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DG80CI8R:78Qb#8�5 � 3@;9T'6�5HT<8hAB698�CI8�578 	�o^TuXW?7K^T'698�57TO5HK^MU3h6 T';[AB3�ABT';9KN;�3RCIK
q�3,CIK^oNK 3 	�CIK^; FHTO69CL3,:78,; 	Wmn;B3�(#TOo 	0�¡:7x,TOo^T'; 	�¤<3hq�3yJ7�wK^x,?7TOo 	0CLKN; ;98 (H69K^:HKNAB8,;
v@80: 
O3,o^8�JB�¡3,6 �0: 	¡J 3�CLKN;p3,CLKNx�3,; 	 �GT'o �': �43!V,TO6[8�	RtuF�3,oNJ�; 	 
�3,?76B3 	
� �,:7K^MO3wJ��,T';9;[K^MU3_XW?7T�;[80:�57T�3hX�?HTOo^o^3,;�XW?7TLABT�KN:WV�K1Aa3,:�3w?7:�3_MOT'6[V,T 
U3
M'?�3,:7578z:78zABKNTO:7T';y?7: MaF�3UV,8�J>T';[A �h: MO80:�ABKNx08z:H8�; �0oN8zTO: oN80;<CL80CITO:�A980;
57TR57K1V0T'69;9K
�0:�/

��3 X�?HTQCITRMO80:7;[K^57T'698I57T�o 3,;�b#TO69;[80:�3,;<XW?7T�57T �93,:wo 3 x0?7KN:75�3 b�3,693IT'o
r�:73,o 	�X�?HK^TO6[8 57TO57KNMU3,6�T';9b#TOMOK^3,o^CITO:�A9T@TO;[AB3 A9TO;[K^;�3 AB69T';�b�T'69;98,:�3,;�XW?7TR;980:
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tuF7T�ABFHTO806]J ABF�3hA ;]AB?757KNTO;�ABF7T<;[A96980:HxQKN:WA9TO693,M'A9K^80:7;�KN;G=y?�3h:WA9?7C DGF76[80CL8�c
5HJ�:�3hCLKNMO;O/ tuF7Tyq�?7:75�3hCLT':WAB3,olq�806[MOTy8hq*A9F7Ty;]AB698,:7x K^:�ABT'6B3,M~ABK^8,:�57TO;[MO6[K (#TO;
A9F7T>KN:WA9TO693,M'A9K^80:+(�T~An�GT'TO: XW?�3,6[Z�;�3,:75 x0oN?780:7;I��F7K^MaF 3,69T�ABF7T (7?7K^oN57K^:Hx
(7oN8�MaZW;y8hqG243,576[80:7;O/QtuF7TO;[TI3,69T 57K1V�K^57T'5 K^:�AB8�An��8px06980?Hb7;=� ��TO;98,:7;�3,:75
(�3h6[J08,:7;O/+tuF7TGCI80;[A�(�3,;[K^M'; CITO;98,:7; 3h:75 (�3,6]J080:H; 3,6[T�CL3,57T 8,q

qq̄
3,:75

qqq6[TO;9b#TOM~ABK1V0TOo1J0/�tuF7T&(#TO;]A¡ZW:78!��:>8hq ABFHT (�3h6[J08,:7;4KN;uABF7T�b7698hAB80: %
τ > 1032J,TU3,6[; '�3,:75�q�8,6�CLT';980:H;�ABF7T';9Tp3,6[T�ABF7T�bHK^80:�3,:H5�ABF7T�Z�3,80: 	 57K^;[MO8!V0T'69TO5

KN: A9F7T�MO80;[CLKNM�693UJ T~}�b�T'69KNCLT':WA9;wKN:�A9F7T�.!¥,���,;'/¦=RD  eT'CLT'69x0T'5Y3,;w3
57T~V0T'o^80b7CITO:�AR8,q A9F7TIv@TOo^o c �>3h:7:�c ����TOKNxzCI8�5HTOo�q�806yF�3,5H6980:7; 	���F7K^MaF �G3,;
b#80;[A9?7o 3�ABTO5 A98wM'o 3,;[;9KNq JwABF7T F�3h576980:H;QKN:P3w�H|&%j��'y;9MaFHTOCITI��K1ABF ABF7TI;9bHK^:
�H|&% � '�3,:75�+
3UV0806���| %j{ '�;]J�CICIT'AB6[K^T';O/ ��?7MOM'TO;9;]q�?7o�3,;+KNA*� 3h; 	0K1A 3,bHb�TO3,69T'5 	
F78!��T'V,TO6 	7A98�F�3UV0T¡;980CITy57K-,LM'?7oNA9K^T';�6[TOMO8,:7MOKNo^K^:Hx�A9F7T ��TO6[CLKl��Aa3�ABK^;]ABKNMO;�q�806
XW?�3,6[ZW;<��K1ABFpABF7T�CL8,;[A<:�3hA9?76B3,o�3h;9;9?HCLbHA9K^80:pABF73hA43,o^o�A9F7TQ6[TOo^3hABK1V0TR3,:7x,?�c
o^3,6�CL80CITO:�AB3z3,CI80:7xIMO80:H;[ABK1AB?7T':�A@XW?�3,69ZW;yKN:wA9F7T�oN8���TO;]A[c�oNJ�K^:7xIF�3,5H6980:7KNM
;]Aa3hA9TO;�V,3h:7K^;[F7TO; %�;]c � 3UV,T�;[AB3hABT'; '~/�tuFW?7; 	 (�3,6]J080:�� 3UV,T~c�q�?H:7M'A9K^80:7;¡;9F780?Ho^5
(#T 3,:�ABKN;[J�CLCIT'A969KNM�K^: ;9bHK^:P3,:75.+
3UV080?H6Q57T'x069T'TO;�8,q q�69TOT'5780C�/ 248!��T'V0T'6 	
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A9F7K^;�K^; :78,A ABFHT¡MU3h;9T¡KN:LA9F7T¡806[K^x0KN:�3,o7XW?�3h69Z CL8�57T'o
3,;GMO3,: (#T¡KNCLCITO57K^3,TOo1J
;[TOTO:�q�6[80C ABF7T

∆++(3
2

+
)
� 3UV0Tdc�q�?7:HM'ABKN80:���F7KNMaF�C�?7;[A&(�T

u ↑ u ↑ u ↑ 	��F7T'69T@ABFHTR3,696[8��\57T':78,ABT';
Sz = 1/2

q�806GTU3,MaF�XW?�3,69Z�3,:75
u
KN; ABF7T@XW?�3h69Z

��K1ABFpTOoNTOM'A969KNM@MaF�3,69x,T
Q = 2/3

/
tuF7Tu57K-,IMO?7o1AnJ�MU3h:�(�Tu6[TO;98,oNV0T'5 (�J�b�80;]AB?7o^3hABKN:7x@3y:7T~��KN:�ABTO6[:�3,o7XW?�3h:�c

