� ² · §�B ��§BDC�§��� �«BC
x
�!

B¾B�§�«B¬ª CB!§C��§B� §� §�B ��§BC«�¬
[−1, 1]

�� �½ � ±¸
² �
¼� �½ � ±¸
² §�B �� �§��¬ !§�§B �! �¬©�ª! §�B ���¬B�� · © �§� ³�³ B�§�³

P − ∆
2

= p
� �� §�B

�§�BC ���� §�B ­��¬ !§�§B · ©���� ��! ³�³B�§�³
P + ∆

2
= p+ ∆

· ��� °B B�§�BC §�B ���¬B��
±
p + ∆ = p′

² �C §�B ¦���º���¬B�� !ª!§B³ ±
p + ∆ = p′ + kπ

² � ��§B §��§ ¨�C D�«B�
p, q, q′

§�B ����»�« «B�§�C! �CB §�B !�³ B �� °�§� ��!B! � ¥��! �! ��§ B!!B�§��¬ °�§ �§ !�³¦¬�­B! §�B
¨�C³�¬�§��� �

� ���¬¬ª· ©B ¦���§ ��§ §��§ ° B���!B B´¦CB!!��� ±¸
² �! ����C�§B �¦ §� §BC³ ! �¨ �C�BC
1/Q

D��DB ��«�C����B �! ��§ !§C��§¬ª !�§�!­B� � ��B ­��! ��!§B�� �

q′µH
µν ∼ ∆(⊥), Hµνqν = 0.



¶¶

��©B«BC �§ ��! ° BB� !��©� �� µ¶�¹ §��§ B¬B�§C�³ �D�B§�� D��DB ��«�C����B �! CB!§�CB� °ª �����D
§�
Hµν � §BC³ ©���� �! B´¦¬���§B¬ª �¨ �C�BC √−tγ/Q

· ��� §�BCB¨�CB ��B! ��§ ���§C�°�§B ��
§�B ¿À �C»B� ¬�³ �§ � ¥�B B¾B�§ �¨ §��! B´§C� §BC³ ��! ° BB� ��¬��¬�§B� ¨�C CB�¬�!§�� !�§��§���!
��� ¨���� §� °B �BD¬�D�° ¬B µ¶�¹ � �� D��DB ��«�C����B �! ��§ � !BC���! �!!�B �! ¬��D �! §�B
�����§���! ±¸�² �CB !�§�!­B� �

�� � ���� �� ���¢ �� �¡� � ¢��� ��£��¡� � �¡  ��� ��� ���¤ ¤� ��

¥�B ³�§C�´ B¬B³ B�§! �¨
S(5) �CB §�B ��� ¦ BC§�C°�§�«B ��¦�§! �¨ §�B ��¬��¬�§��� � ¼¨ ©B

��§B
N(p1), N(p2)

§©� DB�BC�� ���¬B�� !§�§B! · §�B B¬�!§�� ³ �§C�´ B¬B³ B�§! �CB ¦�C�³ B§C�®B�
����C���D §� µ¶¹ �

< N(p2)|Sf(x, Ñ)|N(p1) >=

1

P12.Ñ
ū(p2)

[

Hf/Nγ.Ñ + iEf/N
σµνÑµ(p2 − p1)ν

2M

]

u(p1),
±��²

< N(p2)|S5
f(κ, Ñ)|N(p1) >=

1

P12.Ñ
ū(p2)

[

H̃f/Nγ.Ñ + Ẽf/N
Ñ .(p2 − p1)

2M

]

γ5u(p1),
±��²

©�BCB ©B ��§B
P12 = (p1 +p2)/2.

¥�B �B�BC�¬�®B� ��C§�� ¯ �!§C�°�§���! ±��¯!²
H, E, H̃, Ẽ

�CB � ¦C��C� ¨���§���! �¨
x
��� �¨ §�B ��«�C���§! ©���� ��� °B ¨�C³ B� © �§�

p1, p2

���
Ñ
· §��§

�! �

GPD = GPD
{

x, (p2 − p1).Ñ , P12.Ñ , t12 = (p1 − p2)
2
}

.

��©B«BC ¨C�³ §�B !��¬��D ¬�© ±�� ² ��� §�B �B­��§���! ±�� ·��² ©B ��«B �

GPD
{

ωx, ω(p2 − p1).Ñ , ωP12.Ñ , t12
}

= GPD
{

x, (p2 − p1).Ñ , P12.Ñ , t12
}

!� §�B ��¯! �CB ��¬ª ¨���§��� �¨
t12

��� �¨ §�B C�§��!
x/P12.Ñ

���
(p2−p1).Ñ/P12.Ñ

� ¥�B
!§����C� �����B ¨�C §�B ¨���§����¬ �B¦ B��B��B �! �

GPD
{

x, (p2 − p1).Ñ , P12.Ñ , t12
}

= GPD

{

x12 =
x

P12.Ñ
, ξ12 = −(p2 − p1).Ñ

2P12.Ñ
, t12

}

.
±��²



¶¸

� ¨ ���C!B �� §�B B¬�!§�� ��!B ��B ��!
x = x12

���
ξ12 = ξ

°�§ ©�B� ��B �¨ §�B ���¬B��! �! ��
��§BC³ B���§B !§�§B ©���� �! �¾ §�B B�BCDª !�B¬¬ · �! �! ��¦¦ B�! �� §�B �¯A�� ¦C��B!! ±!BB
!�°!B�§��� A ¯ ² · §��! �! �� ¬��DBC §C�B �

¥�B ��§BCB!§ ��� ¦C�¦BC§�B! �¨ §�B ��¯! �CB ¦CB!B�§B� �� !B«BC�¬ CB«�B© ! µ¶� · ¶� · ¶� · ¶	¹ �
¼� �B�§��� A ¼¼ ©B B´¦¬��� §�B ³ ��B¬ �!B� ¨�C ��C B!§�³ �§B! � ��§B §��§ ��B ��� �B«�!B �
¦�C�³B§C�®�§��� ���¬�D��! §� ±�� ·��² ©�B� §�B ­��¬ !§�§B �! §�B

πN
!ª!§B³ µ¶	¹ · °�§ ¨�C

¦C��§���¬ ¦�C¦ �!B! §��§ �! ��§ «BCª �!B¨�¬ �! �§ ��«�¬«B! ³ ��ª �B© ��»��©� ¨���§���! �
��C ¨�C§�BC �!B ©B ��§C����B �!�º«B�§�C ��¯! §�C��D� �

SV,α(x, Ñ) =
∫

dλ

2π
eiλxq̄(−λÑ/2)γ.Ñ

τα
2

Πudq(λÑ/2),
±�	²

©�BCB
(τα, α = 1, 2, 3)

�CB §�B ���¬� ³ �§C��B! ���
Πud

¦C�À B�§ �� §�B
u, d

¦�C§ �¨ §�B ½��C»
��«�C ³�¬§�¦ ¬B§ � ¥�B ¦�C�³ B§C�!�§��� �� §BC³ �¨ ��¯! §�B� © C�§B!

< N(p2)|SV,α(x, Ñ)|N(p1) >= ū(p2)
[

HV γ.Ñ + · · ·
] τN

α

2
u(p1)

±�
²

©�BCB ��© §�B ¯ �C�� !¦���C �! �¬!� � �!�º!¦���C ¨�C §�B ���¬B�� ���
τN �CB §�B ���¬� ³ �§C��B!

��§��D �� �§ � � !�³ �¬�C �B­��§��� ��¬�! ¨�C
S5

V

� ¥�B ¨��§ §��§
(HV , EV , . . .)

�CB ���B¦ B��B�§
�¨
α
��� �¨ §�B �!�!¦�� �¨ §�B ���§��¬ ��� ­��¬ ���¬B��! �! � ���!B½�B��B �¨ �!�!¦�� !ª³³B§Cª�

� ! � ���!B½�B��B �¨ §�B�C �B­��§���! · ©B ��«B §�B ¨�¬¬�© ��D ±DB�BC��² CB¬�§���! �

HV = Hu/p −Hd/p = Hd/n −Hu/n.
±��²

¥�B �!�º«B�§�C ��¯! �CB §��! ���§C�¬¬B� °ª §�B «�¬B��B ½��C»! �� !� ¨�C �! §�B !B� �! ��«�C
!ª³³B§C�� � ¥�B ¦�C�³ B§C�!�§��� �B­�B� °ª �½! � ±�	 ·�
² �! �B�B!!�Cª §� �B!�C�° B CB��§���!
©�BCB §�B ���¬B�� ���CDB �! ����DB� · �! �! §�B ��!B ©�B� � ���CDB� ¦��� �! B³ �§§B� �



¶�

� � �¡�� � �¡� ���¡ �� �

� � ���� � ��� �����	���

¥� B«�¬��§B §�B �³¦¬�§��B ¨�C §�B CB��§��� �

l +N → l′ + γ +N + π,

©B !BB ¨C�³ �½! ±� ·� ·¶� ·¸
² §��§ ©B �BB� §�B ³ �§C�´ B¬B³ B�§! �

< N π|jµ|N >,
±� ¶²

©���� �! §�B ¦��� B¬B�§C�º¦C����§��� �³¦¬�§��B · ���

< N π|
∑

f

Q2
fS

(5)
f |N >,

±�¸²

©���� ©B ��¬¬ ±¬� �!B¬ª ² §�B 
 ��
 �� �� ��� 
 ���� ����
 �³¦¬�§��B! � ¥� !�³ ¦¬�¨ª §�B ��§�§���!
©B �� ��§ © C�§B §�B �!�!¦�� ¬�° B¬ �¨ §�B ¦��� �C �¨ §�B «�C���! �!�º«B�§�C ½���§�§�B! �¨ �§ �!
��§ �B�B!!�Cª�

�B ­C!§ CB��¬¬ §�B ³ ��� !§B¦! �� §�B �BC�«�§��� �¨ � !�¨§ ¦��� §�B�CB³ ¨�C � ³ �§C�´ B¬B³ B�§
�¨ §�B ¨�C³ �

< N π(~0)|A|N >,

©�BCB
A

�! B�§�BC §�B B¬B�§C�³ �D�B§�� ��CCB�§ · �½ �±� ¶² · �C ��B �¨ §�B §© �!§º¸ �¦ BC�§�C! ·
�½ �±�¸² � ¼� §�B �¦¦C���� �¨ �B � ¬¨�C� �� � �� µ¶
 · ¸�¹ · ©���� ©B ¨�¬¬�© �BCB · ��B ���!��BC! �
¦�ª!���¬ ¦ ��� �§ CB!§ ��� ¬��»! ¨�C §�B ��³ ����§ ���§C�°�§��� �!

