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�23 �/42 / �5� ���67/�4 , ��������8 4���*"593,: ��� *,��4�", 
�42:;�/�""��� ��<� ",5 4 e+e−��/�*+"�4 ",, �� 4���+�*5�"�: � !��
"�4 � ,���*=!�4�", � /�6"��� ��/�,6"��� >* � "/� , /�6"��� ,"/ ��,�
��4�",5 �� ���/2�"��2 ;�!�4��2 �)?7�2 @��$A�

� ��""�B ��)�/ ��,��" �*���,/� ��� *,��4�",5 , ��������"� 
+����" "/� � " ��/��� ��)�/,B ��<� ",5 �� 4���+�*5�"�: � !�"�"��4
4 �42:;�/�""�B � �+0,, e+e− → e+e−+R(0−+)8 +�/���B 4 / 6 ", �5��
* / ,���*=!2 /�5 4 �CD ,�� E2�+ ��� �*���,/� ��� *,��4�",5 ���0 ��
�� 2 → 3 �"�*��,6 " /��28 6/� ��,� "5 /�5 �*5 ��� *,��4�",5 ���0 ���
e+e− → e+e−+FGHIJKL8 , ��,��" 4 ��)�/ @MA� N " ��/�� 4� �"���� ��:�<
"� @�8$A� ��"�4"� �/*,6, ���/�,/ 4 4�)�� � � � ""�: ,"/ ��,��4�",5�
��, " 4���+,: >" ��,5: e+e−��/�*+"�4 ",58 ��

√
s ∼ 30 N>�8 >;; +�

/,4"��/= ��""��� � " ��/��� ���/�/�6"� 4���+�58 , ��, ��� *,��4�",,
��)�/,B e+e− → e+e− +R(0−+) ��<"� �)�B/,�= ) ! ��!), ",5 �)*��/,
,"/ ��,��4�",5 "� ����)?7�� �*5 267/� �,+�4�""��/ B ����"/ ���*=�
"��� 4���< ",5 O+�+ �� *�"� 4 � " ��/�� � ���� � "� , ��� @�A8 �� �*5
>/�B 0 *, ,���*=!2 /�5 �� 0,�*="�5 ������������ PQRSTU�

� +�6 �/4 6��/,08 +�/��� ���2/ )�/= �)��!�4�"� 4 �42:;�/�""��
���0 �� 8 4 � " ��/�� !�*�< " ���,!4�*="�B � !�"�"� � �������� "� #
;�/�"�8 � /�+< ;,+�,��4�""� � !�"�"�� π08 η , η′ � ,: ��"�4"��, ���
���, �������� �� 4�:�� ��������� 4���7/ *�)���/��"� $�: ,��2*=�
�� ���� 5""�: >* +/��"� , ��!,/��"� O�)�6"� ��*  �*5 +��/+��/, V
���� 5""�: >* +/��"�4U8 �)��!�4�""��� � !�"�"�� , ����2+/�4 �������
� !�"�"��� ��7:6��/,6"� ������� � !�"�"��4 ��� *,�29/�5 � ,���*=�
!�4�", � � /��� W�*26�B"�: !47!�W8 ��,��""��� 4 +",� N�������*�4�
W��"�4� +," ��/,+, � !�"�"��4W@-AX �����)"� ��,��", >/��� � /���
��,4 � "� /�+< 4 @MA�
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� ����� � ��������� �������� e+e →
e+e− + R(0−+�

� �42:;�/�""�� ���0 �� 

e+e− → e+e− +R O�U

4,�/2�*="� ;�/�"� �/�*+,4�5�= �)��!29/ � !�"�"� Y8 +�/���B !�/ �
������� /�5 "� # ,*, )�*  6��/,0 O�,���U�

�,�� �Z 
42:;�/�""�B ���0 �� e+e− → e+e− +R�

� �)3 � �*26� �,;; � "0,�*="� � 6 ", �42:;�/�""��� ��<� ",5
���/�5",5 [ ,�  / 4,� @�AZ

dσ = (
α

2π2
)2

1
E2

d3p′1
E′

1

d3p′2
E′

2

1
(q̄21 q̄

2
2)2

(pµ
1p

′ν
1 + p′µ1 p

ν
1 +

1
2
q̄21g

µν)× O#U

×(pα
2 p

′β
2 + p′α2 p

β
2 +

1
2
q̄22g

αβ)
1
8
M+

µαMνβ(2π)4δ(q̄1 + q̄2 − p̄X)dΓ,

�� 

Mµα = i

∫
d4xe−iq1x < X |T ∗(Jµ(x), Jα(0))|0 >,

µ V >* +/�����",/"�B /�+8
dΓ V ,"4��,�"/"�B ;�!�4�B �)?7� ���/�5",5 [�

����*=!2 �� � � � ""� ��+�!�"� "� �,����
�! O#U8 �"�*��,6"� /��28 +�+ >/� )�*� �� *�"� 4 @MA �*5 ���0 ���

e+e− → e+e− + hadrons8 ��*26� � �,;; � "0,�*="� � 6 ", �42:;��
/�""��� ��<� ",5 2!+��� � !�"�"�� 4 ,"4��,�"/"�: � � � ""�: t18 t28

