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�+-�,6� .4
8., � �� --�� 6�7 8*. � 
 � �4
 � .�� .,6.��.  �! "# $ �. .�� .�8 8� � . +� -. 8� ��,. 8*. ,+36+86��
3+� +7. � 68* � -�. -67*8 6--�� 6�+86�� �� 8*. �+-�,6� .8., � 1��.%., $ 8*. 6���,� +86�� �,��
� 
 � � 6/ /�� .�*+8 +�� 67���/ � 5. �+/. ��, .�� .�8.3 -�� 6��/682 -6� 68/ +�3 ��86�+- ��,6�7
� -+�/ �� 8�� /8+8.� .�8/ &

� � 5 68* 8*. .��.�86�� �� + �.� ��8-6., � -� �'/ (8*+8 �,��+� -2 /*�� -3 � . 36/�+,3.3 ) $ 3�,6�7
0**4 ��* +-- �+-�,6� .8., � -� �'/ /�/8+6�.3 + 3�� ��+,3 /*6�8 6� -67*8 ,./� ��/. � ., � .

�� �� 8� �*+ �

� � �� 8*. � 
 � �4
 � 8./8/ $ � -� �'/ 8*+8 /�/8+6�.3 �,+ +88.��+86�� �,��
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)� 6--�� 6�+86��

,.��%.,.3 �� -- (� -�. -67*8) 8,+�/� 6//6�� +�8., �- *��,/ �� � -�. -67*8 6--�� 6�+86�� ( +�3
. *��,/ �� ,./8 � .��,. ,.4� ��.,6�7 � � 	/) �

	*. 36/ �� -82 ��, ��8�,. �
)� .�� .,6� .�8/ 6/ 8*+8 8*. �*+ 3.�,.+/. 6� -67*8 ��8��8 ��/.,%.3
6� 0**4 ��* (�) 6/ ��8 .0� 6%+-.�8 8� + �,+ +88.��+86�� �� 8,+�/� 6//6�� ��,.3 �2 � -�. -67*8 (�) �
	*6/ 6����/6/8.��2 6/ ��,8*., ���1,� .3 �2 8*. +�.�3�8+- /8+8.� .�8 8*+8 � +�2 �� 8*. 0**4 ��*
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� -� �'/ �.,. 2� -+�'3 +8 8*. .�3 �� 8*. ,�� � 	*./. %+,6��/ /8+8.� .�8/ �+� � . ,.���� 6-.3
6� �. ,.��7� 64. 8*+8 8*. ,+36+86�� 3+� +7. 3�,6�7 0**4 ��* � +2 *+%. � ..� ����.�8,+8.3 +8
8*. �,��8 �+�. (1 ,/8 �4� ,+36+86�� -.�78*/) � 	*�/ .%.� + 2� -+�'.�.33 � -� �' (�*.� % 6.�.3
�,�� 8*. �,��8 �+�.) � +2 /86-- 76%. + 7� �3 ,./� ��/. 8� �! " � .
 /*��.,/ (/6��. /*��., � +�
6/ +8 +� ��8

4X0
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� ,6�, 8� -+���*6�7 + �** 3+2 �
)� ,�� +8 . �. ! �� �* � .
 $ 68 6/ �,686�+- 8� ��3.,/8+�3

8*. ,+36+86�� 3+� +7. +�3 ��86�+- ��,6�7 �� 8*. �+-�,6� .8., � �� 8*6/ ��8. $ � 36/��// /.%.,+-
��86��/ ��, �.+/6� 6-682 /8�36./ �� 8*. �� --�� 6�7 82� . &

� � 56 4/68. 6,,+3+86�� +�3 ��,6�7 /8�36./

� � �+,+/686� 6�4� .+� 8./8/

" � � .36�+8.3 6�4� .+� 8./8/ % 6+ .-+/86� /�+88.,6�7
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�8 6/ � �//6� -. 8� 1�3 + -�� .�.,72 /��,�. (
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)� $ �, + �4 �* � .
 � .36�+- .-.�8,�� +��.-.,+8�,)