mπ → 0.
¼� §�B ���C�¬ ¬�³ �§ ·

§�B �!�«B�§�C �´ ��¬ ��CCB�§ �µ�� ¹

j5,α
µ = q̄γµγ5

τα

2
Πudq, α = 1, 2, 3

±��²

�! ���!BC«B� � ¥�BCB¨�CB §�B �´ ��¬ ���CDB �¦ BC�§�C �

Q5(t) =
∫

d~r j5
0(t, ~r)

±�� ²



¶�

�! §�³ B ���B¦ B��B�§ � ¯�B §� §�B !¦ ��§��B��! °CB�»��D �¨ §�B
SU(2)L × SU(2)R

!ª³³B§Cª
��©� §�

SU(2)V

· §�B �´ ��¬ ���CDB �� B! ��§ �����¬�§B §�B «����³ !§�§B °�§ ��!§B�� �CB�§B!
!§�§B! © �§� ®BC� ³�³ B�§�³ ±³�!!¬B!!² ¦���! � ¥��! �! §�B �C�D�� �¨ §�B !�¨§ ¦��� §�B�CB³ ! �
¥�B !ª³³B§Cª �! �¬!� B´¦¬���§B¬ª °C�»B� °ª §�B !³ �¬¬ ½��C» ³�!! ��� ¨�C ��C ¦�C¦�!B! �§ �!
!�� ��B�§ §� �!B §�B ��C§��¬¬ª ���!B«B� �´��¬ ��CCB�§ ±���� ² ¨�C³�¬�§��� µ¸ ¶¹ ©���� ©B
© C�§B �� §�B ¨�C³ �

∂µj5,α
µ ≈ m2

π.

¥� �BC�«B §�B ¬�© !�¨§ ¦��� §�B�CB³ ! ��B ��B! ��§ �BB� §� ° B ³ �CB !¦ B��­� �°��§ §�B ���
���!BC«�§��� �¨ §�B �´ ��¬ ��CCB�§ µ¸¸¹ � ��B À �!§ �BB�! §� »��© §�B §C��!¨�C³ �§��� ¦C�¦ BC§�B!
�¨ §�B CB¬B«��§ �¦ BC�§�C! ���BC §�B !ª³³B§Cª DC��¦ ��� §��§ §�B !ª³³B§Cª °CB�»��D �! �¨
�C�BC

m2
π

� ¥� B´¦¬��§ §�B!B �ª¦�§�B!B! ��B ­C!§ �B­�B! §�B �!�º«B�§�C �¦ BC�§�C �µ¸�¹

Q̄ =

(

Q5 +
i

mπ

d

dt
Q5

)

t=0

,
±��²

©���� !�§�!­B! �

< πβ(K)|Q̄α|0 > = 0,
±��²

< 0|Q̄α|πβ(K) > = 2ifπEπ(K)(2π)3δ(α, β)δ( ~K),
±��²

©�BCB
Eπ(K) =

√

~K2 +m2
π

���
fπ

�! §�B ¦��� �B��ª ���!§��§ � � DB�BC�¬ ³ �§C�´ B¬B³ B�§ �¨

Q̄
�°«���!¬ª !�§�!­B! �

(E1 − E2) < p1|Q̄|p2 >= i
E1 − E2 −mπ

mπ
< p1|Q̇5|p2 >

= i(2π)3δ(~p1 − ~p2)(E1 − E2 −mπ) < p1|
∂µj

µ5(0)

mπ
|p2 > .

±�	²

¼¨ ��B ��!
E1 6= E2

�� §�B !ª³³B§Cª ¬�³ �§ · §�B� �½ �±�	² �³ ���§! §� �

< p1|Q̄|p2 >= i(2π)3δ(~p1 − ~p2) < p1|
∂µj

µ5(0)

mπ

|p2 >,
±�
²

©���� «���!�B! °ª §�B ���� �ª¦�§�B!�! � ¥�BCB¨�CB · �¨ ��B B«�¬��§B! §�B ³ �§C�´ B¬B³ B�§ �¨



¶�

[Q̄, A]
° B§©BB� ���¬B�� !§�§B! ����C���D §� �

< N(p′)|[Q̄, A]|N(p) >=
∑

X

< N(p′)|Q̄|X >< X|A|N(p) > −c.t., ±��²

©�BCB §�B !�³ ���¬��B! ��§BDC�§��� �«BC §�B ³ �³B�§� ���
c.t.

�B��§B! §�B �C�!!B� §BC³ ·
§�B� §�B ��¬ª !§�§B! ©���� !�C«�«B �� §�B ���C�¬ ¬�³ �§ �CB §��!B ¨�C ©���� �

EX = EN(p) or EX = EN(p′).
±�¶²

¥��! ¬�³ �§! §�B !�³ �«BC � §� §�B ¨�¬¬�© ��D ¦�!!�° �¬�§�B! �

¶� � �! §�B ���¬B�� ±� �D � ��² �

¸ � � �! §�B !B³ �º��!����B�§B�
πN

!§�§B ±� �D � �°²© �§� §�B !�¨§ ¦��� �����¬�§B� °ª
Q̄

±§�B
�C�!!B� §BC³ «���!�B! ��B §� �½ �±��²² � ¥��! �! · �¦ §� � ¨��§�C · §�B !�¨§ ¦��� ¦C����§���
�³¦¬�§��B ©B �CB ¬��»��D ¨�C �

� � � �! §�B !B³ �º��!����B�§B�
πN

!§�§B ±� �D � ��² © �§� §�B !�¨§ ¦��� �CB�§B� �C �����¬�§B�
°ª

A
�

� §�BC ��§BC³ B���§B !§�§B! · ¨�C ��!§���B �� �!�°�C CB¦¬����D §�B ���¬B�� �� � �D � �� �C � �B�«ª
³B!�� CB¦¬����D §�B ¦��� �� � �D � �� · �����§ ° B �BDB�BC�§B © �§� §�B ���§��¬ �C ­��¬ !§�§B
��� §�BCB¨�CB �CB !�¦¦CB!!B� °ª ���� � ¥��! �! �¬!� §�B ��!B ¨�C ¦���! ¬� �¦! !�³ B �¨ ©����
�CB !��©� �� � �D � � � � BCB §�B B�BCDª D�¦ �! ��B §� §�B ¨��§ §��§ §�B ��§BC³ B���§B ¦���!
��CCª ³�³B�§�³ � �! �! ©B¬¬ »��©� µ¸�¹ · §�B «���!���D ���C�¬ ¬�³ �§ �¨ §�B!B ���§C�°�§���!
�! �� DB�BC�¬ CB���B� �� � ��� ���¬ª§���¬ ©�ª ��B §� §�B ��¨C�ºCB� ¦�C§ �¨ §�B ³ �³ B�§�³
��§BDC�§��� � ¥�B ¬B����D ��� ���¬ª§�� §BC³ �! ��B §� §�B ¬��¦ !��©� �� � �D � �� ��� �§!
��¨C�ºCB� ¦�C§ ��«�¬«B! �D��� §�B ¦C����§��� �¨ � !�¨§ ¦��� °ª §�B �¦BC�§�C

A
� �� �§ ���¬�

° B ��³¦�§B� © �§��� ��C ¨C�³ B©�C» © �§���§ B´§C� �ª¦�§�B!�! � ��©B«BC · �§ §��! !§�DB �¨
��«B!§�D�§��� �¨ ¯A�� · ©B §���» �§ �! CB�!����°¬B §� »BB¦ ��¬ª §�B §BC³ ! ©���� �� ��§
«���!� �� §�B ���C�¬ ¬�³ �§ · � �B � §��!B !��©� �� � �D � � �

�B ��§B §��§ §�B §BC³ ��CCB!¦�����D §� � �D � �� ��B! ��§ ���§C�°�§B §� ¦��� B¬B�§C�º
¦C����§��� !���B §�B B¬B�§C�³ �D�B§�� ��CCB�§ �����§ �CB�§B � ¦��� ��§ �¨ §�B «����³ � ¿ª
���§C�!§ �§ ��� ���§C�°�§B §� ¦��� §© �!§º¸ ¦C����§��� �¨ §�B ³�³ B�§�³ �¨ §�B ��§BC³ B���§B
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Q A
p p p’

QA
p’ p’p

Q

A

k =0π

p’p

Q

Ak =0π

p p’
Q

A k =0π

p p’

[Q,A]
p p’

=

+ −

+

−+

(a)

(b)

(c)

� depjX � Z tfgW hdf\ XxhV\cdf\ fg WiX mfkkpWVWfj u � fWX WiVW WiX d\WXjk XYdVWX nd\Xc VjX \fW
hjfhVeVWfjc u

Q
p p’

A

(b)

Q A
p p p’Q A
p p p’

(a)

������ � 	 
��
��� �� ���� �� ��� �

� ��� � ���� �� ~q−~q′ �� ���� ���� � �� � �!"�! mπ. #���� tγ = (q−q′)2 < 0 � $� ��%� (~q−~q′)2 > |tγ |
��" ���!� �!� $� ��� ��&'��� ���� ��!( � $� �( ���� ���� |tγ| )� (*�� '�!&�! ���� m2

π + ,�!�
�!�����'- $� ��. ���� tγ �! t ) � � �-����' ��"!���� ���'� $���� ���" ��� ) � '�!&� )*� $����
"��� ��� %������� $��� $� '�� mπ

&� �� /�!� + 0'��!'- ���� �� ��( ����)'� $ ��� ��� ���"������
1234  �!  ����!������� � ��� 56 0# !������� + 7��*&� ���� �� ��� �( ( �"����'- �������!- 8 9
: ;<= ><8 <> ?@@A= 9 BC ?B BC D@ E<>FDBD<> D@ ;9?GD@ 9F D>F9H 9>F9>BGI <: BC 9 ;9?EBD<> E<>@DF9;9FJ
BC ?B D@ 8C?B9K9; BC 9 <H 9;?B<;

A.L�"�! ���� ���"����� $� ��� $ !��� ��� �� � ���� �M������� � ��� ��( (*����! �� N

< N(p′)|[Q̄α, A]|N(p) >=
∫ d ~K

(2π)32EN(K)

(

< N(p′)|Q̄α|N(K) >< N(K)|A|N(p) > −c.t.
)

+



¶�

∫

d ~K

(2π)32Eπ(K)
< 0|Q̄α|πβ(K) >< N(p′)πβ(K)|A|N(p) > +O(mπ).