-



s18 s2Z

dσ =
4r20m2

eΓγγ

πs2t21t
2
2M

3
R

|F |2Bdt1dt2ds1ds2√−∆4

, O�U

�� r0 = 2.82 · 10−13 �� V +*���,6 �+,B ���,2� >* +/��"�8 s = (p̄1 +
p̄2)2\O#QU2 V +4����/ ��*"�B >" ��,, �/�*+"�4 ",58 me V ����� >* +/���
"�8 MR , Γγγ V ����� , �42:;�/�""�5 ],�,"� � !�"�"��� � ;���2*2
4+*96 " �"�<,/ *= |F |28 �� F = F (t1, t2) � ;���;�+/�� �*5 267/� 4�!�
��<"�B !�4,�,���/, � 6 ",5 �/ 4,�/2�*="��/, ;�/�"�4 O^U�

�"4��,�"/"� � � � ""� s18 s28 t18 t2 , MR ��4"�Z

s1 = (p̄′1 + k̄)2,

s2 = (p̄′2 + k̄)2,

t1 = q̄21 = (p̄1 − p̄′1)
2,

t2 = q̄22 = (p̄2 − p̄′2)
2,

M2
R = k̄2� +4����/ ����� � !�"�"��,

k̄ = q̄1 + q̄2.

� ;���2* O�U ;2"+0,5 _ �� ��/�4*5 / ���,!4 � ", +," ��/,6 �+��
�� ;�+/��� "� +4����/ ���2*5 ��/�,6"��� >* � "/� @�A� �"� ��*26 "� �
,���*=!�4�", � >;; +/,4"��� *����"<,�"� 4!�,��� B�/4,5 �� 4���+��
*5�"��� ��*5 ΦR � ;�/�"��

L =
1
2
gRεµναβF

µνFαβΦR. O$U

��)*9�� ��5 ],�,"� ������� �� 4���+�*5�"��� � !�"�"�� "� # � �*=�
"�: ;�/�"� �45!�"� � +�"�/�"/�B �45!, gR ���/"�] ", �

Γγγ =
1
4π
g2

RM
3
R. OMU

D2"+0,5 B ��4"� @�AZ

B =
1
4
t1t2B1 − 4B2

2 +m2
eB3, O-U

�� 

B1 = (4p̄1p̄2 − 2p̄1q̄2 − 2p̄2q̄1 + q̄1q̄2)2 + (q̄1q̄2)2 − 16t1t2 − 16m4
e,

B2 = (p̄1p̄2)(q̄1q̄2) − (p̄1q̄2)(p̄2q̄1),

^



B3 = t1(2p1q2 − q1q2)2 + t2(2p2q1 − q1q2)2 + 4m2
e(q1q2)

2.

(p̄1p̄2) = s/2 −m2
e.

(p̄1q̄2) = 1/2 · (s1 − t2 −m2
e).

(p̄2q̄1) = 1/2 · (s2 − t1 −m2
e).

(q̄1q̄2) = 1/2 · (M2
R − t1 − t2).

� �������� ,���*=!2 /�5 ;���;�+/�� F 4 4,� 8 �* �293 � ,! ��� *,
4 +/��"�B ���,"�"/"��/, O`�
UZ

F =
1

(1 − t1/m2
ρ)(1 − t2/m2

ρ)
O��, aPb'\�U, O^U

�� ti = q̄2i (< 0)8 mρ V ����� ρ�� !�"�� D���;�+/�� F ��<"� ��*�<,/=
��4"�� �8 !���4 ����� /� � " ��/��� aPb'= 0� � 6 ", �42:;�/�""��
�� ��<� ",5 � !�"�"��4 � ;���;�+/���� O^U ���*��2 /�5 � ,!� � ",5�,
�*5 ���0 ��� e+e− → e+e− + η′ 4 LcKdef�gGd >+�� �,� "/�: @1A�

�,< 4��,��"� �� � *� ,"/ ��,��4�",5 @^A 4 /�� ���5�+ 8 4 +��
/���� ���,!4��,/�5 ,"/ ��,��4�", �,;; � "0,�*="��� � 6 ",5 O�U ,
��� *,��4�", ,"4��,�"/�4�

�U s2,min = (MR +me)2, s2,max = (
√
s−me)2.

#U t1,min, t1,max = 2m2
e − 1/(2s) · [s(s− s2 +m2

e) ±A
]1/2

,

A =
{
s(s− 4m2

e)
[
(s− s2 −m2

e)2 − 4m2
es2

]}1/2

.

�U t2,min, t2,max = 2m2
e − 1/(2s2)(s2 +m2

e − t1)(s2 +m2
e −M2

R) ∓B,

B = 1/(2s2)
{[

(s2−m2
e−t1)2−4m2

et1
][

(s2−m2
e−M2

R)2−4m2
eM

2
R

]}1/2

.