A9?7C :W?7C&(�T'6zq�806zXW?�3h69ZW;���F7K^MaF F�3h; (�T'TO:�MO3,o^oNTO5 M'80o^80?H6O/`m�q�3�XW?�3,6[Z
8,q�TO3,MaF +
3UV080?76@F73,;yABF76[TOT 	(8,ABF7T'6[��KN;9T K^:H57K^;]ABK^:Hx0?7K^;[F�3�(7oNT 	
MO8,o^80?76¡;[Aa3�ABTO; 	
��TO6[CLK,;[Aa3�ABK^;]ABKNMO;�K^;�;B3UV,TO5 (�JR?7;[K^:7x¡3�A98,Aa3,oNoNJ¡3,:�ABKN;[J�CLCIT'A969KNM MO80oN80?76��G3!V,T~c
q�?7:HM'ABKN80:

εabcua ↑ ub ↑ uc ↑
/ �4;9;[?7CLKN:7xQq�?H6[ABFHTO69CI806[T�A9F�3hA %�K '+ABF7T4;[AB6[80:7x

KN:WA9TO693,M'A9K^80:7;�3,6[TPKN:�V,3h69K 3h:WA�?7:H57TO6�x0o^8�(�3,o��H|&%j{�'
colour

A96B3,:7;]q�8069CL3hA9K^80:7;
% ABF7T ;[AB3hABT';wCL3UJ�A9F7TO:*(�T MOo^3,;9;[KNr�T'5*(�J�A9F7TOKN6��H| %�{�'

colour
69T'b769T';9T':WAB3�c

A9K^80:�'@3,:H5 %�KNK '¡b7F�J�;9KNMU3,o F�3,5H6980:7;�3,69TIMO8,o^80?76[o^T';9; 	*K /�T,/�A9F7T'JP3,6[TL;[K^:7x,o^T'A9;
?7:H57TO6¡�H| %�{�'

colour
%�XW?�3h69ZpMO80:�r�:7TOCITO:�A '
	
�GT�MO3,:>?H:757TO6[;[AB3,:75_��F�J�80:7oNJ

qqq
3,:75

qq̄
;[Aa3�ABTO; 	H3h:75L:H8,A

qq
806
qqqq

T'A9M,/ 	�Td}�K^;[A�K^: :�3�AB?76[T��+A9F7T<;9K^:Hx0o^T~A
6[TOb76[TO;9T':�Aa3hA9K^80:w3,b7b#TU3,6[;�80:7oNJzK^:�A9F7T

3 × 3 × 3
3,:75

3 × 3̄
b76[8�57?HM'AB;'/

tuF7T MO8,:7MOT'bHA�8,q�M'80o^8,?76�K^;p3ho^;98�;[?7b7b#806[A9TO5 (�J 3hApo^TO3,;[A�An��8�8,ABF7T'6
;]AB698,:7x>3h69x0?7CITO:�A9;O/ItuF7TL8,:7T �GTIT~}�b7o^3,K^: F7T'69TIK^; (�3,;[TO5 8,:�A9F7T b�3,6[A980:
CI8�5HTOo�3,b7b76[8�3,MaF % ��T~J�:HCz3,:�.U¥�s � '@AB8>A9F7T�69TO3,M'A9K^80:

e+e− → hadrons
/

tuF7TR693hABKN8�	
R =

σ(e+e− → hadrons)

σ(e+e− → µ+µ−)

% .0/1. '
KN;ub769T'57K^M~ABTO5pAB8�(#T

R =
e2
∑

qQ
2
q

e2
=

∑

q

Q2
q = 3 × (

4

9
+

1

9
+

4

9
+

1

9
+

1

9
+ ...)

=
11

3
(including quarks up to b)

% .0/ ��'

tuF7T T~}�b#TO6[K^CITO:�Aa3,o0Vh3,oN?7T 8,q
R
K^;�KN:Qx08�8�5Q3hx069T'TOCITO:�A���KNA9F�A9F7K^;�b76[TO57KNM'ABKN80:

3,:H5_K^:_b#8�806y3,x,69TOT'CLT':�A¡��KNA9F>ABFHT�MO80oN80?76[o^TO;[;¡b76[TO57KNM'A9K^80: 11
9

/ytuFHT 8,ABF7T'6
80:HT@K^;�(�3,;[TO5w80:�ABF7T

π0 → 2γ
57T'MU3UJ0/

tuF7T�MO8,:7MOT'bHA 8hqHM'80o^80?H6�MOT'6[Aa3hK^:7o1Jy?7:75HTO69oNK^T';���F�3hA��GT�(#TOoNK^T'V,T AB8 (�T A9F7T
A969?7T ABFHTO806]JP8hq ;[A96980:Hx>K^:�A9TO6B3hM'ABKN80:7; 	*:73,CLT'oNJ�=RD  �/*2<8���T'V,TO6 	 ABF7T ABF7Tdc
806]J 3,oN;98�F�3h;@;9T'V,TO693,o�8,ABF7T'6 (�3,;[K^M�q�TU3�AB?76[TO;@��F7K^MaFP3,6[T b�3,6[A9oNJw;9?7x,x0TO;]ABTO5
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(�JIT~}�b#TO69KNCLT':�Aa3,o#8 (7;[TO6[Vh3hA9K^80:H; 3,:75Lb�3,6]ABoNJI6[TOXW?7K^6[TO5 (�J ABFHTO806[T'ABKNMU3,o#MO8,:�c
;[K^;[A9TO:7M~J0/ � KN69;]ABoNJ 	�KNA KN; 3,;9;[?7CLT'5�A9F�3hA ;]AB698,:7x K^:�ABT'6B3,M~ABK^8,:7; 3,M'A 8,:�A9F7T
M'80o^80?H6 X�?73,:�AB?7C :W?7C (#TO6[; 3,:75I80:7o1J 80:IABF7T'Cw/ � }�b#TO69KNCLT':�Aa3,oNoNJ 	0A9F7TO6[T4KN;
:78zT'V�K^57T':7MOT�q�8,6@3,:�J +�3!V,80?76@57T'b�T':757T':7MOT 8,q ;[A96980:Hxzq�8069M'TO; � 3ho^o +
3UV080?H6]c57T'b�T':757T':WA T��lT'M'AB; MU3h: (#TuT~}�b7o^3,K^:HTO5�(�J�XW?�3,6[Z�Cz3h;9; 57K��lT'69TO:HMOTO; 3,:H5 A9F7T
806[K^x0KN:L8hq(ABF7TyXW?�3h69ZzCL3,;[;9TO; 	HABFH80?7x0F�:H8,Au;B3�ABK^;]q�3,M'A98069KNoNJ ?7:H57TO6[;[AB8�8�5�J0T'A 	
KN;@T~}�b�T'M'A9TO5PA98 (�T 80?HA9;9KN57T 8,qu=RD  �/(mn:P3,575HKNABKN80: 	(80:HoNJ_M'80o^8,?76y;[J�CICLTdc
A96[J MO3,: (#Tz3h;9;9?HCLT'5PAB8 (#Tz3,:�T~}H3,M~A�;]J�CICIT'AB6]J+% +�3!V,80?76Q;[J�CLCIT'A96[J KN;
T~V�KN57TO:�A9oNJ (76[80Z,T':�'43h:75�A9F7K^; 	
MO80C (HK^:7T'5���K1ABFpABF7TQ3,;9;[?7CIbHABKN80:�A9F�3hA<KNA�KN;
3 x�3,?Hx0Tp;[J�CLCIT'A96[J�F73,; b7698,q�8,?7:75�K^CIb7o^KNMU3hA9K^80:7; �z3h;[J�CLb�AB8,A9K^M�q�69T'TO578,C
3,:H5 b76[TO;[?7Cz3 (7oNJ 	�ABFH80?7x0F�:78,AIb76[8�V,TO: 	GMO80:Hr7:7TOCITO:�AL8,qyXW?�3,6[ZW;O/ �G8hABF
3,6[T<��TOoNMO80CIT�q�TU3hA9?769T';O/ �¡;]J�CLbHA98,ABKNM<q�6[TOT'5780C CLTO3,:7; ABF�3hA ABFHT4q�806[MOTO; (�Tdc
M'80CLT :7T'x0o^KNx0K (Ho^T�3�AQ;[F7806]A�57KN;[AB3,:7MOT';�3h:75 M'80:7;9T'XW?7TO:�ABo1J ABF7TIK^:�ABT'6B3,M~ABKN80:
(#T'An��TOT':�XW?�3h69ZW; (WJIABFHT@T~}�MaF�3,:7x,T@8,q*:780:�cn3�(�T'o^K^3,:zx�3h?7x0T4r7TOo^5H; %�x0oN?780:7; '
KN;yMO80:H;9K^;]ABT':WA@��K1ABF ABFHT ;9?7M'MOTO;]q�?7o 	*3,;yA9F7T�r�6[;[A�3,b7bH698U}�K^CL3hABKN80: 	l5HTO;9M'69KNb�c
A9K^80: 8,q ABFHT b�3,6[A980: CL8�57T'o /�m�A�F�3h; (�T'TO: ;[F78!��:�A9F�3hAR80:HoNJ_:H80:�c 3 (�T'o^K 3h:
x�3h?7x0TpABF7T'8069KNTO;�3h69T_3h;[J�CLb�AB8,A9K^MU3ho^oNJPq�69T'T % DG8,o^TOCL3,:�3,:75 v@6980;[;>.!¥0s,{�'~/
DG80:�r�:7TOCITO:�A�8,q�A9F7TyMO8,o^80?76GX�?73,:�AB?7C :�?HC (�T'69; 	�K /�T,/ 8,q*XW?�3,6[ZW;43h:75�x0o^?�c
80:H; 	�F�3,; :H8,A�(�T'TO: J0T~A�bH698!V0T'5IA98yq�80o^oN8���q�6[80C =RD   (7?HA�K1A K^; oNK^ZhTOoNJ�AB8 (#T
A969?7T 	*6[T +�T'M'A9K^:7xp;[A96980:Hx0oNJ>;9K^:Hx0?7o 3h6y;[A969?7M~AB?76[TI8hq�A9F7T :780:�cn3�(�T'o^K^3,:_x�3,?Hx0T
A9F7TO806]J K^: ABF7T<m ¤ 69T'x0K^8,:�/ �y:7M'T4��T¡3,;[;9?7CIT<MO80oN80?76[q�?Ho�X�?73,69ZW; 3h;�T'o^TOCITO:�c
AB3,6[JL8 (��[T'M'AB;�KN:�F�3,576[80:7; 	7MO80:�r�:7TOCITO:�A<8,q*MO8,o^80?76�K^; 5HTO;9KN6B3�(Ho^TyKN:zV�K^T'�\8,q
A9F7T�;[8�q�3,6¡?7:H;9?7M'MOTO;[;[q�?7o Td}�b�T'69K^CITO:�AB3,o+5HT'ABT'M'A9K^80: 8,q q�69TOT�X�?73,69ZW;R3,:75wAB8
3UV08,K^5�3 b76980oNKNq�T'6B3hA9K^80:�8hq ?7:��G3,:�ABT'5>;[AB3hABT';O/

tuF7T';9T q�TU3hA9?769T';R8,qG=�D   CL3,Z,T 5HK^69T'M'A�3,bHb7o^KNMU3hA9K^80:w8,q�ABF7TI=RD   
*3�c
x0693,:7x0K^3,:�F�3,695HoNJ@q�TU3h;9K (Ho^T K^:�8,6957T'6+AB8¡;980o1V0TG;]AB6[80:7xyKN:WA9TO693,M'A9K^80:�b7698�(7o^T'CL;'/
! TO6[A9?76 (73hABK1V0T�MU3,oNMO?7o^3hABKN80:7; MO3,: (�T�5780:HT �[?H;[A�3hA�F7KNx0F TO:7T'69x0KNTO; ��F7TO6[T<A9F7T
;]AB698,:7x M'80?7b7oNK^:7xPMO80:7;]Aa3,:�Azx0T'A9;�;9CL3,o^o 	 (H?HAzq�806Lo^8!�¦T':7TO6[x0K^T'; 	�(#TOMU3h?7;9T
8,quA9F7T�6[?7:7:7KN:7x 8,quABFHK^;�M'80?7b7oNK^:7x�	+57K^6[TOM~A ?7;9T�8hq<A9F7Tp=RD   
�3,x06B3h:7x0K 3h:
MO3,: (#Tp5780:7T��[?7;]A V�K^3 o 3hA[ABK^M'T�MU3ho^MO?Ho 3hA9K^80:7;Q��F7K^MaF 3,69TpTd}�A969T'CLT'oNJ�A9K^CIT
3,:H5 M'80CLbH?HABT'6I6[TO;[80?769M'TO;LMO80:7;[?7CIK^:7x�	 (7?HAI;[A9K^oNoux0KNV,T�KN:7;9KNx0F�AB; K^:�A98 A9F7T
M'80:7:7T'M'ABKN80:7; (#T'An��TOTO:wF�3,576[80:7;<3,:75pABFHT�?H:757TO6[oNJ�K^:Hxz=RD   5HJ�:�3,CIK^M';O/
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λQ << Rhad