±�¸²

©�BCB §�B !�³ �«BC §�B !¦�� ��� �!�!¦�� ¬�° B¬! �! ���BC!§� �� � �C�³ §�B �B­��§��� �¨ §�B
�!�«B�§�C �´ ��¬ ¨�C³ ¨��§�C! �

< N(p′)|q̄γµγ5
τα

2
Πudq(0)|N(p) >= ū(p′)

[

gA(t)γµ + hA(t)
(p′ − p)µ

2M

]

γ5
τα
N

2
u(p)

±��²

©B ��«B �

< N(p′)|Q̄α|N(p) >= (2π)3δ(~p ′ − ~p)gA(0)u†(p)γ5
τα
N

2
u(p),

±�� ²

©���� · §�DB§�BC © �§� �½ �±��² · ¬B��! §� §�B ¨�¬¬�© ��D B´¦CB!!��� �¨ §�B ��³³�§�§�C �

< N(p′)|[Q̄α, A]|N(p) > = gA(0)
1

2EN(p′)
u†(p′)γ5

τα
N

2
u(p′) < N(p′)|A|N(p) >

− gA(0)
1

2EN(p)
< N(p′)|A|N(p) > u†(p)γ5

τα
N

2
u(p)

+ ifπ < N(p′)πα(mπ,~0)|A|N(p) > +O(mπ).
±��²

 B§ �! ��© CB!§�CB §�B !¦�� ¬�° B¬ ��� �B­�B §�B �� ³�!! !�B¬¬ «BC§B´
Γ
°ª �µ��¹

< N(K ′, σ′)|A|N(K, σ) >= ū(K ′, σ′)Γ([K ′], [K])u(K, σ)
±��²

©�BCB
[K]

�! ��C !¦ B���¬ ��§�§��� ¨�C §�B �� !�B¬¬ �º³ �³ B�§�³ §��§ �! µ��¹ �

[ ~K] = ~K, [K]0 =
√

~K2 +M2.
±��²

¼§ �! §�B� � §C�« ��¬ §�!» §� !��© §��§ �½ �±��² �! · �¦ §� §BC³ ! �¨ �C�BC
mπ,

B½��«�¬B�§ §� �

< N(p′)|[Q̄α, A]|N(p) >= −ifπTB + ifπ < N(p′)πα(mπ,~0)|A|N(p) > +O(mπ),
±�	²

© �§� §�B ¿�C� §BC³
TB

�B­�B� �! �

T α
B = i

gA(0)

2fπ

ū(p′)

[

γ.kπγ5τ
α 1

γ.(p′ + kπ) −M
Γ([p′ + kπ], [p])

+ Γ([p′], [p− kπ])
1

γ.(p− kπ) −M
γ.kπγ5τ

α

]

u(p),
±�
²



¶	

���
kπ = (mπ,~0)

�! §�B �º³ �³ B�§�³ �¨ §�B ¦��� �§ CB!§ � ¥�B B´¦CB!!��� ±�
² �! ¨�C³ �¬¬ª
��«�C���§ !� ©B ��� �!B �§ �� � ¨C�³ B ©�BCB §�B ¦��� �! ��§ �§ CB!§ � ¥�B

O(mπ)
��CCB�§���!

§� §�B !�¨§ ¦��� B´¦��!��� §�B� ° B��³B
O(kπ)

©�BCB
kπ

�! §�B �º³ �³ B�§�³ �¨ §�B ³ �«��D
¦��� � ¼� §��! ©�ª ��B DB�BC�§B! ��CCB�§¬ª ��¬ª §�B §BC³ ! ©���� D� ¬�»B §�B «B¬� ��§ª ±≈ kπ/mπ

² �¨ §�B ¦��� � ¥�B �§�BC §BC³ ! �¨ �C�BC
kπ

�� ±�
² �����§ ° B ��!§��D��!�B� ¨C�³ §�B �§�BC
��CCB�§���! §� §�B !�¨§ ¦��� B´¦��!��� �

��§B §��§ §�B B´¦CB!!��� �¨ §�B ¿�C� §BC³
TB

�! ��§ B´��§¬ª ©��§ ��B ©��¬� B´¦ B�§ ¨C�³
�� B¾B�§�«B �Bª�³ �� ���DC�³ © �§� ¦!B���º«B�§�C

πN
���¦¬��D ° B���!B · �� §��! ��!B · §�B

«BC§B´
Γ
©��¬� �¦¦B�C �� §�B ¨�C³

Γ(p′ + kπ, p)
�C

Γ(p′, p − kπ)
� ¥��! ³ �!³ �§�� �! ��B §�

§�B ¨��§ §��§ �� §�B !�¨§ ¦��� B´¦��!��� §�B «BC§B´
Γ

��³B! ��§�C�¬¬ª ��§� ¦¬�ª © �§� �§!
�CD�³B�§! �� §�B ³ �!! !�B¬¬ · ��� §�BCB¨�CB �����§ ���!BC«B B�BCDª� ¼� ¦C��§��B §��! B�BCDª
��� ���!BC«�§��� �! �¨ �C�BC

kπ

!� ��B ���¬� CB¦¬��B
[p′ + kπ]

���
[p− kπ]

°ª §�B�C �¾ ³�!!
!�B¬¬ «�¬�B!

p′ + kπ

���
p − kπ

!���B §��! ©��¬� �³���§ §� ����DB §�B
O(kπ)

��CCB�§��� �
��©B«BC §�B ��«��§�DB ©��¬� ° B ��¬ª �¨ ��!³ B§�� ��§�CB ° B���!B ©B �� ��§ »��© ©��§ �!

Γ
©�B� �§! �CD�³B�§! �CB �¾ §�B ³ �!! !�B¬¬ � �� ©B !��¬¬ CB§��� B´¦CB!!��� ±�
² �

� � ��� ������� �� ��� ����������	

¼� §�B !ª³ B§Cª ¬�³ �§ §�B �´ ��¬ ���CDB �! §�³ B ���B¦ B��B�§ ��� ©B ��© §��§ §�B !ª³B§Cª
°CB�»��D §BC³

Q̇5

«���!�B! �!
m2

π

� �� §� ��³¦�§B §�B ³ �§C�´ B¬B³ B�§ �¨ §�B ��³³�§�§�C �

< N |[Q̄, A]|N >=< N |[Q5 +
i

mπ

Q̇5, A]|N >,
±��²

��B ��� �!B §�B ��³³�§�§���! C�¬B! �

[Qα
5 , q(x)] = −γ5

τα

2
Πudq(x),

±� ¶²

��� �BD¬B�§ §�B §BC³
Q̇5/mπ

� ¥�B BCC�C © �¬¬ ° B �¨ �C�BC
mπ

��¬B!! §�BCB �! � »��B³ �§���¬
B�����B³ B�§ ��B §� §�B ¦C�´ �³ �§ª �¨ � ¦��� ¦�¬B �� §�B ³ �§C�´ B¬B³ B�§ ±��² � ¥� ��B�» §��!
©B ¬� �» ¨�C !��� ¦�¬B! �� §�B �³¦¬�§��B! ��� §�B ���DBC��! ��B! �CB !��©� �� � �D � � � ¼�
§�B ��!B �¨ B¬B�§C�¦C����§��� §�B ¦��� ¦�¬B ��� ��¬ª ° B �� §�B

NN̄
�����B¬ �! !��©� �� � �D �

�� � ¼� §�B ��!B �¨ �!!����§B� ¯A�� �§ ��� �¦¦B�C �� §�B
γγ

�����B¬ ±� �D � �°² · �� §�B
NN̄
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(a)

(c) (d)

(b)

� depjX � Z � df\ h fnXc d\ WiX VkhndWpYXc gfj XnXmWjf{hjfYpmWdf\ TVa V\Y VccfmdVWXY Usrt Tl w m w Y a u

�����B¬ ±� �D � ��² �C �� §�B
(γπ)

�����B¬ ±� �D � ��² � ¥�B
γπ

�����B¬ �! !�¦¦CB!!B� °ª ¦�©BC!
�¨

1/Q
· !� ©B �CB ¬B¨§ © �§� ¦��� ¦�¬B! ©���� �CB �¨ §�B ¨�C³ �

1

t−m2
π

or
1

tγ −m2
π

,

©���� �CB ��§ ���DBC��! !���B ©B ��«B �!!�³B� §��§
t
�C

tγ
CB³ ��� ­��§B �� §�B ���C�¬

¬�³ �§ �µ��¹

� !��D �½ �±� ¶² �§ �! !§C��D�§¨�C©�C� §� ��³¦�§B §�B CB¬B«��§ ��³³�§�§�C! � �C�³ §�B
�B­��§���! ±¶¶· ��² ��B DB§! �

[Qα
5 , j

µ] = iεα3βj
µβ
5 ,

±�¸²

[Qα
5 ,
∑

f

Q2
fSf ] =

i

3
εα3βS

5
V α,

±��²

[Qα
5 ,
∑

f

Q2
fS

5
f ] =

i

3
εα3βSV α,

±�� ²

©�BCB
S

(5)
V α

�CB §�B �!�º«B�§�C §© �!§º¸ �¦ BC�§�C! ��§C����B� �� ±�¸ ·��² �



¸�

¤ � ���� � ��� ������� ��� ��� ���� � ����������������

�C�³ �½! � ±�	 ·�¸² ©B DB§ §�B !�¨§ ¦��� §�B�CB³ · ©���� ©B © C�§B ��CB�§¬ª ¨�C � ³ �«��D
¦��� �

< N(p′)πα(kπ)|jµ|N(p) >= TB +
1

fπ
εα3β < N(p′)|jµβ

5 |N(p) > +O(kπ),
±��²

©�BCB §�B ¿�C� §BC³ �! �°§���B� ¨C�³ �½ �±�
 ² © �§� �

Γ([K ′], [K]) =

(

F p
1 ([t])

1 + τN
3

2
+ F n

1 ([t])
1 − τN

3

2

)

γµ

+ i

(

F p
2 ([t])

1 + τN
3

2
+ F n

2 ([t])
1 − τN

3

2

)

σµν([K ′] − [K])ν

2M
,

±��²

���
[t] = ([K ′] − [K])2.