$U s1,min, s1,max = s+m2
e − (∆ ± C)/λ,

λ = (s2 − t1 −m2
e)

2 − 4t1m2
e,

∆ = m4
e(s− 2M2

R + t2 + 2t1)
+m2

e(sM2
R − st2 − 2ss2 − 3st1 + 2M2

Rs2 − t1t2 − 2s2t1)
−sM2

Rs2 + sM2
Rt1 + st2s2 + st2t1 + ss22 − ss2t1 − t2s

2
2 + t2s2t1,

C = 2
[
G(s, t1, s2,m2

e,m
2
e,m

2
e) ·G(s2, t2,m2

e, t1,m
2
e,M

2
R)

]1/2
.

�," ��/,6 �+�5 ;2"+0,5 R ,�  / 4,� @^AZ

G(x, y, z, u, v, w) = x2y + xy2 + z2u+ zu2 + v2w + vw2 + xzw O1U

1



+xuv + yzv + yuw − xy(z + u+ v + w) − zu(x+ y + v + w)

−vw(x + y + z + u).

��, ,"/ ��,��4�",, O�U � � � ""�5 s1 � " �,�2 /�5 ��4"�� �"�8 �
s28 t1 , t2 V �� ;2"+0,, ����� � * ",5 ∼ 1/x�


 / ��,"�"/ N���� ∆ ��4 " @^AZ

∆4(s, s1, s2, t1, t2,M2
R,m

2
e) =

1
16

{−4t1t2(s− u1)(s− u2) OhU

+(u1u2 + t1t2 − 2sν)2 + 4m2
e[4s(t1t2 − ν2) − t1(u2 + t2)2

−t2(u1 + t1)2 + 2ν(u1 + t1)(u2 + t2)]
}
,

�� 
u1 = s2 − t1 −m2

e,

u2 = s1 − t2 −m2
e,

ν =
1
2
(M2

R − t1 − t2).

���* /���8 +�+ �� " �,��4�"� � � � ""� s18 s28 t1 , t28 ���,!4��,/�
�5 4�6,�* ", 4 *�)���/��"�B �,�/ � ,��2*=��4 , >" ��,B ���� 5""�:
>* +/��"�4 , � !�"�"�� R8 � /�+< ����2+/�4 �������� ���/4 /�/4293, 
;���2*� ��,4 � "� ",< �

E′
+ =

s− s1 +m2
e

4E
,

cosθ′+ = −EE
′
+ −m2

e + 0.5t2
pp′+

,

E′
− =

s− s2 +m2
e

4E
,

cosθ′− =
EE′

− −m2
e + 0.5t1

pp′−
,

ER =
s1 + s2 − 2m2

e

4E
,

cosθR =
EER − 0.5(s1 + t1 − t2 −m2

e)
ppR

.

h



i� �= E , p V >" ��,5 , �)��*9/"�5 4 *,6,"� ,��2*=�� >* +/��"� �26+��
ER , pR V >" ��,5 , �)��*9/"�5 4 *,6,"� ,��2*=�� � !�"�"��� E± , p±
V >" ��,5 , �)��*9/"�5 4 *,6,"� ,��2*=�� ���� 5""�: ���� 5""�: e±�

�!,�2/�*="�B 2��* φ 4�* /� ��"�B ,! ���� 5""�: 6��/,0 �/"��,�
/ *="� ��, �/�*+"�4 ",5 ��� *,�2 /�5 ��4"�� �"�8 �!,�2/�*="� 2�*�
��2��B ���� 5""�B 6��/,0� , � !�"�"�� � ��� � *59/�5 ,! !�+�"�4 ���
:��" ",5�

i�4 �]�93,B >/�� ��� *,��4�",5 V ��� *,��4�", ,��2*=��4 ,
>" ��,B 6��/,08 �)��!2 ��: ��, ������ � !�"�"�� �� ./�/ ������ ����
,!4��,/�5 4 ��0��� γγ8 ���* 6 �� ����2+/� ������� �� �)��!29/�5 4 *��
)���/��"29 �,�/ �2� 
*5 ��: 6��/,6"�: �������4 >/� ��� *,��4�", 4��
��*"5 /�58 +�+ , 4 � " ��/���: @MA8 � ����3=9 �*���,/�� @-A�

� ��""�� � " ��/�� �� �2���/� "� 4�!��<"��/= ��� *,��4�",5 ���
)�/,B � )�*=],�, � � ��6��, ,��2*=��� 
*5 >/��� "2<"� !���/= �)�
� !�",5 � 6 ",5 �� t18 t2 4,�/2�*="�: ;�/�"�4 O����� /�� ���������
%jkk� , %jkk#U�

� ����������� ���������� ����������

��������� "��,��"� "� 5!�+ D��/��" ^^ , ��� �<,/ 4� " �):��,�
�� ������������8 !� ,�+*96 ", � ��/6,+� �*26�B"�: 6,� *8 �)���
3 ",5 + +�/����2 4���*" "� /�+ < 8 +�+ 4 �������� RQS(k� @hA�
�6,/� /�58 6/� �/�*+,4�93, �5 �26+, e+ , e− ,� 9/ ��,"�+�4� >" ��
�,, , ���/,4���*�<"� ,��2*=��� 
*5 ��� *,��4�",5 ��)�/,5 �42:;��
/�""��� ��<� ",5 �� 4���+�*5�"��� � !�"�"�� "2<"� 4�!4�/= �������
�����2 RRYQTlT � ���/4 /�/4293,�, ����� /���,� � !2*=/�/� ���
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ON>�m�2U lbR#��� @��A