��F7K^MaF�oNTU3,57; AB8 M'80:7;9KN57TO693�(7oNT¡;9KNCLbHo^KNr7MU3�c
A9K^80:7;'/ mn:p;9?7MaF�;[J�;]ABTOCI; 	�A9F7T@F7TU3UVWJ�XW?�3,6[ZzCI8!V0TO;�:7TO3,69o1JL��K1ABF�ABFHT@;B3,CIT
V,TOo^8�MOK1AnJ�8,q
ABF7TuF�3h576980: 3h:75 KNA K^; 80:�cn;9FHTOo^o�K^:�A9F7T F7TO3UV�J�X�?73,69ZQo^K^CIKNAO/(tuF7T
8 �
cn;[F7TOoNo b�3,6]A�8hq KNA9;RCL80CITO:�A9?7C 57?7T AB8wKNA9;�KN:�ABTO693,M'A9K^80: ��K1ABF ABF7TIo^KNx0F�A
57T'x069T'TO;u8,q(q�6[TOT'5780C K^; 8,q(A9F7Ty806[57TO6G8,q

ΛQCD << mQ
3,:75p3,;

mQ → ∞ 	
A9F7T@MaF�3,:7x,T�KN:�ABF7T@V0T'o^8�MOK1AnJ�8,q*ABF7T@FHTU3UVWJpX�?73,69Z�x,8�T';�A98�
OTO6[87/�tuF7T@ABF7Tdc
806]J>A9F�3hA�57TO;[MO6[K (#TO;@ABF7T KN:WA9TO693,M'A9K^80:7;@8hq 3�F7TO3!VWJ�XW?�3,6[Z>��KNA9F�x,o^?780:H;R3hA
oN8�� TO:7T'69x0KNTO; K^;�2y= � t@/HtuF7T4o 3,x0693,:7x0K^3,: K^:IABF7KN; A9F7TO806]JI;9F78!��;GAn��8�;[J�C c
CIT'A969K^T';=��F7TO3!VWJ XW?�3h69Z�+�3!V,806 3,:H5I;[b7K^: ;]J�CLCIT'A969K^T';O/ 24TU3UVWJ�XW?�3h69Z�+�3!V,806
;]J�CICIT'AB6]J�CLTO3,:7;+A9F�3hA+ABF7T�5HJ�:�3,CIK^MO;+K^;+?7:7MaF�3,:Hx0TO5 ?7:75HTO6+A9F7T Td}HMaF73,:7x0T
8,q�F7TO3!VWJ XW?�3,6[Z�+
3UV08,69; 	�K /�T,/*ABF7T�CL3,;9; 8hqlABFHTuF7TU3UVWJIX�?73,69Z�KN; MO80CIb7oNT'ABT'oNJ
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KN6969T'o^T~V,3h:WAQK^:�A9F7T�oNK^CIKNA
mQ → ∞ / tuF7T'69Tp3,6[T

1/mQ
MO8,6969T'M'A9K^80:7;�3,:75

oNTU3,5�AB8 F7TO3UV�J�XW?�3,6[Z +
3UV0806 ;]J�CICIT'AB6]J (769TO3,ZWK^:7x T��lT'M'AB;Ib76[80b�8,6[ABKN80:�3,o
A98

(1/mQi − 1/mQj)
	 ��K1ABF

Qi
	
Qj

3h:WJ�An��8 F7TU3UVWJ +
3UV08,?769;'/��y: A9F7T
8,A9F7TO6 F73,:75 	 3,;�A9F7TO6[Tw3h69T�:78,A�X�?73,69Z0cnXW?�3h69Z�KN:WA9TO693,M'A9K^80:7; KN:�ABF7T�=RD  
o^3,x06B3h:7x0K 3h: 	�A9F7TR80:7o1J�;[A96980:7xIK^:�A9TO6B3hM'ABKN80:p8,q 3IF7TO3UV�JpXW?�3h69Z�K^;u��K1ABFpx0o^?�c
80:H; 	�(7?HA<ABF7TQ;9b7KN:>57T'b�T':757TO:�A@b73,6[A48,q A9F7K^;�K^:�A9TO6B3hM'ABKN80:�x08�T';¡oNK^Z,T

1/mQ
	

��F�3�A�CITU3,:H;�A9F�3hA 	+K^: ABF7TIF7TO3!VWJPXW?�3,69Z oNK^CIKNA 	�ABF7TL;[Aa3�ABK^M F7TO3UV�JPXW?�3,6[Z
MO3,:�80:HoNJ�KN:WA9TO693,M'AI��KNA9F x0oN?780:7; V�K 3 KNA9;IMaFH6980CI8�T'o^T'M'AB6[K^MpMaF�3,6[x0T 	���F7K^MaF
oNTU3,57;RAB8wF7TU3UVWJ�XW?�3h69Z ;[J�CICLT~AB6[J���A9F7Tz5HJ�:�3hCLKNMO;�KN;Q?H:7MaF�3,:7x,TO5�?7:75HTO6
3,6 (7KNA96B3,6]J�A96B3,:7;]q�8069CL3hA9K^80:7; 8,:LABFHT4;[b7K^:I8,qlA9F7T<F7TU3UVWJzXW?�3h69Z
/ tuF7T<F7TU3UVWJ
XW?�3,6[Z��H| % � ' ;9b7KN:w;]J�CLCIT'A96[Jp3,:H5

U(Nh)
+�3!V,80?76<;[J�CICLT~AB69KNTO; %�q�8,6

Nh
'

F7TO3UV�J +
3UV080?H69; 'y3h69T�T'C (#TO5757T'5 K^:�AB8�3z| %
2Nh

'4;[b7K^:�c +
3UV080?H6y;[J�CICLT~AB6[J
KN:�ABF7T

mQ → ∞ o^K^CIKNAO/Pmn:�ABFHK^; o^KNCLK1AQA9F7T�;9b7KN:�8hq4A9F7TwFHTU3UVWJ�X�?73,69Z�	
~SQ
	#K^;<b76[TO;9T'6[V,TO5 	(3h:75_3,;<ABF7T�AB8,AB3,o�3,:7x,?7o 3,6�CI80CITO:�AB?7C¦8hq ABF7TQF�3,576[80:

~J
K^;�3�MO80:7;[TO6]V0TO5 80b�T'6B3hA9806 	�ABFHTL;[b7K^:�8,qGA9F7TIo^K^x,FWAR5HTOx06[TOTO;Q8,qGq�6[TOT'5780C 	

~sl
	�3h69T�3ho^;98Lb769T';9T'6[V0T'5�/RtuFW?7; 	�FHTU3UVWJ>CITO;[80:7;yM'80CLTQK^:�AB8L5780? (Ho^T'A9;4��K1ABF

j± = sl ± 1/2
5HTOx0T':7TO693hABT'5�K^:�Cz3,;[;zKN:�A9F7T>F7TO3UV�J XW?�3,6[Z�oNK^CIKNA 	 %

D
	

D∗ '�806���TOoNo % ηc 	 J/ψ '�K^:PABF7T�FHK^5757T':�MaF�3,6[C ;9T'M'A9806O/ 2<TO69T���T (76[K^T +HJ
;[?7CLCL3,6[K 
OT4ABF7T