¥��! �! ��§���D °�§ §�B ¬�© B�BCDª §�B�CB³ �C�D���¬¬ª �BC�«B� °ª
� �³°� �� � �� µ¸� · ¸�¹ � � !��D ��C �!!�³¦§��� §��§

t
�! ��� ®BC� �� §�B !�¨§ ¦��� ¬�³ �§ · ��B

��� ��B�» §��§ §�B �³¦¬�§��B ±��² CB!¦ B�§! D��DB ��«�C����B �� §�B ¨�C³

(p′ + kπ − p)µ

(

TB +
1

fπ

εα3β < N(p′)|jµβ
5 |N(p) > +O(kπ)

)

= 0,
±��²

§��§ �! §�B ����§����¬ §BC³ ! �BB�B� §� ��«B B´��§ D��DB ��«�C����B �CB �� §�B
O(kπ)

��CCB�º
§���! µ�	¹ � ¥�B �´ ��¬ ��CCB�§ ³ �§C�´ B¬B³ B�§ ©���� �¦¦B�C! �� �½ �±��² �! D�«B� °ª �½ �±�� ²
��� ��«�¬«B! §�B ¨�C³ ¨��§�C!

gA(t)
���

hA(t)
� ¥�B ¬�§§BC �! ��§ !� ©B¬¬ »��©� B´¦ BC�³ B�§�¬¬ª

°�§ §��! ��B! ��§ ³ �§§BC ° B���!B �§ �! ³�¬§�¦¬�B� °ª
p′ − p = kγ − kπ

©�BCB
kγ = q − q′

�!
§�B ¦��§�� B´����DB� �� §�B ¿� ¦C� �B!! � ¼� §�B  �CB�§® D��DB §�B §BC³ ¦C�¦�C§����¬ §�

kγ

��B! ��§ ���§C�°�§B §� §�B �³¦¬�§��B ��� · ° B���!B
t
��B! ��§ «���!� �� §�B !�¨§ ¦��� ¬�³ �§ ·

§�B §BC³ ¬��B�C ��
kπ

��� ° B ¦�!�B� �� §�B
O(kπ)

��CCB�§���! �B!¦�§B §�B ¦��� ¦�¬B ��
hA(t)

�
¥�B CB!§ �¨ §�B ��¬��¬�§��� �! À �!§ �¬DB°C��� ³ ���¦�¬�§��� �¨ B´¦CB!!���! ±�� ·��² !� ©B �� ��§
�BB� §� D�«B §�B �B§��¬! � ��C ��³¦¬B§B�B!! ©B À �!§ ³ B�§��� §�B CB¬�§��� °B§©BB� §�B ���CDB�
��� ��C§B!��� ¦��� ¦C����§��� �³¦¬�§��B! �

T (π±) =
T (π1 ∓ iπ2)√

2
, T (π0) = T (π3).

±�	²



¸¶

¢ � ���� � ��� ������� ��� ��� � ��� �� �	��� ����������

¥�B !�¨§ ¦��� §�B�CB³ ! ¨�C ¦��� §© �!§º¸ ¦C����§��� ¨�¬¬¬�© ¨C�³ �½! ±�	 ·�� ·��² �

< N(p′)πα(kπ)|
∑

f

Q2
fSf(x, ñ)|N(p) >=

TB +
1

3fπ
εα3β < N(p′)|S5

V β(x, ñ)|N(p) > +O(kπ),
±�
²

< N(p′)πα(kπ)|
∑

f

Q2
fS

5
f(x, ñ)|N(p) >=

T 5
B +

1

3fπ
εα3β < N(p′)|SV β(x, ñ)|N(p) > +O(kπ),

±��²

©�BCB §�B ¿�C� §BC³ !
T

(5)
B

�CB �°§���B� ¨C�³ �½ �±�
² © �§� §�B «BC§��B!
Γ(5) �B­�B� °ª ±!BB

�½ �±��²² �

< N(K ′)|
∑

f

Q2
fSf(x, ñ)|N(K) > = ū(K ′)Γ([K ′], [K], x, ñ)u(K),

±�¶²

< N(K ′)|
∑

f

Q2
fS

5
f(x, ñ)|N(K) > = ū(K ′)Γ5([K ′], [K], x, ñ)u(K).

±�¸²

��§B §��§ ©B ��«B CB!§�CB� §�B B´¦¬���§ �B¦ B�����B ��
x, ñ

� � !��D §�B ¦�C�³B§C�!�§��� ±��²
©B ��«B �

Γ([K ′], [K], x, ñ) =
2

([K] + [K ′]).ñ
×

∑

f

Q2
f

(

Hf/N ([x], [ξ], [∆]2)γ.ñ + iEf/N ([x], [ξ], [∆]2)
σµν ñµ[∆]ν

2M

)

,
±��²

Γ5([K ′], [K], x, ñ) =
2

([K] + [K ′]).ñ
×

∑

f

Q2
f

(

H̃f/N ([x], [ξ], [∆]2)γ.ñ + Ẽf/N ([x], [ξ], [∆]2)
ñ.[∆]

2M

)

γ5,
±�� ²

©�BCB §�B °C��»B§B� «�C��°¬B! �CB · °ª �B­��§��� ±!BB �B�§��� ¼A ² �

[x] = 2
x

([K] + [K ′]).ñ
, [ξ] = − [∆].ñ

([K] + [K ′]).ñ
, [∆] = [K ′] − [K].

�C�³ �½ �±�
 ² ©B !BB §��§ ��B ��! B�§�BC
([K] = [p], [K ′] = [p′+kπ])

�C
([K] = [p−kπ], [K ′] =

[p′])
� ¼§ �! §�B� �¦¦�CB�§ §��§ §�B �¦¦C�´ �³ �§���

([x] → x [ξ] → ξ, [∆] → ∆)
�� �½! ±�� ·�� ²



¸¸

��¬ª �����B! ��CCB�§���! �¨ �C�BC
kπ

� � �³ �¬�C¬ª §�B ³ �§C�´ B¬B³ B�§! �¨
S

(5)
V

©���� �¦¦B�C ��
�½! �±�
 ·��² ��� °B © C�§§B� �! �

< N(p′)|SV α(x, ñ)|N(p) >=
2

(p+ p′).ñ
×

ū(p′)

[

HV (x̂, ξ̂, t)γ.ñ + iEV (x̂, ξ̂, t)
σµνñµ(p′ − p)ν

2M

]

τN
α

2
u(p),

±��²

< N(p′)|S5
V α(κ, ñ)|N(p) >=

2

(p+ p′).ñ
×

ū(p′)

[

H̃V (x̂, ξ̂, t)γ.ñ + ẼV (x̂, ξ̂, t)
ñ.(p′ − p)

2M

]

τN
α

2
u(p),

±��²

©�BCB ��© §�B ��§§B� «�C��°¬B! �CB �

x̂ = 2
x

(p+ p′).ñ
, ξ̂ = −(p′ − p).ñ

(p + p′).ñ
,

���
t = (p′ − p)2.

�D��� §�B �¦¦C�´ �³ �§���
x̂ → x, ξ̂ → ξ, (p′ − p) → ∆

�����B! ��¬ª
��CCB�§���! �¨ �C�BC

kπ
� ¥��! ��³¦¬B§B! ��C �BC�«�§��� �¨ §�B !�¨§ ¦��� §�B�CB³ ¨�C §© �!§º¸

¦C����§��� �
� ¨B© ��³³B�§! �CB �� �C�BC � � �C!§ ©B !BB §��§ · �! ¦C�³ �!B� �� §�B ��§C����§��� · §�B !�¨§

¦��� §�B�CB³ ¨�C §© �!§º¸ ¦C����§��� ��«�¬«B! �� �B© ½���§�§�B! © �§� CB!¦ B�§ §� §�B B¬�!§��
��!B � �B���� ©B ��§B §��§ §�B ��³³�§�§�C §BC³ · ©���� ��«�¬«B! ��¬ª §�B �!�«B�§�C �¦ BC�§�C!

S
(5)
V

· �B¦ B��! B!!B�§��¬¬ª �� §�B «�¬B��B ½��C»! ©��¬B §�B ¿�C� §BC³ · ©���� !�³ ! �«BC �¬¬
¨�«��C! · �! !B�!�§�«B °�§� §� §�B «�¬B��B ��� §�B !B� ½��C»! � ¥��C� ©B CB��¬¬ §��§ D��DB
��«�C����B �! ��§ �� �!!�B ¨�C §�B ¦��� §© �!§º¸ ¦C����§��� � ¥�B ���¦¬��D! §� §�B ¦��§�� ­B¬�!
��«B ° BB� ¨��§�C�®B� ¨C�³ §�B ° BD�����D · !BB �½ �±¸
² · ���B¦ B��B�§¬ª �¨ §�B ­��¬ ���C����
!§�§B � � ! �� §�B B¬�!§�� ��!B · D��DB ��«�C����B ��� °B CB!§�CB� °ª � §BC³ ©���� �! B´¦¬���§B¬ª
�¨ ��D�BC �C�BC ��

t/Q
· ��� §��! ��B! ��§ ���§C�°�§B �� §�B ¿À �C»B� ¬�³ �§ µ¶� ¹ �

� � � � ������� ¡� ���
∆(1232)

¤¡�� ��£��¡�

¥�B !�¨§ ¦��� §�B�CB³ ¦C�¦�!B� �� §�B ¦CB«���! !B�§��� ��� °B «�¬�� ��¬ª ¨�C !³ �¬¬ «�¬�B!
�¨ §�B ¦��� ³�³B�§�³ � ��B ��� B´¦ B�§ !§C��D �B« ��§���! ©�B� §�B ³ �!! �¨ §�B ¦���º���¬B��
!ª!§B³ �¦¦C����B! §�B ­C!§ ���¬B�� B´��§�§��� · §��§ �! §�B

∆(1232).
�� §� �³¦C�«B §�B C��DB

�¨ «�¬�� �§ª �¨ ��C B!§�³ �§B! ©B ��© ��¬��¬�§B §�B ���§C�°�§��� �¨ §��! CB!�����B � � ! � !§�C§��D
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� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �

� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �
ppN(   ) ∆∆(    )

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

� ����  !" #��$�%"& �'" ( )�&�* "+"( "�� )$ $'�! � �� ,�- . /  ! '"&" �'" ∆0&"$��)�#" �$ �� ��$
( )$$0$'"++ . 123$"42"��+5 !" %�$#2$$ �'" ( �%�6#)���� %2" �� �'" ∆ → πN $�&��- %"#)5.