+�3 8� ,.� .+8 8*. � 
 � �4
 � /8�36./ � 	*./. /8�36./ ��� -3 � . /8,��8�,.3 +/ �� --�� / &

•
�--�� 6�+8. ��� ,+�� .3 � -��'/ �,�� 8*. /63. � 68* + -�� .�.,72 /��,�. �

•
5 68* .68*., +� +,,+2 �� -67*8 /��,�./ +�3 /.�/�,/ $ �, + /6�7-. � �% 6�7 /��,�.�/.�/�, �+6, $
� �� 68�, 8*. ��86�+- 8,+�/� 6//6�� (8,+�/%.,/.) +/ + ����86�� �� -��768�36�+- � �/686��
+-��7 8*. � -��' �

•

8 +� +��,��,6+8. 8,+�/� 6//6�� -�// (�*+ $ ,*+ $ �*+ 
) $ ��,. 8*. � -��' � 68* � -�. -67*8
6--�� 6�+86�� �

• � .� .+/�,. 8*. ��86�+- 8,+�/� 6//6�� $ +�3 ,.� .+8. 8*. 6,,+36+86�� �2� -. �

	*. �,6��6� -. % 6,8�. �� 8*6/ �,��..3�,. 6/ 8*+8 68 6/ ��� � -.8.-2 6�3.� .�3.�8 �� � .+� 86� . +8
��+� � 	*6/ ��� -3 8./8 8*. ,./� ��/. �� + � -�/8., �� � -� �'/ 8� �� -86� -. �2� -./ �� 6,,+36+86�� +�3
��,6�7 � 	*.,. 6/ �� -2 ��. �,6.� ��� � .�8 6� 8*. � 
 � � ��� -6�+86��/ +� ��8 ,.� .+8.3 �2� -./
�� ��,6�7 � 1��.%., $ 8*.,. 6/ + � +� �, -6� 68+86�� �� 8*6/ /8�32� 5 68*��8 + 3.8+6-.3 � ��8.4
)+,-� �� 8*. /*��., �,�3��86�� ��� -67*8 �� --.�86�� $ 68 6/ 3 6/ �� -8 8� ,.-+8. 8,+�/� 6//6��
-�//./ � .+/�,.3 � 68* -�� .�.,72 6,,+3+86�� 8� .�.,72 �+-6�,+86�� �, ,./� -�86�� /*6�8/ �� � .
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�� 8*. �
)� .�� .,6� .�8 $ ��, �+-�,6� .8., � -� �'/ +8 +�7-./ -+,7., 8*+�
7◦
8*. 6,,+36+86��

3�/. 6/ 3�� 6�+8.3 �2 � � --., .-.�8,��/ (+�3 ,+36+86%. � � --., �*�8��/) +�3
π0
3.�+2 �*�8��/ �

� � --., +�3 ,+36+86%. � � --., .%.�8/ �,�3��. 8*. /+� . 8�8+- /*��., .�.,72 &

k′ =
m

(m/k) + 1 − cos θ

≈ 70 MeV at 7◦

≈ 35 MeV at 7◦
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π0
3.�+2 �*�8��/ *+%. + /6� 6-+, 82� 6�+- .�.,72� 	*. /+� . 82� . �� 8,+�/4

� 6//6�����,6�7 8./8/ +/ 6� �� 
 ��� -3 � . � .,��,� .3 ��68 6�4/68� � 6� 1+-- 
 $ � 68* + ,.+-6/86�
6,,+36+86�� �� ���
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�.8�� �� ��. �, � �,. � -� �'/ 6/ + � -+�' � �� +� �%. �, � .-�� 8*. � .+� -6�. +8 - 8�

10◦
3�� �/8,.+� � � -+� 6�7 8*. � -��'/ ��8 �� � -+�. � +2 �+� 6-68+8. � .,��,� 6�7 8*./.