π0 ����$h^� Γγγ\����1 �>�
η ��M$11 Γγγ\��$-$ �>�
η′ ��hM^^1 Γγγ\$�#1 �>�
ρ0 ��^-h� Γtot =�M��# `>�

 9�9� 7�����# π0>"
?���

� /�)*,0 # ��,4 � "� "�� �� ��� ������� � !�"�"�� π0 4 � " ��/�� �
�: �/"��,/ *="� 4 ��5/"��/, 4!5/� ,! lbR#��� @��A�

��)*,0� #Z � !�"�"� π0� MR\����$h^� N>�m�28 Γγγ\ ����1 +>��

n'&bQ `��� ������� �/"��,/ *="�5 4 ��5/"��/=8
lbR#��� @��A

� π0 → γγ h1�^h1±����#t
# π0 → e+e−γ ���h1±����#t

������ π0 → γγ ���,�:��,/ ,!�/���"�8 ��� *,�2 /�5 � ��/�,6"��
>* � "/�� |M |2 = 1� 
*5 ���� ������� π0 → e+e−γ ,���*=!2 /�5 4����
< ", �*5 ��/�,6"��� >* � "/� @��AZ

|M |2 ∼ (k̄q̄)2 +
2m2

e

s
[(p̄−k̄)2 + (p̄+k̄)2] − 2(1 − 2m2

e

s
)(p̄−k̄)(p̄+k̄),
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�� q8 k8 p+ , p− � $�: ,��2*=�� π08 γ8 e+ , e−8 ���/4 /�/4 ""�8
s = (p̄+ + p̄−)2�

 9�9� 7�����# η>"
?���

� /�)*,0 � ��,4 � "� "�� �� ��� ������� � !�"�"�� η� �: �/"��,/ *=�
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��)*,0� �Z � !�"�"� η� MR\��M$11 N>�m�28 Γγγ\ ��$-$ �>��

n'&bQ `��� ������� �/"��,/ *="�5 4 ��5/"��/=8
lbR#��� @��A

� η → γγ �h���±��#Mt
# η → 3π0 �#�#$±��#ht
� η → π+π−π0 #���±��$t
$ η → π+π−γ $�^M±����t

������� η → γγ , η → 3π0 ��� *,�29/�5 ,!�/���"� @��A�


*5 ��� *,��4�",5 η → π+π−π0 ,���*=!2 /�5 ��/�,6"�B >* � "/
@��A

|M |2 ∼ 1 − 1.15y+ 0.16y2,

�� y = 3T0/Q− 18 Q = mη − 3mπ8 T0 � +," /,6 �+�5 >" ��,5 π0�� !�"��


*5 ��� *,��4�",5 η → π+π−γ ,���*=!2 /�5 ��/�,6"�B >* � "/ @��A

|M |2 ∼ 2(p̄1p̄2)(p̄1p̄γ)(p̄2p̄γ) −m2
π[(p̄1p̄γ)2 + (p̄2p̄γ)2],

�� p̄18 p̄2 � $�: ,��2*=�� π�� !�"�48 p̄γ � $�: ,��2*=� ;�/�"��

 9�9 7�����# η′>"
?���

� � " ��/�� 4+*96 "� $ ��"�4"� ���� ������� η′�� !�"�Z

η′ → γγ Br = 2.12 ± 0.14t8
η′ → π+π−η Br = 44.3 ± 1.5t8
η′ → π0π0η Br = 20.9 ± 1.2t8
η′ → ρ0γ (ρ0 → π+π−) Br = 29.5 ± 1.0t�
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lbR#��� @��A
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� η′ → π+π−η (η → 3π0) �$��±��M t
$ η′ → π+π−η (η → π+π−π0) ���#±��� t
M η′ → π+π−η (η → π+π−γ) #��±��� t
- η′ → π0π0η (η → 2γ) 1�#±��M t
^ η′ → π0π0η (η → 3π0) -�^±��M t
1 η′ → π0π0η (η → π+π−π0) $�1±��$ t
h η′ → π0π0η (η → π+π−γ) ���±��� t
�� η′ → ρ0γ (ρ0 → π+π−) #h�M±��� t
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|M |2 = |1 + αy|2 + cx2, O��U

�� u8 v � �)�6"� ��*,/0 4�+, � � � ""� Z

x =
√

3(Eπ1 − Eπ2)/E,

y = (2Eη − Eπ1 − Eπ2)/E,

Eη V +," /,6 �+�5 >" ��,5 η�� !�"�8 Eπ18 Eπ2 V +," /,6 �+, >" ��,,
π�� !�"�48 Q V �2��� +," /,6 �+,: >" ��,B >/,: 6��/,0� �� 4 *,6,"�
) �2/�5 4 �,�/ � ��+�5 η′� ����� /� α = −0.058± 0.013 @��A8 �\� @�MA�
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|M |2 ∼ p2k2M2
π+π− · sin2θ