7 '" N → ∆ ( )�&�* "+"( "�� 8�& �'" 9"#��& �! �$�0: �� "&)��& ')$ �'" 8�++�! ��- �)&)( "�&�;)0
���� <=:  =/> <?@> A

< ∆(p∆)|
∑

f

Q2
fSf(x, ñ)|N(p) >

=
1

6
ψ̄β(p∆) T †

3

{

HM(x, ξ,∆2)
(

−KM
βκ

)

ñκ + HE(x, ξ,∆2)
(

−KE
βκ

)

ñκ

+ HC(x, ξ,∆2)
(

−KC
βκ

)

ñκ
}

u(p), BCCD
! '"&" ψβ(p∆) �$ �'" E )&��)01#'! ��-"& $����& 8�& �'" ∆06"+% )�% T †

3
�$ �'" �$�$��� 1/2 → 3/2

�&)�$����� �� "&)��&  $)��$85 ��- A

〈3
2
Tz | T †

λ | 1

2
tz〉 = 〈1

2
tz , 1λ | 3

2
Tz〉 , BC/D

! ��' tz BTz D �'" �$�$��� �&�F "#����$ �8 N B∆D &"$� "#��9"+5 )�% ! '"&" λ = 0,±1 ��%�#)�"
�'" $�'"&�#)+ #�( � ��"��$ �8 �'" �$�9"#��& �� "&)��& T † . 7 '" 8)#��& =GH �� I4 . BCCD &"$2+�$
8&�( �'" 42)%&)��# 42)&J #')&-" #�(3��)���� (e2u − e2d)/2

. ,2&�'"&( �&"  �� I4 . BCCD  �'"
#�9)&�)��$ KM,E,C

βµ
)&" �'" ( )-�"��# %�� �+"  "+"#�&�# 42)%&2� �+"  )�% K�2+�(3 42)%&2� �+"

#�9)&�)��$ <:H> A

KM
βµ = −i 3(M∆ +M)

2M((M∆ +M)2 − ∆2)
εβµλσP

λ∆σ ,

KE
βµ = −KM

βµ − 6(M∆ +M)

MZ(∆2)
εβσλρP

λ∆ρεσ
µκδP

κ∆δγ5 , BC@D



¸�

KC
βµ = −i3(M∆ +M)

MZ(∆2)
∆β(∆2Pµ − ∆ · P∆µ)γ

5 ,

©�BCB ©B ��§C����B� §�B ��§�§��� �

Z(∆2) = [(M∆ +M)2 − ∆2][(M∆ −M)2 − ∆2].
±	�²

� BCB
P = (p∆ + p)/2

·
∆ = p∆ − p

· ���
p2

∆ = M2
∆

±
M∆ �

¶¸�¸ �BA ² � � ! ©B �CB ���!��BC��D
§�B ¦C����§��� �¨ �

∆
�BCB · ©B B´¦¬���§B¬ª ���¦§ §�B ��§�§���

∆2 �� �¬¬ B´¦CB!!���! �� §��!
!B�§��� §� �B��§B §�B ³�³B�§�³ §C��!¨BC !½��CB� §� §�B ���C���� !ª!§B³ · �� �C�BC ��§ §�
���¨�!B © �§� §�B «�C��°¬B

t
��§C����B� °B¨�CB � ¼� �½ � ±��² · §�B ��¯!

HM

·
HE

· ���
HC

¨�C
§�B

N → ∆
«B�§�C §C��!�§��� �CB ¬��»B� © �§� §�B §�CBB

N → ∆
«B�§�C ��CCB�§ §C��!�§���

¨�C³ ¨��§�C!
G∗

M

·
G∗

E

· ���
G∗

C

§�C��D� §�B !�³ C�¬B! �

∫ 1

−1
dx HM,E,C(x, ξ,∆2) = 2 G∗

M,E,C(∆2) ,
±	 ¶²

©�BCB
G∗

M,E,C(∆2)
�CB §�B !§����C� ³ �D�B§�� ��¦ �¬B · B¬B�§C�� ½���C�¦�¬B ��� ���¬��°

½���C�¦�¬B §C��!�§��� ¨�C³ ¨��§�C! CB!¦ B�§�«B¬ª µ¸�¹ � � ! �! ©B¬¬ »��©� ¨C�³ B´¦BC�³ B�§ ·
§�B

N → ∆
«B�§�C §C��!�§��� �§ !³ �¬¬ ��� ��§BC³ B���§B ³�³B�§�³ §C��!¨BC! �! ¬�CDB¬ª ��³ º

���§B� °ª §�B
N → ∆

³�D�B§�� ��¦�¬B B´��§�§��� · ¦�C�³B§C�®B� °ª
G∗

M(∆2)
� �§

∆2 = 0
·

�§! «�¬�B B´§C��§B� ¨C�³ ¦��� ¦��§�¦C����§��� B´¦BC�³ B�§! �! D�«B� °ª
G∗

M(0) ' 3.02
µ¸�¹ �

��C �§!
∆2º�B¦ B��B��B · ©B �!B � CB�B�§ ¦�B��³B��¬�D���¬ ¦�C�³B§C�®�§��� µ¸�¹ ¨C�³ � ­§ §�

¦��� B¬B�§C�¦C����§��� ��§� � � �«B� §�B !³ �¬¬�B!! �¨ §�B B¬B�§C�� ��� ���¬�³° ½���C�¦�¬B

N → ∆
§C��!�§���! · ©B © �¬¬ �BD¬B�§ �� §�B ¨�¬¬�© ��D §�B ���§C�°�§��� �¨ §�B ��¯!

HE
���

HC
�
¥�B

N → ∆
³�§C�´ B¬B³ B�§ ¨�C §�B �´ ��¬ §© �!§º¸ �¦ BC�§�C ��! §�B ¨�¬¬�© ��D ¦�C�³B§C�®�º

§��� µ¶¸ · ¶	¹ �

< ∆(p∆)|
∑

f

Q2
fS

5
f (x, ñ)|N(p) >

=
1

6
ψ̄β(p∆) T †

3

√

3

2

{

C1(x, ξ,∆
2) ñβ + C2(x, ξ,∆

2) ∆β
∆ · ñ
M2

+C3(x, ξ,∆
2)

1

M
(γ.∆ ñβ − γ.ñ∆β)



¸�

+C4(x, ξ,∆
2)

2

M2
(∆ · P ñβ − ∆β)

}

u(p) .
±	¸²

¥�B ��¯!
C1, C2, C3

���
C4

B�§BC��D �� �½ � ±	¸² �CB ¬��»B� © �§� §�B ¨��C
N → ∆

�´ ��¬º
«B�§�C ��CCB�§ §C��!�§��� ¨�C³ ¨��§�C!

CA
5 (∆2)

·
CA

6 (∆2)
·
CA

3 (∆2)
���

CA
4 (∆2)

· ��§C����B� °ª
��¬BC µ¸	¹ §�C��D� §�B !�³ C�¬B! µ��¹ �

∫ 1

−1
dxC1(x, ξ,∆

2) = 2 CA
5 (∆2) ,

∫ 1

−1
dxC2(x, ξ,∆

2) = 2 CA
6 (∆2) ,

∫ 1

−1
dxC3(x, ξ,∆

2) = 2 CA
3 (∆2) ,

∫ 1

−1
dxC4(x, ξ,∆

2) = 2 CA
4 (∆2) .

±	�²

��C !³ �¬¬ ³ �³ B�§�³ §C��!¨BC!
∆2 · ���� ¬B��! §� � ��³ �����B �¨ §�B ¨�C³ ¨��§�C!

CA
5

���

CA
6

� ��C
CA

5

· � ��¬�° BCDBCº¥CB�³ �� CB¬�§��� ¨�C §�B
N → ∆

§C��!�§��� ¬B��! §� �

√

3

2
CA

5 (0) =
fπN∆

2fπNN

gA .
±	� ²

� !��D §�B ¦�B��³B��¬�D���¬ «�¬�B!
fπN∆ ' 1.95

·
fπNN ' 1.00

· ���
gA ' 1.267

��B �°§���!

CA
5 (0) ' 1.01

� ¥�B ¨�C³ ¨��§�C
CA

6 (∆2)
�§ !³ �¬¬ «�¬�B! �¨

∆2 �! ��³ ���§B� °ª §�B ¦���º¦ �¬B
���§C�°�§��� · D�«B� °ª �

CA
6 (∆2) =

M2

m2
π − ∆2

CA
5 (0) .

±	�²

¿B���!B ©B �CB ��¬ª ��§BCB!§B� �� §�B ¬�³ �§ −t,−tγ >> m2
π

· ©B �BD¬B�§ §�B ¦��� ¦�¬B ���§C�º
°�§��� �¨

C6

�� §�B ¨�¬¬�© ��D · ���!�!§B�§ © �§� §�B ��!��!!��� �¨ �B�§��� A ¿ �
��C §�B §©� CB³ �����D ��¬BC ¨�C³ ¨��§�C!

CA
3

���
CA

4

· � �B§��¬B� ��³¦�C�!�� © �§� B´º
¦ BC�³ B�§�¬ ��§� ¨�C

ν
º�����B�

∆++ ¦C����§��� ¬B� §� §�B «�¬�B! µ¸
¹ �
CA

3 (0) ' 0.0
���

CA
4 (0) ' −0.3

� � �«B� §�B !³ �¬¬�B!! �¨ §�B!B «�¬�B! · ©B © �¬¬ �BD¬B�§ �� §�B ¨�¬¬�© ��D §�B
���§C�°�§���! ¨C�³ §�B ��¯!

C3

���
C4

�
¥� ¦C�«��B ��³BC���¬ B!§�³ �§B! ¨�C §�B

N → ∆
¯A�� �³¦¬�§��B! · ©B �BB� � ³��B¬ ¨�C

§�B §�CBB CB³ �����D �¬�CDB � ��¯! ©���� �¦¦B�C �� �½! � ±�� ·	¸² � �B �
HM

·
C1

���
C2

� � BCB
©B © �¬¬ ° B D���B� °ª §�B ¬�CDB

Nc

CB¬�§���! ��!��!!B� �� µ¶¸ · ¶	¹ � ¥�B!B CB¬�§���! ����B�§



¸�

§�B
N → ∆

��¯!
HM

·
C1

· ���
C2

§� §�B
N → N

�!�«B�§�C ��¯!
Eu −Ed · H̃u − H̃d · ���

Ẽu − Ẽd CB!¦ B�§�«B¬ª� ¥�B!B CB¬�§���! �CB D�«B� °ª µ�¶¹ �

HM(x, ξ,∆2) =
2√
3

[

Eu(x, ξ,∆2) −Ed(x, ξ,∆2)
]

,

C1(x, ξ,∆
2) =

√
3
[

H̃u(x, ξ,∆2) − H̃d(x, ξ,∆2)
]

,

C2(x, ξ,∆
2) =

√
3

4

[

Ẽu(x, ξ,∆2) − Ẽd(x, ξ,∆2)
]

.
±	�²

¥� D�«B �� ��B� �¨ §�B ����C��ª �¨ §�B!B CB¬�§���! · ©B ��¬��¬�§B §�B ­C!§ ³�³B�§ �¨ °�§�
!��B! �¨ �½ � ±	�² ��� ��³¦�CB! §�B�C «�¬�B! �§

∆2 = 0
� ��C

HM

· ©B �°§��� ¨�C §�B ���

§�B ¦�B��³B��¬�D���¬ «�¬�B
2G∗

M(0) ' 6.04
· �� ��³¦�C�!�� © �§� §�B ¬�CDB

Nc

¦CB���§��� �¨

(2/
√

3)κV ' 4.27
· ����C�§B �§ §�B �� � ¬B«B¬ µ�¸¹ �

��C
C1

· §�B ¦�B��³B��¬�D���¬ «�¬�B ª �B¬�!
2C5(0) ' 2.02

· ©�BCB�! §�B ¬�CDB
Nc

¦CB���§���
ª�B¬�! √

3gA ' 2.19
· ����C�§B �§ §�B ¶�� ¬B«B¬ � ��C §�B ¦���º¦ �¬B ���§C�°�§��� §�

C6
· ©B

�°§��� §�B !�³B ����C��ª �! ¨�C
C5

� ��C§�BC³ �CB · ¨�C §�B
N → ∆

¯A�� �� §�B �B�C ¨�C©�C�
��CB�§��� · ��¬�»B §�B

N → N
¯A�� ��!B · §�B �´ ��¬ §C��!�§��� ±¦C�¦ �C§����¬ §� §�B ��¯!