� .+/�,.� .�8/ �+,+/686�+--2$ � 68*��8 36/8�,� 6�7 +� ��7� 6�7 .�� .,6� .�8 �

•
	*. 8+,7.8 /*�� -3 � . -60� 63 *23,�7.� $ 8� � 6� 6� 64. 8*. �.�8,�� ��� $ /6��. �.�8,��/
3� ��8 �.�.//+,6-2 �+�/. 8*. /+� . 82� . �� ,+36+86�� 3+� +7. +/ �*�8��/ +�3 .-.�8,��/ �
� 6� 6� 646�7 �.�8,��/ � +2 � . 36/ �� -8 � 68* 8*. ���%.�86��+- /�+88.,6�7 �*+�� ., +�3
68/ � 8*6�' �.�' �

•
	*. ��86�+- 8,+�/� 6//6�� ��/8 � . � �� 68�,,.3 ���86����/-2�

•

8 +��,��,6+8. 6�8.,%+-/ $ 8*. � -��'/ �+� � . ��,.3 � 68* � -�. -67*8 �

	*6/ � .8*�3 *+/ /.%.,+- -6� 68+86��/ � 0%.� ��, ��. � -��' $ 8*. �� -- +��+,+8�/ ��, 8,+�/� 6//6��
� �� 68�,6�7 +�3 � -�. -67*8 ��,6�7 � +2 � . /�/ �6.�8-2 .-+� �,+8. +�3 �� -'2 +/ 8� �,.�-�3.
8,�.-2 �+,+/686� �� .,+86�� � �+36+86�� 3+� +7. �2 .-.�8,��/ +�3 �*�8��/ 6/ � .-6.%.3 8� � .
3�� 6�+8.3 �2 .��68+86�� �� -��74-6%.3 +8�� 6� �, � � -.�� -+, /8+8./ 6� ���

2,
�*6�* 6��,.+/. 8*.

��86�+- +�/�,�86�� �� 8*. � .36�� � 5� 8*. �8*., *+�3 $ �.�8,��/ � 6-- �+�/. ���-.+, ,.+�86��/ $
�*6�* � +2 �+�/. �,2/8+- 3 6/-��+86��/ 8*+8 +,. -.// ,.+36-2 ��,.3 �2 � -�. -67*8 � 5 68*��8
,.� -+� 6�7 8*. /�+88.,6�7 �*+�� ., � 68* + %.,/6�� �� 8*. �
)� /�+88.,6�7 �*+�� ., (+�3 � .+�
� 6� .) $ 68 � +2 � . 36/ �� -8 8� ���8,� - 8*. �.�8,�� 6--�� 6�+86�� � 	*6/ � .8*�3 +-/� 3� ./ ��8
3.8.,� 6�. 8*. �+-6�,+86�� +�3 ,./� -�86�� �� � .
 /*��.,/ +/ + ����86�� �� 6,,+36+86�����,6�7
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3 × 3
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5 × 5

�+-�,6� .8., ��� -3 � . �/.3 6� �� 6��63.��. � 68* 8*. 1�� 8� � .+/�,.
1

(e, e′CalopHRS)
.-+/86� .%.�8/ � 
8 - 8�

10◦
$ 8*. �,6� +,2 �+�'7,���3 6/ + /-�� -2 %+,26�7

����86�� �� � .+� .�.,72� �8�36./ +8 � 8� . � .
 6�� 63.�8 /*�� -3 � . /�/ � 6.�8 8� �+-6�,+8.
8*. ,+36+86�� .6 .�8/ +8 �� � .
 $ �,�% 63.3 /.���3+,2 /�+88.,6�7 �,�� 8*. � .+� -6�. 6/ ��3.,

�



���8,� - � �+� � -. .-+/86� ' 6�.� +86�/ +,.

k = 5 GeV

θe = −10◦

k′ = 4.625 GeV

Q2 = 0.703
� .


2

p′ = q = 0.918 GeV

θp = θq = 61.02◦.
(�)

5. 3.1�. + � � -+, ���,36�+8. /2/8.�
(θ, φ)

� 68* ,./� .�8 8� 8*.
z
4+� 6/ � � 6�86�7 +-��7 8*.