(M2
π+π− −M2

ρ )2 +M2
ρΓ2

, O��U
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p2 + p2
0
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*5 ��,)*,<7""�: �0 "�+ 4 �42:;�/�""�B ;,!,+ ��* !"� ;���2�
*�8 ��*26 ""� 4 ���+�: � /�� >+4,4�* "/"�: ;�/�"�4 O`.DU� �0 "+,
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γγ��,�/ �� , /���

D���2*� �*5 � 6 ",5 ��<� ",5 � !�"�"�� � �����B mR , ��,"��
J �= 1 4 ���0 �� e+e− → e+e− +R ,�  / 4,� @�#AZ

σ(s) = (2J + 1)
8r20m

2
eΓγγ

m3
R

[
f(m2

R/s)
(

ln
sm2

V )
m2

em
2
R

− 1
)2

− 1
3
(
ln

s

m2
R

)3
]
, O�#U

�� 

f(z) = (1 +
1
2
z)2 ln

1
z
− 1

2
(1 − z)(3 + z);

z =
W 2

s
.

mV � �����8 +�/���5 4:��,/ 4 ;���;�+/�� � � :��� γγ → R� 
*5 � !��
"�"��4 R = π08 η8 η′8 f2(1270)8��� ����� mV ∼ mρ8 � �*5 � !�"�"��4 R = cc̄
,*, bb̄ ����� mV ∼ mR�
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������/�,� 4�!��<"��/= ���4 � ",5 >+�� �,� "/� �� ,!� � ",9
�42:;�/�""�B ],�,"� π0�� !�"� � ����3=9 � / +/��� �	
�� ��,4��
�,�� ",< �0 "+, �*5 π08 � /�+< ��2�,: � !�"�"��48 ��*26 "� "�
�/�/,�/,+ ��� *,��4�",5 1 − 2 /��� ��)�/,B�


*5 >+�� �,� "/� ��, >" ��,, �26+� ��MM N>� Lg� , Hg�>;; +/,4"��/,
� �,�/��0,, ��>� )�*, ��,4 � "� 4�] 8 "� �,��h� ��+ 4,�"� ,! >/��� �,�
�2"+�8 � / +/�� �	
� ,�  / >;; +/,4"��/= � �,�/��0,, �)�,: ���� �
5""�: >* +/��"�4 )�*  ��t �*5 ���0 ��� �42:;�/�""��� ��<� ",5 π0�
E�*� 4���*" "� # 4��,�"/� ��� *,��4�",5Z � �� �4��,/ *="�� �/)����
��)�/,B8 ��, +�/���� �)� ��>� 2��4* /4��59/ 2�*�4,9 O�$U OHg���)�/,5U8
, ��, +�/���� :�/5 )� ��," ��>� 2��4* /4��5 / 2�*�4,9 O�$U OLg���)�/,5U�

*5 π0 O� /�+< , �*5 ηU ��� *,��4�*��= ���� ������� "� # ;�/�"�8 >;�
; +/,4"��/= ��� � *5*��= ��, 2�*�4,,8 6/� �)� ;�/�"� 4���/�"�4* "�
4 0 "/��*="�� � / +/�� �


*5
√
s\��� N>� "� �,���� �*5 Lg���)�/,B ��+�!�"� ����� � * ", 

�� >" ��,, ;�/�"�48 4���/�"�4* ""�: 4 +�*��,� /� � / +/���� ��+ +�+
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π0�� !�"� ��<��9/�5 ��6/, 4 ��+� 8 ����� � * ", �� >" ��,, ;�/�"�4
�/ ,: ������� �,+�4�"� ��, mπ/2� �� �,���# ��+�!�"� ����� � * ", ��
,"4��,�"/"�B ���� ��� 4���/�"�4* ""�: ;�/�"�4 �*5 Lg���)�/,B8 �����
"� >" ��,9 ;�/�"�4 V ��� `>��
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�,�� ��Z ����� � * ", �� >" ��
�,, 4���/�"�4* ""�: 4 +�*��,� /�
� ;�/�"�4 4 ���0 �� e+e− →
e+e− + π0(π0 → 2γ) 4 Lg���)�/,5:�√
s = 3.1 N>��

�,�� �#Z ����� � * ", �� ,"4��,�
�"/"�B ���� ��� 4���/�"�4* ""�:
;�/�"�4 4 ���0 �� e+e− → e+e− +
π0(π0 → 2γ) 4 Lg���)�/,5:� �����
"� >" ��,9 ;�/�"� V ���`>��

√
s =

3.1 N>��

�� �,���� �*5 Lg� , Hg���)�/,B ��+�!�"� >;; +/,4"��/= � �,�/���
0,, Wπ0W4 0 "/��*="�� � / +/�� 8 4 !�4,�,���/, �/ ������ "� >" ��,9
4���/�"�4* ""�: 4 +�*��,� /� ;�/�"�4� i� �= Wπ0W�6,/� /�5 ���� ;��
/�"�48 ,"4��,�"/"�5 ����� +�/���: Wγγ * <,/ 4 ,"/ �4�* 135 ± 50
`>�� �! �,�2"+� �� 4,�"�8 6/� �*5 >+�� �,� "/� �� ,!� � ",9 �42:;��
/�""�B ],�,"� π0 � !�"� �23 �/4 ""29 ��*= ,��� / 4 *,6,"� ������
"� >" ��,9 ;�/�"� 4 +�*��,� /� �	
��� .+�� �,� "/ �� ,!� � ",9
γγ�],�,"� π0 4 ���/�"�4+ HJyzef�gGd8 �� ����� ��*< " )�/= " )�*  
-� `>�8 ���4,�,���2 " � �* "�

��, >" ��,, �/�*+"�4 ",5
√
s\�� N>� �*5 ��)�/,B �42:;�/�""���

��<� ",5 π0 >;; +/,4"��/= Hg���)�/,B ��4"� � O�,����U8 ��>/��2 ��� �
*,��4�", 4���*" "� /�*=+� �*5 Lg���)�/,B� ��*26 ""� ����� � * ",5
�� >" ��,, ;�/�"�4 , ,"4��,�"/"�B ���� �42: ;�/�"�4 �"�*��,6"� ����
�� � * ",5� ��,

√
s\���8 .;; +/,4"��/= � �,�/��0,, Wπ0W4 0 "/��*=�

"�� � / +/�� 4 LcKdef�gGd ��)�/,5: ��+�!�"� "� �,���$�
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�,�� ��Z .;; +/,4"��/= � �,�/���
0,, Wπ0W4 0 "/��*="�� � / +/�� 
4 ���0 �� e+e− → e+e−+π0(π0 →
2γ) 4 !�4,�,���/, �/ ������ "�
>" ��,9 ;�/�"�4�

√
s = 3.1 N>��

�,�� �$Z .;; +/,4"��/= � �,�/���
0,, Wπ0W4 0 "/��*="�� � / +/�� 
4 ���0 �� e+e− → e+e−+π0(π0 →
2γ) 4 !�4,�,���/, �/ ������ "�
>" ��,9 ;�/�"�4�

√
s = 10 N>��

�� ��"�4�",, ���4 �7""�: ���67/�4 ��,
√
s\��� , �� N>� )�*, 4��

��*" "� �0 "+, 6,�*� ��)�/,B �42:;�/�""��� ��<� ",5 π08 +�/��� 
���2/ )�/= !�� �,�/�,��4�"� � / +/���� �	
�� ./, �0 "+, ��,4 � �
"� 4 i�+*96 ",, 4 /�)*,0�: �� , ��� �! ",: 4,�"�8 6/� �*5 ��*26 ",5
;,!,6 �+, !"�6,���� � !2*=/�/� O�/�/,�/,+� ���5�+� /��56, ��)�/,BU
,!� � ", "2<"� ���4��,/= 4 � <,� WLcKdef�gGdW, ,���*=!�4�/= �����
"� >" ��,9 ;�/�"�4 4 +�*��,� /� � "=] ��� `>�� ��,���] 4 �/��
/,�/,+ �/ � � :��� �/ >" ��,,

√
s =��� N>� + �� N>� ���/�4*5 / �+�*�

# O��, /�� < ,"/ ���* �4 /,���/,U� �* �2 / !�� /,/=8 6/� 4 >+�� �,�
� "/ �� ,!� � ",9 �42:;�/�""�B ],�,"� π0 � / +/���� %IvLgGe _Gee
"� "�+��,/ * b&YnT ,���*=!�4�*�5 Wπ0�/�,�� �W� ������� "� >" ��,9
;�/�"�4 4 +�*��,� /� h� `>� @�$A8 4� �� )�*� 4�� * "� �+�*� �#��
��)�/,B�

��� �����  e+e− → e+e− + η

i� �=8 +�+ , �*5 π0�� !�"�8 ��<"� ���/�4,/= 4����� �) 2*26] ",, /�6�
"��/, ,!� � ",5 4� � ", <,!", � !�"�"���

#1



τ = (5.58 ± 0.52) · 10−19 � +8 /�6"��/= h��t @��A�
O��*"�5 ],�,"� Γ = �/τ = 1.18 ± 0.11 �>�U�

�/"��,/ *="�5 4 ��5/"��/= ������� η0 "� # ;�/�"�Z

_YOη → 2γ) = 39.33± 0.25%8 /�6"��/= ��-�t @��A�


42:;�/�""�5 ],�,"� 4 *26] � >+�� �,� "/ Z

%IvLgGee zGeeZ Γγγ = 0.514± .017 ± .0358 /�6"��/= ^�Mt @�$A�

��+ �* �2 / ,! �,��h8�� �*5 >/��� ���0 ��� ���/�/�6"� 4 *,+, Hg�
>;; +/,4"��/, +�+ ��, >" ��,, �26+� ��MM N>�8 /�+ , M N>�� ��>/��2
!� �= 4���*" "� ��� *,��4�", Lg� , Hg���)�/,B � ����B ������� η "�
# ;�/�"�� 
*5 ��*26 ",5 >;; +/,4"��/, �� 0 "/��*="��2 � / +/��2
/� )�4�*��= 4���/�"�4* ", �)�,: ;�/�"�4 ���������B � +�"�/�2+0,,�

�� �,���M , �- ��+�!�"� >;; +/,4"��/= � �,�/��0,, 4 0 "/��*="��
� / +/�� " � "  �42: ;�/�"�4 �*5 ���0 ��� e+e− → e+e−η(η → 2γ) 4
!�4,�,���/, �/ ������ "� >" ��,9 ;�/�"� 4 +�*��,� /� 8 >" ��,5 �/�*+�
"�4 ",5

√
s =��� , �� N>��

�,�� �MZ .;; +/,4"��/= � �,�/���
0,, " � "  �42: ;�/�"�4 4 ����
0 �� e+e− → e+e− + η(η → 2γ) 4
!�4,�,���/, �/ ������ "� >" ��,9
;�/�"�4�

√
s = 3.1 N>��

�,�� �-Z .;; +/,4"��/= � �,�/���
0,, " � "  �42: ;�/�"�4 4 ����
0 �� e+e− → e+e− + η(η → 2γ) 4
!�4,�,���/, �/ ������ "� >" ��,9
;�/�"�4�

√
s = 10 N>��


*5 >" ��,,
√
s\�� N>� "� �,���^ ��+�!�"� ����� � * ", �� >" ��,,

4���/�"�4* ""�: ;�/�"�4 4 ���0 �� e+e− → e+e−η(η → 2γ)8 � "� �,���h
� ����� � * ", �� ,"4��,�"/"�B ���� �42: ;�/�"�4 4 >/�� ���0 �� �
���/�"�4+� >+�� �,� "/� LcKdef�gGd�
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�,�� �^Z ����� � * ", �� >" ��,,
4���/�"�4* ""�: ;�/�"�4 4 ����
0 �� e+e− → e+e− + η(η → 2γ)
�*5 Lg���)�/,B�

√
s\�� N>��

�,�� �1Z ����� � * ", �� ,"4��,�
�"/"�B ���� ���� 4���/�"�4* "�
"�: ;�/�"�4 4 ���0 �� e+e− →
e+e− + η(η → 2γ) �*5 Lg���)�/,B�
ωmin\��� `>��

√
s\�� N>��

��+ 4,�"� ,! �,���M8�-8 ��, � �,�/��0,, 4 0 "/��*="�B 6��/, � �
/ +/��� ���0 ��� e+e− → e+e− + η(η → 2γ) ����� "� >" ��,9 ;�/�"�4
���+/,6 �+, " �+�!�4� /�5 �� ∼�M� `>�8 6/� ��*<"� 2��4* /4��5/=
2�*�4,5� /�,�� ���

�0 "+, 6,�*� ��)�/,B ��, >" ��,,
√
s\��� , �� N>�8 +�/��� ��<"�

!�� �,�/�,��4�/= � / +/���� �	
�8 ��,4 � "� 4 i�+*96 ",, 4 /�)*,�
0�: �� , ��� ��, ��*26 ",, >;; +/,4"��/ B �� 0 "/��*="��2 � / +/��2
xη{�� !�"�� �6,/�*��= ���� ;�/�"�48 ,"4��,�"/"�5 ����� +�/���: "�:��
�,/�5 4 ,"/ �4�* 550 ± 80 `>�� �! >/,: /�)*,0 4,�"�8 6/� �*5 ��*2�
6 ",5 ���4",���� � � / +/���� %IvLgGee _Gee 6,�*� ��)�/,B O�+�*� ����U
,"/ ���* �4 /,���/, ��,

√
s\�� N>� ��*< " )�/= )�*  #� �)��/"�:

�,+�)��"�

��! �����  e+e− → e+e− + η′

lbR#���Z _YOη′ → 2γ) = 2.12 ± 0.14%8 /�6"��/= -�-t�

Γ = 0.202± 0.016 `>�8 /�6"��/= ^�ht�
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�26],B >+�� �,� "/8 � / +/�� r� @�hAZ

Γγγ = 4.17 ± 0.10 ± 0.27 �>�8 /�6"��/= -�ht�

��+ �* �2 / ,! �,��h8�� �*5 >/��� ���0 ���8 +�+ , �*5 γγ → η8 ���/��
/�6"� 4 *,+, Hg�>;; +/,4"��/, ��, ������/�,4� ��: >" ��,5:� i� �=
/�+< 4���*" "� ��� *,��4�", Lg� , Hg���)�/,B8 /� � �)� ,*, ��," ��>�
2��4* /4��59/ 2�*�4,9 O�$U� 
�*  ������/�,4� /�5 �)�6"� ,���*=!2�
 ��5 4 >+�� �,� "/�: ���� ������� η′ → γρ0(ρ0 → π+π−) O_I\#h�MtU�
��, ��� � * ",, >;; +/,4"��/, �� ~
 �6,/�*��=8 6/� ;�/�" , # !��5�
< ""�: 6��/,0� 4���/�"�4* "� 4 0 "/��*="�� � / +/�� , "�+*���4��
*,�= �* �293, �)� !�",5Z