C1

² �! ��³BC���¬¬ª ³�CB �³¦�C§��§ §��� §�B «B�§�C §C��!�§��� ±¦�C�³B§C�®B� °ª
HM

² � ¥��!
�! ° B���!B

HM

�! ����³¦���B� °ª � ³�³ B�§�³ §C��!¨BC
∆

�� §�B §B�!�C KM �! �! !BB�
¨C�³ �½ � ±�
² · �� ���§C�!§ © �§� §�B !§C��§�CB �!!����§B� © �§� §�B ��¯

C1

� �C�³ §�B!B
���!��BC�§���! · ©B B!§�³ �§B §��§ §�B ¬�CDB

Nc

CB¬�§���! �¨ �½ � ±	�² ¨�C §�B
N → ∆

§C��!�§���
�¬¬�© �! §� B!§�³ �§B �§ §�B

γ∗p→ γ∆
¯A�� ¦C��B!! · �§ §�B �� � ����C��ª ¬B«B¬ �C ° B§§BC �

¼� �C�BC §� ��¬��¬�§B §�B ���BCB�§ !�³ �¨ §�B ���ºCB!����§ �¯A�� ¦C� �B!! ��!��!!B�
°B¨�CB ��� §�B

∆
ºCB!����§ ¦C� �B!! · ©B �B´§ ��!��!! §�B ³���­��§��� �¨ §�B

γ∗N → γ∆
³�§C�´ B¬B³ B�§! ��B §� §�B

∆ → πN
!§C��D �B��ª�

¥�B ³ �§C�´ B¬B³ B�§ �¨ §�B «B�§�C �¦ BC�§�C ¨�C §�B
γ∗N → γ∆

§C��!�§��� ¨�¬¬�©B� °ª

∆ → πN
�B��ª· �! ³���­B� ¨C�³ �½ � ±��² §� �

< πN |
∑

f

Q2
fSf(x, ñ)|N >Delta

= − I fπN∆

mπ
kπ

α ū(p′)
i (γ.p∆ +W )

W 2 −M2
∆ + iWΓ∆(W )

×
[

gαβ − 1

3
γαγβ − 1

3W
(γα(p∆)β − γβ(p∆)α) − 2

3W 2
(p∆)α(p∆)β

]



¸�

× 1

6

{

HM(x, ξ,∆2)
(

−KM
)βκ

ñκ + ...
}

u(p),
±	�²

©�BCB
p∆ ≡ p′ + kπ

·
∆ ≡ p′ + kπ − p

· ��� ©�BCB ©B ��¬ª ������§B� §�B ¬B����D §C��!�§��� ·
¦C�¦ �C§����¬ §�

HM

� ¥�B �!�!¦�� ¨��§�C I §�»B! �� §�B «�¬�B! � I = 2/3
¨�C §�B

π0p
­��¬

!§�§B · ��� I = −
√

2/3
¨�C §�B

π+n
­��¬ !§�§B � ¼� §�B

∆
¦C�¦�D�§�C �� �½ � ±	�² · §�B B�BCDªº

�B¦ B��B�§ © ��§�
Γ∆(W )

�! D�«B� °ª �

Γ∆(W ) = Γ∆(M∆) ·
∣

∣

∣

~k∗π(W )
∣

∣

∣

3

∣

∣

∣

~k∗π(M∆)
∣

∣

∣

3 · M∆

W
,

±		²

© �§�
Γ∆(M∆) ' 0.120

�BA · ��� ©�BCB |~k∗π(W )| �! D�«B� �� �½ � ±¶	² �
���¬�D��!¬ª· §�B ³ �§C�´ B¬B³ B�§ �¨ §�B �´ ��¬º«B�§�C �¦ BC�§�C ¨�C §�B

γ∗N → γ∆
§C��!�§���

¨�¬¬�©B� °ª
∆ → πN

�B��ª· �! ³ ���­B� ¨C�³ �½ � ±	¸² §� �

< πN |
∑

f

Q2
fS

5
f(x, ñ)|N >Delta

= − I fπN∆

mπ
kπ

α ū(p′)
i (γ.p∆ +W )

W 2 −M2
∆ + iWΓ∆(W )

×
[

gαβ − 1

3
γαγβ − 1

3W
(γα(p∆)β − γβ(p∆)α) − 2

3W 2
(p∆)α(p∆)β

]

× 1

6

√

3

2

{

C1(x, ξ,∆
2) ñβ + ...

}

u(p),
±	
²

©�BCB ©B �D��� ��¬ª ������§B� §�B ¬B����D §C��!�§��� ¦C�¦ �C§����¬ §� §�B ��¯
C1

�
� ���¬¬ª· �� �C�BC §� ��¬��¬�§B §�B

γ∗p → γπN
¦C��B!! · ©B �¬!� �BB� §� !¦ B��¨ª §�B ¿�

¦C� �B!! �¨ �½ � ±�² �!!����§B� © �§� §�B
N → ∆

§C��!�§��� � ¥�B ��CCB!¦ �����D
∆

���§C�°�§���
§� §�B ³ �§C�´ B¬B³ B�§

Jν
B�§BC��D �� �½ � ±�² �! D�«B� °ª �

< πN |jν(0)|N >Delta

=− I fπN∆

mπ
kπ

α ū(p′)
i (γ · p∆ +W )

W 2 −M2
∆ + iWΓ∆(W )

×
[

gαβ − 1

3
γαγβ − 1

3W
(γα(p∆)β − γβ(p∆)α) − 2

3W 2
(p∆)α(p∆)β

]

×
{

G∗
M(∆2)

(

−KM
)βν

+G∗
E(∆2)

(

−KE
)βν

+G∗
C(∆2)

(

−KC
)βν

}

u(p),
±
�²

�� §BC³ ! �¨ §�B !�³ B «B�§�C
N → ∆

§C��!�§��� ¨�C³ ¨��§�C!
G∗

M,E,C

�! ��!��!!B� °B¨�CB � ¥�B



¸	

�!�!¦�� ¨��§�C I �! §�B !�³ B �! !¦ B��­B� ¨�¬¬�© ��D �½ � ±	�² �

� � � �  ��£�� �

¼� §�B �°!B��B �¨ �«��¬�°¬B ��§� ¨�C §�B
γ∗p → γπN

¦C��B!! · ©B ��� DB§ �� ��B� �� §�B
����C��ª �¨ ��C B!§�³ �§B! °ª ��³¦�C��D §�B ¦��� ¦C����§��� �³¦¬�§��B! �¨ �½! � ±�� ·
�² ·
©���� B�§BC �� §�B ¿B§�Bº� B�§¬BC ¦C��B!! · © �§� §�B ¦��� ¦��§�º ��� B¬B�§C�¦C����§��� �C�!!
!B�§���! � �B �CB ��§BCB!§B� �BCB �� §�B CBD��� �¨ ��§ §�� ¬�CDB −tγ < 1

�BA 2 · ��CCB!¦ �����D
© �§� §�B « �C§��¬�§ª �¨ §�B ¦��§�� �� §�B ¿B§�Bº� B�§¬BC ¦C� �B!! � ¼� §��! »��B³ �§���¬ C��DB · �
¬�CDB �³���§ �¨ ¦��� ¦��§�º ��� B¬B�§C�¦C����§��� ��§� B´ �!§ §� ��³¦�CB © �§� � ¼� ¦�C§���¬�C ·
§�B ¦��� ¦��§�¦C����§��� �C�!! !B�§���

γp → πN
±¦C�¦�C§����¬ §� §�B �C�!! !B�§��� �¨ §�B

�!!����§B� ¿B§�Bº� B�§¬BC ±�¿� ² ¦C��B!! ¨�C
tγ → 0

² · �! D�«B� °ª

(

dσ

dΩ

)

c.m.

=
1

W 2
πN (8π)2

|~k∗π|
Ec.m.

γ

1

4

∑

σ

∑

σ′

∑

λ=±1

| e εν(q, λ) < πN |jν(0)|N > |2, ±
 ¶²

©�BCB
Ec.m.