� .+� +� 6/ 3�� �/8,.+� � )�� -+�+,682 ,.0� 6,./
φp′ = π + φe

� 	*. �+,8./6+� +�7-./
(θH , θV )

�� 8*. 1�� +,. 3.1�.3 � 68* ,./� .�8 8� 8*. 8,+�/� �,8 ���,36�+8./ �� 8*. /� .�8,�� .8., &
z′
4

+� 6/ +-��7 /� .�8,�� .8., �.�8,+- ,+2$
x′
4+� 6/ 6� 36/� .,/6%. 36,.�86�� (3�� � 6� -+� �,+8�,2 ) $ +�3

ŷ′ = ẑ′ × x̂′
�

tan θHRS
H =

p′ · ŷ′

p′ · ẑ′

tan θHRS
V =

p′ · x̂′

p′ · ẑ′

��, 8*. �+-�,6� .8., $ 8*.,. 6/ �� 36/� .,/6�� $ /� 68 6/ � �,. ���%.� 6.�8 8� 3.1�. + �� �,36�+8.
/2/8.� � 68*

ŷC

%.,86�+- (��) $
ẑC

� � 6�86�7 8� 8*. �.�8., �� 8*. �+-�,6� .8., $ +�3
x̂C = ŷC × ẑC

�
	*.� &

tan θCalo
H =

k′ · x̂C

k′ · ẑC

tan θCalo
V =

k′ · ŷC

k′ · ẑC

	*. %.,86�+- +��.�8+��. � +8�*6�7 �� 8*. �,�8�� /� .�8,�� .8., +�3 .-.�8,�� �+-�,6� .8., 6/ &

tan θCalo
V ≈

sin θe

sin θq

tan θHRS
V .

��, 8*. .-+/86� ' 6�.� +86�/ +� �%. &

∣

∣tan θCalo
V

∣

∣ ≤ 0.01.

	*6/ � 6-- � +8�* 8*. +��.�8+��. �� + /6�7-.
3× 3

��
2

�.�8,+- �+-�,6� .8., � -��'
≤ 1.5

� �,��
8*. 8+,7.8 �

,
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)� .�� .,6� .�8 � �.8�� + � -�. -67*8 ��,6�7 -+� � 6�/63. 8*. � -+�' � ��
(6�/8.+3 �� 8*. �0� 
) � ��� +8 �� -- -�� 6��/682 (

4 · 1037
���

2
�/) � � �� 68�, 8*. �+-�,6� .8.,

,./� -�86�� � 68*
π0

� +// ,.���/8,��86�� $ +�3  � �//6� -2 # �,.0�.�8 .-+/86� 1
(e, e′CalopHRS)

,��/ �
	*6/ ��86�� ,.0� 6,./ 8*. -+,7./8 6�%./8� .�8 �� .6�,8 �2 8*. �� --+� �,+86�� +�3 �2 ��+� $

��8 76%./ 8*. -+,7./8 36% 63.�3 6� �*2/6�/ $ +�3 8.--/ �/ .�+�8-2 �*+8 �. �..3 8� '��� $ ��8
� �,. +�3 ��8 -.// �

� � � � � �� ��� ���� �

	*. 1 ,/8 8�� 8./8/ 3�� �8 8.-- �/ 36,.�8-2 �*+8 �. �..3 8� '��� +� ��8 �+-�,6� .8., ,./� ��/.
8� � .
 /*��.,/ +�8., �� -86� -. �2�-./ �� 6,,+36+86�� ��,6�7 � ��/8.+3 8*.2 76%. �/ �+, � �,.
6���,� +86�� 8*+� �. ,.+--2 �..3 �
0-+/86� /�+88.,6�7 8./8/ �+� �,�% 63. +-- �� 8*. +�/�.,/ �. �..3 � 	*. .-+/86� /�+88.,6�7