Qq̄
3,:75pABFHT

QQ̄
;9b#TOM~AB6[?7CL;'/

$�� ��� �
Qq̄

" � ���,�!��)+��� mn: A9F7T_x06[80?7:75 ;]Aa3hA9T_8,q
Qq̄
	uq�806

l = 0
	

sl = 1/2
	¡��T F�3UV0T 3 578,? (7o^T~A>8hq�CITO;98,:7;���K1ABF

JP = 0−, 1−
/

�
8,6
Q = c

	�A9F7T 5H80? (7oNT'A KN;wq�806[CLT'5\q�806�ABF7T�CITO;[80:7;
D(1865)3,:75

D∗(2007)
	 ��F7K^oNTIq�8,6

Q = b
	 ABF7TzCLT';980:7;�3,69T

B(5279)
3,:75

B∗(5325)
��FHK^MaFzF73!V,T (#TOTO:z8 (7;9T'6[V,TO5�/�tuF7T4b769T'57K^M~ABK^8,:7;�8,q�2y= � t

3hA�ABF7T�o^8!��TO;]AG806[57TO6 A9F�3hA�ABF7T';9T<5780? (Ho^T'A9; 3,69T�57T'x0TO:7T'6B3hA9TO5�KN: Cz3,;[;
K^;(q�?7o^o1r�o^oNTO5¡A98¡3ux08�8�5Q3hb7b7698U}�K^CL3hA9K^80:�/ ��806

l = 1
�GT F�3UV0T An�G8<C�?7o c

ABK^bHo^T'A9; q�806�TU3,MaF
sl = 1/2

8,6
3/2

	7��KNABFpXW?�3,:�A9?7CE:�?HC (�T'69;
0+, 1+3,:75

1+, 2+ /�tuF7TI5780? (7oNT'AR��KNA9F 1+, 2+ MU3,: (�TIK^5HTO:�ABK1r�TO5�K^: ABF7KN;
CL8�57TOo���KNA9F�ABF7TuTd}Hb#TO6[K^CITO:�Aa3ho^oNJ�M'80:Hr�6[CLT'5ICITO;[80:7;

D1(2420)
3,:H5

D∗
2(2460)

/ ��806
Q = b

3,:H5
q = u, d

�GTRF�3UV0TRABFHT@;[Aa3�ABTO;
B1(5721)3,:75

B∗
2(5747)

T~}�b#TO69KNCLT':�Aa3,oNoNJy8�(�T'6[V0T'5���FHTO69T
m∗0
B2
−m0

B1
= 19±6�wT�� MO80:H;9K^;]ABT':WAR��K1ABF_ABFHT�b769T'57K^M~ABKN80:7;y8,q�2¡= � t@/�mn: A9F7T 2y= � t�	

ABF7TIAn�G8
JP = 1+ ;]Aa3hA9TO;�3,69TICLK }�AB?76[TO;R8,q A9F7T

j = 1/2
3,:H5

3/2;[Aa3�ABTO; 3,:H5 A9F7T'J�57TOMO3!J�V�K^3
s
806
D
�G3UV0Th/ tuF7T

j = 1/2
;]Aa3hA9TO; ��KNA9F
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L = 1
57TOMO3!JPABF76[80?7x0F 3,:�; c��G3!V,Tp3,:75�3h69TIT~}�b�T'M'A9TO5�AB8 (#TL��KN57T

��F7K^oNT�ABF7T
j = 3/2

;]Aa3hA9TO;@57T'MU3UJ_ABFH6980?7x,F 3
D
� 3UV0TL3,:75 3h69T�Td}�c

b�T'M'ABT'5LA98 (#T�:�3,696[8!�R/ tuF7K^;�K^;�KN: q�3hM'A�ABF7T�Td}Hb#TO6[K^CITO:�Aa3ho�;9KNA9?�3hA9K^80: 	
Γ(D1) = 18.9± 4

��T�� 	
Γ(D∗

2) = 23± 5
	
Γ(D∗

0) = 261± 50
3h:75

Γ(D′
1) = 284+130

−150

	 3,o1ABF780?Hx0F�A9F7TLA9F7TO8,69T'A9K^MO3,o�CL3,;[;9TO;�3,69Tz3,698,?7:75
30 − 60

�wT�� 3�(#8�V,T�A9F7T�T~}�b�T'69KNCLT':WAB3,o�Vh3,o^?HTO;O/ tuF7TQ;9KNA9?�3hA9K^80:�q�806
ABF7T

Ds
;9b#TOM'A969?7C KN; 693hABFHTO6 CL806[TuMO80CIb7oNK^MU3�ABTO5l/ tuF7T<5780? (Ho^T'A���K1ABF

JP = 1+, 2+ F73,; (�T'TO:�8 (7;9T'6[V,TO5 	�ABF7T
D∗
s1(2536)

3,:75
D∗
s2(2573)��KNABF���K^5HA9F7;

Γ < 2.3
�wT�� 3h:75

Γ = 20 ± 5
�wT�� 3,69TIMO80CIb�3hA9K1c

(7o^Tu��KNA9F ABF7T'K^6 ABFHTO806[T'ABKNMU3,oHb769T'57K^M~ABK^8,:7; 	WF78!��T'V0T'6�A9F7T�5780? (7oNT'A ��K1ABF
JP = 0+, 1+ F73,;�Cz3,;[;9T';�A9F�3hA*o^KNT 3,6[80?7:75 100

��T���8!V0T'6*A9F7T�T~}�b#TO6]c
K^CITO:�Aa3,o*;[AB3hABT'; 	�A9F7T

D∗
s0(2317)

3h:75
Ds1(2460)

	�3,:H5_ABF7T';9T ;[AB3hABT';
3,69T�V0TO6]J�:�3,696[8!��	#��F7KNMaF_K^;<K^:�57KN;B3,x06[TOT'CLT':WA4��KNA9F�A9F7TQA9F7TO806[T'A9K^MU3ho
��K^5HA9F7; ∼ 200− 300

�wT���/�tuF7TRZhT'J�AB8 ?H:757TO6[;[AB3,:75wA9F7T@57KN;B3,x06[TOTdc
CLT':WA��G80?Ho^5 (#TLABFHT�;[A96980:7x ; c��G3UV0TpMO80?Hb7o^KN:7xwA98