γ

�! §�B ¦��§�� � �³ � B�BCDª·
εν(q, λ)

�! §�B ¦��§�� ¦�¬�C�®�§��� «B�§�C ·
WπN

�!
§�B

πN
� �³ � B�BCDª· ���

jν �! §�B B¬B�§C�³ �D�B§�� ��CCB�§ �¦ BC�§�C � �B !��© §�B CB!�¬§!
�¨ §�B ��¾BCB�§ ³ ��B¬ ���§C�°�§���! ��!��!!B� �°�«B §� §�B ¦��� ¦��§�¦C����§��� §�§�¬ �C�!!
!B�§���! �� � �D � 
 � � ! ��� °B ��§��B� ¨C�³ � �D � 
 · ��C B!§�³ �§B! ���!�!§��D �¨ � !�¨§º¦ ���
¦C����§��� �³¦¬�§��B !�¦¦¬B³ B�§B� °ª �

∆
ºCB!�����B ¦C����§��� ³ B�����!³ CB¦C����B §�B

�C�!! !B�§���! �� §�B ¬�©BC B�BCDª !��B �¨ §�B
∆(1232)

CB!�����B � � C���� CB!�����B ¦ �º
!�§��� ��C !�³¦¬B ³��B¬ �«BCB!§�³ �§B! §�B �C�!! !B�§���! °ª �°��§ ¶� � · ©���� �! ³ ���¬ª
��B §� CB!��§§BC��D ���§C�°�§���! ©���� ��� °B ���¬��B� °ª � ¦C�¦ BC ���§�C�®�§��� �¨ §�B
�³¦¬�§��B · ©���� ©B ��� ��§ ¦ BC¨�C³ �� ��C !�³¦¬B B!§�³ �§B � �§ §�B ��D�BC B�BCDª !��B �¨
§�B

∆(1232)
CB!�����B · §�B ¦CB!B�§ ³��B¬ !�³ B©��§ �«BCB!§�³ �§B! §�B ��§� � ¿B!��B! §�B

���§�C�®�§��� · §��! ��B §� §�B ���CB�!��D¬ª �³ ¦�C§��§ C�¬B ¨C�³ §�B §º�����B¬ B´����DB! �¨
ρ

���
ω
«B�§�C ³ B!��! �� §�B ���ºCB!����§ ¦�C§ �¨ §�B �³¦¬�§��B � ¼§ �! »��©� §��§ §�B!B «B�§�C

³ B!�� B´����DB! ª �B¬� � �B!§C��§�«B ��§BC¨BCB��B �� §�B ��D�BC B�BCDª !��B �¨ §�B
∆(1232)

CB!�����B � � ���B ��C �°À B�§�«B �BCB �! ��§ §� ¦CB!B�§ � ¦�B��³B��¬�D���¬ ³��B¬ ¨�C ¦���
¦��§�¦C����§��� · �°¬B §� ¦CB��!B¬ª �B!�C�° B §�B �«��¬�°¬B ��§� · °�§ §� ¦C�«��B �� B!§�³ �§B
¨�C §�B �!!� ���§B� ¯A�� ¦C� �B!! · ©B �� ��§ ���¬��B � ¦C�¦BC ���§�C�®�§��� �C «B�§�C ³ B!��
B´����DB! �! ��B �! ��§ �°¬B �§ §��! ¦���§ §� ³��B¬ §�B ��CCB!¦�����D ���§C�°�§���! ¨�C §�B



¸


�¯A�� ¦C��B!! � ¥�BCB¨�CB §�B ½��¬�§ª �¨ §�B �B!�C�¦§��� !��©� �� � �D � 
 �! ������§�«B �¨ §�B
½��¬�§ª �¨ ��C ��CCB!¦�����D B!§�³ �§B! ¨�C §�B �¯A�� ¦C��B!! ©���� �CB ¦ BC¨�C³ B� �¬��D
§�B !�³ B ¬��B! · � �B � °ª §�B !�³ �¨ � ���ºCB!����§ !�¨§º¦ ��� ¦C����§��� �³¦¬�§��B ��� �

∆(1232)
CB!�����B ¦C����§��� �³¦¬�§��B �! ��§¬��B� �°�«B �

¼� §�B ¨�¬¬�© ��D ��¬��¬�§���! ©B �!B · ¨�C §�B ���¬B�� ��¯! · §�B ³��B¬ �B!�C�° B� ��
� B¨! � µ¶� · ¶	 · ��¹ · §� ©���� ©B CB¨BC §�B CB��BC ¨�C �B§��¬! � �B ���!§C��§ §�B ��¯! ¨C�³ �
���°¬B ��!§C�°�§��� °�!B� �� §�B ¨�C©�C� ��¦�¬�C�®B� ½��C» ��!§C�°�§���! �¨ ���¥ �¶ µ��¹
±¨�C §�B ��¯

H
² ��� °�!B� �� §�B ¨�C©�C� ¦�¬�C�®B� ½��C» ��!§C�°�§���! �¨ � B¨ � µ��¹ ±¨�C §�B

��¯
H̃
² � ¥� ���!§C��§ §�B ���°¬B ��!§C�°�§��� · ©B �!B � ¦C�­ ¬B ¨���§��� © �§� ¦�C�³B§BC!

bval = bsea = 1
�! �B§��¬B� �� � B¨ � µ¶	¹ � ��C §�B

t
º�B¦ B��B��B �¨ §�B ��¯ ±�§ §�B ³��BC�§B¬ª

!³ �¬¬ «�¬�B! �¨
t
���!��BCB� �� §��! ¦�¦BC² ©B ���¦§ · ��¬B!! !§�§B� �§�BC© �!B · � ¨��§�C�®B�

��!�§® °ª ³�¬§�¦ ¬ª ��D §�B
x
���

ξ
�B¦ B��B�§ ¨���§��� °ª §�B ��CCB!¦ �����D ¨�C³ ¨��§�C ±��

t
² !� �! §� !�§�!¨ª §�B ­C!§ !�³ C�¬B � ¼� §�B ��¬��¬�§���! ¨�C §�B ° B�³ ���CDB �!ª³³B§Cª· ©B
�¬!� ��³¦�CB §�B CB!�¬§! © �§� � ³��B¬ ¨�C §�B ��¯! ©�BCB � ¯º§BC³ �! ���B� §� §�B ���°¬B
��!§C�°�§��� · © �§� §�B ¦�C�³ B§C�®�§��� D�«B� �� � B¨ � µ��¹ � ��C �¬¬ �§�BC ��¬��¬�§���! · ©�BCB
�§ �! ��§ !§�§B� B´¦¬���§B¬ª· §�B CB!�¬§! �� ��§ ���¬��B � ¯º§BC³ �� §�B ³��B¬ ¨�C §�B ��¯! �

¼� � �D � ¶� · ©B !§��ª §�B ��¾BCB�§ �¯A�� ¦C��B!!B! ��� !��© §�B�C ���§C�°�§���! §� §�B
�º¨�¬� ��¾BCB�§��¬

e−p→ e−γπN
�C�!! !B�§���! · ��¾BCB�§��¬ ��

Q2, xB, tγ,Φ
· §�B

πN
��«�C���§

³ �!!
WπN

· ��� §�B ¦��� !�¬�� ��D¬B
Ω∗

π

�� §�B
πN

CB!§ ¨C�³ B � ¿ª ��³¦�C��D � �D! � 
 ���
¶� · ��B !BB! §��§ §�B C�§�� �¨ §�B ���ºCB!����§ §� CB!����§ ���§C�°�§���! �! ¬�CDBC ¨�C §�B
�¯A�� ¦C��B!! ��³¦�CB� §� §�B ¦��� ¦��§�¦C����§��� ¦C� �B!! �

¼� � �D � ¶¶· ©B ��³¦�CB §�B �º¨�¬� ��¾BCB�§��¬
e−p→ e−γπN

�C�!! !B�§���! · � �B � ��§BDC�§B�
�«BC §�B ¦��� !�¬�� ��D¬B

Ω∗
π

· ¨�C §�B �¿� · �¯A�� ��� �¿� � �¯A�� ¦C��B!!B! µ��¹
¨�C � �° »��B³ �§��! � � ¬B�C¬ª· §�B �¿� ¬�CDB¬ª ��³ ���§B! §�B �C�!! !B�§���! � ¥�B CB!�¬§��D
° B�³ !¦�� �!ª³³B§C�B! ±¿��²· ¨�C � ¦ �¬�C�®B� ¬B¦§�� °B�³ · �CB �C���� � º ¶� � ¨�C §�B

e−p → e−γπ+n
¦C� �B!! � ��C §�B

e−p → e−γπ0p
¦C��B!! · §�B ¿�� DC�© ! ©�B� �¦¦C������D

§�B
πN

§�CB!��¬� · ©�BCB �§ CB���B! §�B !�³ B «�¬�B �! ¨�C §�B
e−p → e−γp

¦C��B!! � ¥��!
��� ° B B�!�¬ª ���BC!§��� °B���!B �§ §�CB!��¬� · §�B �³¦¬�§��B ¨�C §�B

ep→ eγπ0p
¦C��B!! �!

�°§���B� ¨C�³ §�B
ep→ eγp

¦C� �B!! °ª �§§�����D � !�¨§ ¦��� §� §�B ���§��¬ ��� ­��¬ ¦C�§�� �
¥��! �! ©��§ ©B ��¬¬B� §�B ¿�C� §BC³ �� �B�§��� � ±� �D � � �² � ¥��! �³���§! §� ³�¬§�¦¬ª §�B
¯A�� ��� ¿� �³¦¬�§��B! �¨ §�B

ep → eγp
¦C��B!! °ª §�B !�³B ¨��§�C ©�B� ��¬��¬�§��D

§�B�C
ep → eγπ0p
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∆
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��� ��B �°§���! §�B !�³ B ¿�� �! ¨�C §�B
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��!B ¨�C §�B
e−p → e−γπ+n

¦C��B!! · ©�BCB °�§� ��³³�§�§�C ��� ¿�C� §BC³ ! ���§C�°�§B �
��§�BC³�CB �� §�B ¿�C� §BC³ ¨�C §�B
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¼¨ ��B �� B! ��§ ¦ BC¨�C³ � ¨�¬¬ª B´�¬�!�«B ¯A�� B´¦BC�³ B�§ · ��B ��§��¬¬ª ³ B�!�CB! §�B

�C�!! !B�§���

dσexp

dQ2 dxB dt dΦ
=

dσ(ep→ eγp)

dQ2 dxB dt dΦ
(1 + Rinel) ,

±
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§�B C�§�� �¨ §�B ��§BDC�§B� ��B¬�!§��
ep→ eγπN

�C�!! !B�§��� §� §�B �C�!! !B�§���
¨�C §�B

ep→ eγp
CB��§��� ±� �B � §�B �B¬�!§�� � ¯A�� ¦C� �B!!² · D�«B� °ª

Rinel =
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∫ Wmax

M+mπ
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dQ2 dxB dt dΦ dWπN
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/
dσ(ep→ eγp)

dQ2 dxB dt dΦ
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e−p → e−γπN
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WπN = M = 0.939 ��� �
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�M��!�( ��� + "� �� �M� �!�( ��� $��!� ��� "��� ��� ����!��� ��� γp ��" γπN #��' ������ � ���
���*�''- ( ���*!��

(BSA)exp =
∆dσel (1 + ∆Rinel)

2 dσel (1 + Rinel)
,
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©�BCB
∆dσel ��� dσel !§��� ¨�C

∆dσel =
dσh=+1/2

dQ2 dxB dt dΦ
(ep→ eγp) − dσh=−1/2

dQ2 dxB dt dΦ
(ep→ eγp),

dσel =
1

2

(

dσh=+1/2

dQ2 dxB dt dΦ
(ep→ eγp) +

dσh=−1/2

dQ2 dxB dt dΦ
(ep→ eγp)