��86�� 6/ + %+-�+� -. �,.��,/., 8� + �.� . � .
 �
)� .�� .,6� .�8 6� 8*. /.8�� $ � .+� 486� . $
+�3 +�+-2/6/ .6�,8 6/ /67� 61�+�8-2 -.// 8*+� + �
)� .�� .,6� .�8 �

� � � ��
��� �����	����

	*. .-+/86� /�+88.,6�7 6,,+36+86�� +�3 ��,6�7 /8�36./ � 6-- � . 7,.+8-2 /6� � -61.3 6� 8*.2
3� ��8 ,.0� 6,. �� 6�� 63.�8 3.8.�86�� �� 8*. �,�8�� 6� 8*. 1�� � �� �+,86�� -+, $ 6� 8*. .-+/86�
/�+88.,6�7 �+� � . ,./� -%.3 +8 /� +-- +�7-./ % 6+ /6�7-. +,� � .+/�,.� .�8/ 6� 8*. �+-�,6� .8., $
8*.� 68 � +2 � . � �//6� -. 8� ���3��8 �+,+/686� 6�4� .+� 8./8/ �

� /6�7 8*. .-+/86� /�+88.,6�7 ' 6�.� +86�/ �� 00 � � $ 8*.
Nπ

8*,./*� -3 6/ +8

k′ ≤
k − [mπ + m2

π/(2M)]

1 + (k/M)(1 − cos θ)
= 4.49 GeV.

5 68* +� ./86� +8.3 �+-�,6� .8., .�.,72 ,./� -�86��

σ(k′)

k′
= 1.5% ⊕

3.8%
√

k′/(1GeV)
(���/6/8.�8 � 68* � ��+ +8 � �" � .
 )$ 8*.

Nπ
8*,./*� -3 6/

1.2σ
�,�� 8*. .-+/86� � .+' �

5*+8 6/ 8*. ���8,6��86�� �� 8*. +�7� -+, ,./� -�86�� 8� .-+/86� ,./� -�86��
 5 68* + �, �� -��7
8+,7.8 $ +�3 8*. �+-�,6� .8., +8 + 36/8+��.

D = 3
� �,�� 8*. 8+,7.8 $ 8*. +�7� -+, ,./� -�86��

.



�,�� 8*. %.,8.� ���.,8+6�82 (� 68*��8 + 1�� �� 6��63.��.) 6/ &

σθ(∆z) =
∆z sin θ

D
√

12
= 2.5 mr

	*. ���8,6��86�� 8� 8*. .-+/86� ,./� -�86�� 6/

∆k′(σθ) = −
k′ 2

M
(sin θ) ∆θ

σk′ = 10 MeV

	*�/ 8*. 8+,7.8 -.�78* � +'./ + �.7-676� -. ���8,6��86�� 8� 8*. .-+/86� ,./� -�86�� +8 /� +-- +�4
7-./ � 	*. ��,� �/. �� 8*. �,�8�� �� 6��63.��. 6� 8*. 1�� 6/ 8� %.8� 6�.-+/86� .%.�8/ � 1��.%., $
+8 8*.

1σ
-.%.- $ 8*. �+-�,6� .8., �+� ,./� -%. 8*. .-+/86� � .+' � 0� 6/86�7 .-.�8,�� /�+88.,6�7

3+8+ �+� � . �/. 8� 3.8.,� 6�. 8*. .�� .�8.3 ,+86� �� .-+/86� 8� 6�� -�/6%. (8*,./*� -3 ) .%.�8/ � ��
8*. ,+86� 6/ * 67* .���7* ��,

Q2 ≈ 1
� .


2
$ 8*.� /6�7-. +,� � .+/�,.� .�8/ +,. /�/ � 6.�8 �

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

� .��,. ��3.,8+' 6�7 + �.� �
)� .�� .,6� .�8 +8 . � .
 $ 68 6/ �/.�� - 8� ���3��8 .-+/86�
/8�36./ $ ./� .�6+--2 6� 8*. .-+/86� � .+/�,.� .�8/ �+� � . 3��. �+,+/686�+--2�
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