DK
3,:75

D∗K
	

��KNABF�ABF7T�MO8,:7;9KN57TO693hABKN80:w8hq CITO;98,:>o^8�80bpT ��TOM~AB;4MOo^8,;9TRAB8LA9F769T';9F78,o^5
��£ 	
¥ 	�.�� � (#TOKN:7x V0T'6[JpK^CIb#806[AB3,:�AU/

f � ��� �
QQ̄

" � ���,�!��)*� � tuF7TRb76[80b�T'6 ABF7T'806[JLAB8 ;[A9?75HJ�A9F7T
QQ̄

;[J�;]c
ABTOCeK^; �4¤u=RD   %�ABFHT�ZWK^:7T~ABK^MzTO:7T'69x,J K^;�:HTOTO5HTO5�AB8 ;[AB3�(7KNo^K 
'TIA9F7T
QQ̄

CLT';980:�'d/ tuF7T@b76[80b�T'6[A9K^TO;G8,q*X�?73,69Zh80:7K 3 3h69T@?7;[?�3,o^o1JIb769T'57K^M~ABTO5
3,;@3�b#8���TO6@;[TO6[K^TO;¡K^:

v/c
	 (#TOKN:7x

v
ABFHT�69T'o 3hA9KNV0T

QQ̄
V0TOoN8�M'KNAnJ>3,:75

c
A9F7TI;9b#TOTO5 8,quo^KNx0F�AU/ItuF7T�3hb7b7698,b769K^3hABT o^KNCLK1Ay8,qu=RD   AB8�T~}H3,C c

K^:7TRK^;
c → ∞ /G=y?�3,69Zh80:7KN?7C¦;[AB3hABT';¡3,6[TQ5HTO;9M'69K�(�T'5 (�J�3Ib#8,A9TO:�ABK^3,o

5780CIK^:�3hA9TO5�(�J ;9KN:7x0o^Tux,o^?780: Td}HMaF73,:7x0T43hA ;9F78,6[A 57K^;]Aa3,:HMOTO;�3,:75IKNA�KN;
DG80?7o^8,C (7K^Mh/
� A o 3,6[x0T�5HK^;[AB3,:7M'TO; 3¡oNK^:7TO3,6*MO80:Hr7:7K^:7x¡b�8,A9TO:�ABK^3,o�5780C c
K^:�3hA9TO;'/ tuF7T<;9b7KN:7;�8hqlABFHT<XW?�3h69Z 3,:75z3,:�ABKNX�?73,69Z�M'80?7b7oNTuAB8�x0KNV,T�A9F7T
AB8,AB3,o�;9b7KN:

S = 0
%�;[K^:7x,o^T'A ' 806

S = 1
% AB6[K^b7oNT'A/'�	7ABF7T': 	
ABF7T�3,:7x0?7o^3,6

CL80CITO:�A9?7C (�T~An�GT'TO:_A9F7TQXW?�3h69Z�3,:75>3,:�ABK^XW?�3h69Z
L
MO8,?7b7o^TRAB8Lx0KNV,T

ABF7T<q�?7o^o#3,:7x,?7o 3,6 CI80CLT':�AB?7C 8,qlABF7T4;[Aa3�ABT 	
J
/�=y?�3h69Z,8,:7K^?7C ;]Aa3hA9TO;

3,69T x0T':7TO693,o^o1J>5HTO:78,A9TO5�(�J 2S+1LJ
/ ��806

L = 0
	���T F�3UV0T ABF7T 1S03,:75 3S1

;[AB3hABT'; ��K1ABF
JPC = 0−+ 	 1−− 	 ��F7T'69TO3,; q�806 L = 1

�GT
F�3UV0T ABF7T ;]Aa3hA9TO; 1P1

3,:75 3P0,1,2
��K1ABF

JPC = 1+−, 0++, 1++ 3,:75
2++ / tuF7TyKN:�ABTO693,M'A9K^80:H; 3,6[Ty;9b7KN:�K^:H57TOb#TO:75HTO:�A�?7b�AB8�806957T'6 (v/c)2 /
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3500

4000

4500
Charmonium Mesons

 1S0  3S1  1P1  3P0  3P1  3P2
 1D2  3D1  3D2  3D3

ηc

J/ψ

η'c
ψ'

ψ(4040)

ψ(4415)

ψ(4160)

hc χc0
χc1

χc2

χ'c2

ψ''

� KNx0?76[TP.0/ � ��tuF7T MaF�3,6[CL8,:7K^?7C oNT'V0T'oy57K^3,x06B3hCw/YtuFHT_MO80CICI80:7oNJ�?7;[TO5
:�3hCLT'; q�806 ABF7TRCITO;[80:7;<3,;9;[8�M'K 3hA9TO5���KNA9F>3h;9;9KNx0:7T'5�;]Aa3hA9TO;43,69T@KN:757KNMU3hA9TO5�/

tuF7K^;*K^;�MO8,:7;9KN;[ABT':�A ��KNA9F�A9F7T T~}�b�T'69KNCLT':WA*ABF73hA�r�:757;+Cz3,;[;+;[b7o^K1A9A9K^:7x0;
q�806�TO3,MaF�5780? (Ho^T'A�;9CL3,o^oj/wtuFHT�;9b7KN:�57T'b�T':757TO:�A KN:WA9TO693,M'A9K^80:7;Qx0KNV,T
69K^;[T�AB8p;9bHo^KNA[ABKN:7x0;4��K1ABF7KN: C�?7o1ABK^bHo^T'A9;O/RtuF7T MO?H6969T':�AQ;]Aa3hA9?7;R8,q�ABF7KN;
3,b7b76[8�3,MaF�K^;�;[F78!��: KN: �+K^x7/�.0/ � 	 ��F7TO6[TpA9F7T�MaF�3,6[CL8,:7K^?7Ceo^T~V0TOoN;
3,69T<;9F78!��:�/ �4o^oHA9F7T<MaF�3,69CI80:7KN?7C ;]Aa3hA9TO; (�T'o^8!��A9F7T

DD̄
A9F769T';9F78,o^5

F�3UV0T (�T'TO: 8 (H;9TO6]V0T'5z3,:H5 K^57T':WA9KNr�T'5 K^:�A9F7T
cc̄
;[b�T'M'AB6[?7C�/ 248!��T'V,TO6 	

ABF7KN; T ��TOM~ABK1V0TGA9F7TO806]J�KN; :78hA MO8,:7;9KN;[ABT':�A q�806*;[Aa3�ABTO; MOo^8,;9T�A98¡ABFHT 80b#TO:
CLT';980: ABF76[TO;[F780o^5H;O/ tuF7KN; KN; ABF7T�MU3h;9T<8,qlA9F7T 
�%j{,£�s � '+A9F�3hA F�3,;�b�3,6 c
ABK^M'?7o 3h6�MaF�3h6B3,M~ABTO6[K^;]ABK^M';G57?HT¡AB8QKNAB;�b7698U}�K^CIKNAnJ�AB8

D∗0D̄0 ABF76[TO;[F780o^5 	3,:75pABF7TR:7T~�Yb�3,6]ABKNMOo^T'; 
�����3,6[80?7:75pABFHT
D∗D̄∗ ABF76[TO;9FH80o^5�/

tuF7TpM'80:7MOT'bHAL8,qyF7TO3UV�J�XW?�3h69Z�;[J�CICLT~AB6]J�K^: 2y= � t MO3,: (#TpT~}�ABT':757TO5
A98�F7TU3UVWJ_CITO;[80:_CI80o^T'MO?7oNTO;'/¡mn: � .0. � 	�ABFHT 3,?HA9F78069;¡;9F78!� ABF�3�AyABF7T&(7K^:75�c