>" ��,5 ;�/�"� > ��� `>�8 O�MU

,"4��,�"/"�5 ����� ���� �,�� !�"�4 "�:��,/�5 4 ,"/ �4�* 
500 − 1000 `>�8

,"4��,�"/"�5 ����� π+π−γ "�:��,/�5 4 ,"/ �4�* 850 − 1050 `>��
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0 �� e+e− → e+e− + η′(η′ → ρ0γ)
��)�/,5 LcKdef�gGd�

√
s\�� N>��
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"�: �,�"�4 4 ���0 �� e+e− →
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�"�4 , ;�/�"� 4 ���0 �� �42:;�/�""��� ��<� ",5 η′� `��� �������
η′ → γρ0(ρ0 → π+π−)� ωmim\��� `>�� ��)�/,5 LcKdef�gGd�

√
s\�� N>��

.;; +/,4"��/, � �,�/��0,, η′ � 267/�� 4���/�"�4* ",5 6��/,0 ��,
>" ��,,

√
s ��� , �� N>� ��,4 � "� 4 /�)*,0�: �� , ��� ��, 4�6,�* �

",, >;; +/,4"��/ B "�+*���4�*,�= ��,4 �7""� 4�] �)� !�",5 O�MU
"� ,"4��,�"/"29 ����2 π+π− , π+π−γ� � >/�� ���0 �� �*5 ��*26 ",5
���4",���� � @�hA 6,�*� ��)�/,B O#���U "2<"� ���4��,/= >+�� �,� "/
��, >" ��,,

√
s\�� N>� 4 ���/�"�4+ LcKdef�gGd , "�)��/= ,"/ ���* �4 �

/,���/, �+�*� ^� �)��/"�: �,+�)��"�

2 3��45 ����

� ��""�B ��)�/ �� ��/�4* "� ��,��", � " ��/��� �42:;�/�""��� ���
<� ",5 �� 4���+�*5�"�: � !�"�"��4 , �  �� ����3=9 4���*" "� ��� *,�
��4�", �*5 � / +/��� �	
� ���0 ���4 e+e− → e+e−π08 e+e− → e+e−η8
e+e− → e+e−η′� ��, >" ��,, �/�*+"�4 ",5 ��� , �� N>� ��*26 "� �0 "�
+, 6,�*� !�� �,�/�,��4�""�: ��)�/,B8 �", ��+�!�"� 4 /�)*,0�: ��8 ���
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��)*,0� ��Z �,�*� ��)�/,B �42:;�/�""��� ��<� ",5 � !�"�"��4 4 � �
/ +/�� �	
� �*5 rg\� �)−1�

√
s\��� N>��

��
���� Ntot ε1VW��XY ε2VZ1Y 0.5 × ε1 · ε2 · BrR→... Ndet

π0 7.5 · 102 5<[ 2\] ^�] ��\] )�
Vπ0 → 2γY Vω >\� _-&Y

π0 7.5 · 102 ;<[ �^] ��)] )��] ))
Vπ0 → 2γY Vω >2�� _-&Y

η 2.3 · 102 5<[ )�] ��] )�`] �
Vη → 2γY ;<[ `�] �2] ��2] )2

Vω >2�� _-&Y

η′ 1.9 · 102 5<[ 2^] ��] 2��] )
Vη′ → ρ0γ� ;<[ �a] \�] \��] 2�

ρ0 → π+π−) Vω >2�� _-&Y

��)*,0� ��Z �,�*� ��)�/,B �42:;�/�""��� ��<� ",5 � !�"�"��4 4 � �
/ +/�� �	
� �*5 rg\� �)−1�

√
s\�� N>��

��
���� Ntot ε1VW��XY ε2VZ1Y 0.5 × ε1 · ε2 · BrR→... Ndet

π0 1.5 · 103 ;<[ �^] �)�2] 2��)] 2\^
Vπ0 → 2γY Vω >\� _-&Y

π0 1.5 · 103 ;<[ �^] 2��`] ��^] \2
Vπ0 → 2γY Vω >2�� _-&Y

π0 1.5 · 103 ;<[ �^] ���] 2�)] 2�
Vπ0 → 2γY Vω >2\� _-&Y

η 6.3 · 102 5<[ )^] ��] ��2] )�
Vη → 2γY ;<[ `2] \)] `��] ^�

Vω >2�� _-&Y

η′ 7.3 · 102 5<[ ^�] ^�] )�\] 2a
Vη′ → ρ0γ� ;<[ `\] ^�] ^�a] �^

ρ0 → π+π−) Vω > 100 _-&Y
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��,4 � "� ��*"� 6,�*� ��)�/,B �42:;�/�""��� ��<� ",5 �� 4���+��
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