)
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±
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§�B ¬B¦§�� ° B�³ �B¬���§ª� ¼� �½ � ±
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Rinel

�! D�«B� �! �� �½ � ±
�² · ���
∆Rinel
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��CCB!¦�����D C�§�� �¨ ��B¬�!§�� §� B¬�!§�� ¯A�� �B¬���§ª �C�!! !B�§���! �

∆Rinel =

(

∫ Wmax

M+mπ

dWπN
∆dσ(ep→ eγπN)

dQ2 dxB dt dΦ dWπN

)

/
∆dσ(ep→ eγp)

dQ2 dxB dt dΦ
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�!ª³³B§Cª

(BSA)el ¨�C §�B ep → eγp
¦C��B!! �! CB¬�§B� §� §�B ³B�!�CB� ° B�³º!¦�� �!ª³ º

³B§Cª
(BSA)exp §�C��D� �

(BSA)el ≡ ∆dσel

2 dσel
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±
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±
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� depjX [_ Z � VWdf fg
µ+p → µ+γπN

T��� � �Usrta Wf
µ+p → µ+γp

T�� � Usrta mjfcc cXmWdf\c
VmmfjYd\e Wf ��c u T�` w ��a Vc gp\mWdf\ fg WiX phh Xj d\WXejVWdf\ ndk dW

Wmax
d\ r�]��tt |d\Xk VWdmc u

U VciXY TcfndY a mpjqXc Z jVWdf fg p\h fnVjdyXY Th fnVjdyXY a mjfcc cXmWdf\c jXch XmWdqXn^u
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§©� �¦ BC�§�C! ��«�¬« ��D ��B !�¨§ ¦��� � ��C �BC�«�§��� �¦¦¬�B! §� §�B »��B³ �§���¬ CBD���

m2
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WπN = M = 0.939 ��� �

� �M� �!�( ���� �����"�!�" �� ���) � ���,�# ��" 0�,�! ## + 7�� �!"�! �� $���� ���
���'��� ��� ���!�' '�( �� 1

mπ → 0
4 ��" ���  � �!.�� '�( �� 1

Q2 → ∞
4 �� � � ���� $���� ��!����'-

"���!%��  *!���! ��������� � ��� � +& + � � + ��	
 $��!� ��$ '�$ ����!&- ����!�( � $�!� "�!�%�"
 �! ��� γ∗N → πN �!� ���� �� '�!&� %�!�*�'����� � ��� ������ 1

Q2 >> Λ3
QCD/mπ

4 + "� ����
!��� ��� � ��� ���!�' � �!�*!)����� ����!- ���!���� "�%�'�� �" �� � � � + ��$ � %3
 �� ��*"- ���
�*�!. ( ��� "�� ��"���� � ��� ��!��� "���!�)*���� ( �- )� *�� *' + ��! �*�� � �-���( ����
���!�' � �!�*!)����� �M������� �� ���%�!&� � ��� �'�� ���� ���� ��� ( �( ���*( �!��� �! −t
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� depjX [[ Z rfjjXmWdf\ gVmWfj VmmfjYd\e Wf �� u T�_[a Wf Vhhn^ Wf WiX k XVcpjXY �r� Wf XxWjVmW WiX
�r� lXWoXX\ WiX �XnVcWdm � hjfmXccXc

µ±p → µ±γp
w oiX\ WiX k XVcpjXk X\W dc \fW gpnn^ XxmnpcdqX u

�iX mfjjXmWdf\ gVmWfjc VjX edqX\ gfj WiX cdWpVWdf\c oiXjX WiX
γp �

\Vn cWVWX dc mf\WVk d\VWXY XdWiXj
l^

γπ+n
Tphh Xj hV\Xna w l^

γπ0p
Tk dYYnX hV\Xna w fj l^ l fWi

γπ+n
V\Y

γπ0p
TnfoXj hV\Xna u �iX

mfjjXmWdf\ dc edqX\ Vc gp\mWdf\ fg WiX phh Xj d\WXejVWdf\ ndk dW
Wmax

gfj r�]��tt |d\Xk VWdmc u �iX
cfndY V\Y YVciXY mpjqXc mfjjXch f\Y o dWi WiX Wof ��U kfYXnc Vc YXcmjdl XY d\ � de u [ � u

�C�BC
(4πfπ)
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�!!�³ ��D �§ �! ��³ ���§B� °ª §�B
∆(1232)

�!�°�C ¦C����§��� � � BCB · ¨�¬¬�© ��D §�B �¦¦C����
�¨ � B¨ � µ¶¸¹ ©B ��«B �!B� §�B ¬�CDB

Nc

¬�³ �§ §� CB¬�§B §�B ��¯! �¨ §�B
N → ∆

§C��!�§��� §�
§�B

N → N
��B! � �D��� §��! ³ ���³ �®B! §�B ³ ��B¬ �B¦ B��B��B �¨ ��C CB!�¬§! �

��C §��!B B´¦ BC�³ B�§! ©���� �� ��«B §�B CB!�¬�§��� §� ³B�!�CB §�B
γ∗p→ γπN

¦C��B!! ·
�� ¦�C§���¬�C �� §�B

∆(1232)
CB!�����B CBD��� µ¶¶¹ · ��C ��¬��¬�§��� ¦C�«��B! � ¦CB���§��� �!��D

§�B ¬�CDB
Nc

¬�³ �§ ¨�C §�B
N → ∆

��¯! � ¥�B ³B�!�CB³ B�§ �¨ §�B
γ∗p→ γ∆ → γπN

¦C��B!!
��¬�! §�B ¦C�!¦ B�§ §� ���B!! ��¨�C³ �§��� �� §�B ½��C» ��!§C�°�§���! �� §�B

∆
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² �B«BC
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π+n
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�
\Vn

cWVWX V\Y \fWid\e XncX u v\ hjVmWdmX WiX �
\Vn cWVWX VnoV^c mf\WVd\c cfgW hifWf\c oidmi lpdnY WiX

jVYdVWdqX WVdn lpW WiXdj X�XmW dc d\mnpYXY d\ WiX mVnmpnVlnX jVYdVWdqX mfjjXmWdf\c u tf oX de\fjX
Widc cplWdndW^ iXjX V\Y WV|X �� uT` a 9 ?;6/?J 9>@9: gfj oiVW oX k XV\ l^ XxmnpcdqX u

��[� �idc XxhjXccdf\ dc gfj V gpnn VydkpWiVn mfqXjVeX gfj WiX nXhWf\ YXWXmWdf\ u �fj V �
\dWX VydkpWiVn

mfqXjVeX
∆φ

w dW cifpnY l X kpnWdh ndXY l^
∆φ/2π.

��`� �iX \fjk VndyVWdf\
ñ.P = 1

dc d\ gVmW djjXnXqV\W u �iX mifdmX
ñ.P�

� dc V k VWWXj fg mf\qX\dX\mX u
��� � zX jXk d\Y WiVW

Πud
cdkhn^ hjf� XmWc f\ WiX

u, d
hVjW fg WiX �Vqfpj kpnWdh nXW

���� v\ WiX mVcX fg hdf\ Wo dcW{[ hjfYpmWdf\
Γ
Vncf YXh X\Yc f\

x
V\Y f\ WiX tpYV|fq qXmWfj

ñ
lpW

oX fk dW WiXk Vc WiX^ VjX \fW dkh fjWV\W gfj oiVW gfnnfo c u
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��

���� �^ YX
�
\dWdf\ WiX Vjepk X\W fg chd\fj dc VnoV^c f\ WiX k Vcc ciXnn cf oX Yf \fW ch Xmdg^ dW u

���� � fWX WiVW WiX cVk X Vjepk X\W iVc VnjXVY^ l XX\ pcXY Wf \XenXmW WiX WXjk c cifo\ f\ �m d\ WiX
cVWpjVWdf\ fg WiX mfkkpWVWfj u �ifcX WXjk c ofpnY X� XmWdqXn^ mf\WjdlpWX Wf WiX hdf\ h fnXc fg
� de u �V V\Y � de u �l u

���� �iVW ofpnY \fW l X WjpX gfj d\cWV\mX d\ hdf\ hifWf{hjfYpmWdf\ l XmVpcX VW WijXcifnY
t
dc fg fjYXj

m2
π

���� � fWX WiVW WiXjX VjX gfpj
N → ∆

iXndmdW^ VkhndWpYXc gfj WiX qXmWfj fh XjVWfj u �foXqXj w eVpeX
d\qVjdV\mX gfj WiX XnXmWjfk Ve\XWdm mpjjX\W fh XjVWfj nXVYc Wf f\n^ WijXX XnXmWjfk Ve\XWdm gfjk
gVmWfjc u � X\mX WiXjX VjX cWjdmWn^ ch XV|d\e gfpj ��Uc gfj WiX qXmWfj

N → ∆
WjV\cdWdf\ w fg

oidmi f\X iVc V qV\dcid\e � jcW k fk X\W u v\ qdXo fg fpj cWjVWXe^ Wf |XXh f\n^ WiX Yfk d\V\W
WjV\cdWdf\c w oX o dnn \XenXmW Widc ��U oidmi iVc V qV\dcid\e � jcW k fk X\W d\ WiX gfnnfo d\e u

��_� � fWX WiVW WiX gVmWfj √3
2

dc mf\qX\Wdf\Vnn^ mifcX\ d\ �� u T�[a cpmi WiVW WiX �YnXj gfjk gVmWfjc

CA
i (∆2)

mfjjXch f\Y o dWi WiX
p → ∆+

WjV\cdWdf\ u
�� �� � fWX WiVW Vnn fWiXj Tcpl{Yfk d\V\Wa ��Uc qV\dci VW nXVYd\e fjYXj d\ WiX ��

Nc
XxhV\cdf\ u

��[� � fWX WiVW d\ WiX nVjeX
Nc

ndk dW w WiX dcfqXmWfj mfkld\VWdf\
Hu − Hd dc cphhjXccXY w WiXjXgfjX

f\X mfpnY Vc oXnn edqX Vc XcWdk VWX
2G∗

M (0) ' 2√
3

µV ' 5.43
w oidmi dc VmmpjVWX VW WiX �_ �

nXqXn u
��`� �f cdkhndg^ WiX \fWVWdf\c w oX \fWX ��� � �Usrt gfj WiX mjfcc cXmWdf\c fg WiX mfiXjX\W cpk

fg l fWi hjf mXccXc u
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