� ��� ��� �!��$	�%"%�	� �0S
KN:7x_TO:HTO69x,K^TO;�8,q�ABF7T

D∗
s0(2317)

	 (#TOK^:Hx_o^KNZ,T�3
DK

CI80oNTOMO?Ho^T 	 F�3UV0T�ABFHT
;93,CLTwV,3ho^?7T�ABF�3,:�q�806IABF7T

Ds1(2460)
K^:�A9TO69bH69T'A9TO5 o^KNZ,T 3

D∗K
(�8,?7:75

;]Aa3hA9T���F7K^MaF K^;R3�:73hAB?7693,o M'80:7;9T'XW?7TO:7M'TLq�6[80C A9F7T q�3,M'A¡ABF�3hA@A9F7T o^TO3,57KN:7x
KN:WA9TO693,M'A9K^80:7;�8,q�o^K^x,FWA�CITO;[80:7; ��KNABF

D
3,:H5

D∗ CLT';980:7;G3,69T<K^:H57TOb#TO:75HTO:�AB;8,q A9F7T�FHTU3UVWJ_XW?�3,6[Z>;9bHK^: 3,:H5_ABF7T�oNK^x0F�A<CITO;98,:�c
D∗ CLT';980:�v@69T'TO:_q�?7:7MdcA9K^80:7;�3,6[Tz3hb7b7698U}�K^CL3hA9TOoNJ_K^:757T'b�T':757T':WA�MOoN80;9T AB8�ABF76[TO;9FH80o^5�/�tuFHTO69T~q�8069T 	

F�3h576980:HK^MGCI80oNTOMO?Ho^TO; 3,o^;[8¡q�3,oNo�KN: ;9b7KN:�C�?7o1ABKNb7o^T~AB;+3,:75�ABFHTu;9b7oNKNA9A9K^:7x<K^:�80:7T
C�?HoNABKNb7o^T~A KN; ABF7TR;B3hCLT�3,;uABFHT�;[b7o^K1A9A9K^:7x (#T'An��TOT':_F7TO3!VWJpCITO;[80:7;O/ mn: �1.0. �
A9F7T 3,?HA9F78069;@bH69TO5HK^M'A�KN:_ABF7KN;y� 3UJ 3�:7T~�

η′cf0(980)
(#80?7:H5�;]Aa3hA9TI3,;yABF7T

;[b7K^:�c�5780? (Ho^T'AGb�3,6]AB:7T'6u8,q(ABF7T
Y (4660)

%�b76[80b#80;9T'5w3h;u3
ψ′f0(980)

(#80?7:75
;]Aa3hA9T@K^: �1. � � 'd/
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Chapter 2
� � ��� ��� �W���

� 
�	 � � *	� ��� ) ��� ��
 � 
 ) �'(�	
� � � ���
mn: 806957T'6LA98PKN:7MOoN?757TpV0TOM~AB806Ir�TOoN57;zKN:�T��lT'M'ABK1V0T 
*3hx06B3,:Hx0K 3,:H; A9F7TO6[T_3,6[T
CL3,K^:HoNJ ABF76[TOT�57K ��TO6[TO:�A<MO80:H;9K^5HTO6B3�ABK^8,:7;uABF�3hA<MO3,: (#TRAa3,ZhTO:>KN:�AB8I3,MOM'80?7:�A
6[TOx�3,6[57K^:Hx¡ABF7TGZ�KN:757; 8,q
r�T'o^5 ?7;[TO5 	0A9F7T AB693,:7;]q�8069CL3hABKN80:�bH6980b#TO6]ABK^T'; ?7:75HTO6
MaF7KN6B3,o�;]J�CICIT'AB6]J�3,:75 A9F7TzM'80:7;[K^57T'6B3hA9K^80:�8,q A9F7Tzx�3h?7x0TI8069KNx0K^: %�;[TOTLA9F7T
;[?7CLCL3,6]JzKN:�t+3�(7oNT ��/1.Q3h:75 � .!{ 	l.U��	�.�S�� '"�
.,/ � K^6[;[ABo1J 	!ABFHTO69T 3,6[T An�G8<57K ��TO6[TO:�A*ZWK^:75�8,q�r�TOoN57;(ABF�3hA*MO3,: (#T�3,;[;9K^x,:7TO5
AB8 ABF7T@V0T'M'A9806�CLT';980:7; �
.0/1. �¡;9;[K^x0:w3�V0T'M'AB8,6�r7TOo^5

Vµ
%�A9F7TRCL80;]Au��K^57T'oNJz?7;9T'5�'

.0/ ���¡;9;[K^x0:w3,:�3,:�ABKN;[J�CICLT~AB69KNM¡ABT':7;98,6�r7TOo^5
Vµν = Vνµ

� .U��	l.!� �
tuF7TO;[T An��8pMaF780KNMOTO;@MO3,: (#T�5780:7T�;9K^:HMOT���F�3hAy80:7T�:7T'TO57;RKN;y3zr�T'o^5
��KNABFw80:7o1J�ABF76[TOT�5HTOx06[TOTO;¡8,q q�69T'TO578,Cw/utuF7T�3,:�ABKN;[J�CLCIT'A969KNMRA9TO:7;[806
r�TOoN5�3,b7b�3h69TO:�A9oNJIF�3,;�;9K1}I5HTOx06[TOTO;G8,q(q�69T'TO5780C 	�(7?HAGMU3,: (#T¡6[TO57?HMOTO5
AB8pABF76[TOT ��KNABF�3p;9?7K1Aa3�(Ho^T MaF780KNMOT 8,q ABF7TITOXW?�3�ABK^8,:�8hq CI8,ABKN80:+%�;[TOT
�¡b7b#TO:75HK1} � 8hq�� .U� � '~/ � T ��KNo^o�MO80CICLT':�A�o 3hA9TO6 8,: A9F7T�3,5HVh3,:�AB3,x0TO; 	
K^:p;980CITRMU3,;[TO; 	#8hq ?7;[K^:7x A9F7T�3,:�ABK^;]J�CLCIT'A969K^M4ABTO:H;9806ur�T'o^5�/

�0s
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��/<��TOM'80:75 	WABF7T'69T�K^;+ABF7T�57K��lT'69TO:HMOT�K^: F78!� ABF7Tur�T'o^57;�3,6[T AB693,:7;[q�8,69CITO5
?7:757T'6�3 69TO3,o^K�
U3hA9K^80:�8,q@MaFHK^6B3ho4;]J�CICIT'AB6]J���oNK^:7TO3,6I806z:78,:�cnoNK^:7TO3,6 	
3,:75_KN:�A9F7T�o^3hA9A9TO6�MU3,;[TQA9F7TQA96B3,:7;]q�8069CL3hA9K^80:pMU3h: (#T�F780CI80x0T':7TO8,?7;
806�:78,AU/

��/1. 
�KN:7TU3h6LCITU3,:H;LABF73hA�?7:H57TO6�3�AB6B3h:7;[q�806[Cz3�ABK^8,: 8,q@A9F7T>MaFHK^6B3ho
x06980?Hb

G = SU(3)L⊗ SU(3)R
ABF7T4r�TOoN57; AB693,:7;[q�8,69C o^K^:HTU3,6[oNJ

K^:�ABF7TRx06[80?7bpTOoNTOCITO:�AB;�x �
V → gV g†

��/ � �480:�c�o^KN:7TU3,6¡CLTO3,:7;yABF73hARABF7T AB693,:7;]q�8069CL3hABKN80: K^;@:H8,AR57K^6[TOM~ABoNJ
5780:7T¡��K1ABF�x�(H?HA ��KNA9F�3Qq�?7:HM'ABKN80:�F %�x�'~/ � K1ABF7KN:LA9F7K^; ZWKN:75�8,q
AB6B3h:7;[q�806[Cz3�ABK^8,: 	�A9F7TO6[T�3h69TyAn��8L57K��lT'69T':WA��G3UJ�;�AB8 578IKNA=�
c F780CI80x0TO:HTO80?7;[oNJ��

Vµ → hVµh
†c :780:�c�F780CI80x0TO:HTO80?7;[oNJ��

Vµ → hVµh
† + cte h∂µh

†

{�/ � K^:�3ho^oNJLABF7T'69T�KN;¡3ho^;98 ABFHT�MOo^3,;9;[KNr�MO3hABKN80:�57?7TQA98zABFHT�MO8,:7;9KN57TO693hABKN80:
8,q+A9F7TRx�3,?7x,T�8,69K^x,K^:�8,q*ABFHTRV,TOM~AB806<CLT';980:H;=�

{H/1. �48,A�x�3h?7x0T (�8,;980:7;
{H/ ��v�3,?Hx0T (�8,;980:7;�8,q 3 MOT'6[Aa3hK^:�;[J�CLCIT'A96[J��

c ��3,:7xhc �wK^oNo^;=�(?H;9?�3,o�x03,?7x0T (#80;980:H; KN:�ABF7T ��3,:Hxhc �wKNo^oN;+ABFHTO806]J
c�2<K^575HTO:�;]J�CLCIT'A96[J��wA9F7T_v@80oN57;[A980:7T (�8,;980:7;ICL3hAB6[K1}�|&% } '
K^;�57T'MO80CIb#80;9T'5 KN:�An�G8 q�3,M~AB806[; 	

U(x) = ξL(x)ξ
†
R(x)

/�tuFHK^;
q�3,M'A98069K�
U3hA9K^80:\K^:�AB6[8�57?HMOTO;�3,: � 3,6[A9KNr�M'K 3,o � ;[J�CICLT~AB6]JY?7:75HTO6
�H| %�{�'L698hAa3hA9K^80:7;�3,:75 ABFHTO:�ABF7T_V,TOM~AB806pCITO;98,:7;p3,b7b#TU3,6 	�K^:
ABF7TuM'8�Vh3,6[K 3,:�A 57TO6[KNVh3hABK1V0T'; 	W3,; x03,?7x0T�(#80;[80:7; 8,q
ABFHK^; � FHK^5757T': �
;[J�CLCIT'A96[J,/

tuF7T�CL3��[8069K1AnJ�8,q+ABF7T';9T�3hb7b769803,MaF7TO;¡3,69TRCI8,ABK1Vh3hABT'5 (�JpABFHTQb7FHTO:780CITO:H8hc
oN80x0K^MO3,o^o1J�;9?7M'MOTO;[;[q�?7o¡K^57TO3,;L8hqyV0T'M'AB8,6]cnCITO;[80:�5H80CLKN:�3,:7M'T>3h:75�?7:HKNV0T'69;93,o
M'80?7b7oNK^:7x �1.!s 	�.U£ ����FHK^MaF�oNTU3,5 A98_ZWK^:7T~ABKNMIA9TO69CI;�3h:75�MO80?Hb7o^KN:7x0;Rq�806�A9F7T
;[b7K^:�cB.wCITO;[80:7; ABF�3�ALF73!V,T>ABFHTw;93,CLT�q�806[CL;I3,;IK^:�3�x03,?7x0TpABF7T'806[J 	 69Tdc
+�T'M'A9K^:7x�ABF7T@3h;9;9?HCLT'5�?7:7KNV,TO6[;B3,o�MO80?7bHo^K^:HxQ8,q(A9F7TO;[TyCITO;98,:7;GAB8QMO80:H;9TO6]V0T'5
M'?7696[TO:�AB;'/ ��80CIT 8,q#ABF7T'C 3,6[T ABF7T � CL3,;[;9KNV,T ��3,:7xhc �wK^oNo^; � � .!{ 	7.!¥ 	 ��� ��3,:75
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��3,:7xhc �wK^oNo^; 24K^5H57TO:�;[J�CICLT~AB6[J ��DuD � � � v ! 5�¤

r�TOoN5 V,TOM~AB806 ABT':7;98,6
q�8069CL3,oNK^;9C
806[K^x0KN: x�3,?7x,T (�80;[80: :78,A�x�3,?Hx0T (�80;[80:

MaFHK^6B3ho o^KN:7TU3,6 :780:�cno^KN:7TU3h6u3,:75pF780CI80x0T':7TO?H;
6[TU3,oNK 
U3�ABK^8,:

t+3�(7oNT ��/N.�� � ;9;[TO:�ABK^3,o�q�TU3hA9?769T';�8,q�57K��lT'69TO:�A CI8�57T'o^; A98�3,M'MO80?H:WA�q�806 V,TOM'A9806
CITO;[80:�r�TOoN57;

� FHK^5757T':�cnx03,?7x0T � ABFHTO806[K^TO;�� ��. �j/ymn:>ABFHTO;9T�3,b7b76[8�3,MaF7T'; 	�oN8�� T':7TO6[x,J�ABF7T'8hc
6[TOCI;�8hq MaF7KN6B3,o�;[J�CICLT~AB6]J b7o 3,M'T K^CIb�806]Aa3,:�ARM'80:7;[A96B3,KN:�AB;�80:�A9F7TIx�3,?7x0Tdc
AnJ�b#T�M'80?7b7oNK^:7x 8,q*ABFHT

ρ
CLT';980:pAB8 An��8zb7KN80:7; 	 (�T'K^:7x TO;[;9T':WA9K 3,o(A9F�3hA�;9?HMaF


�3,x0693,:7x0K^3,:7;@6[TO;9b#TOM~A MaF7KN6B3,o ;]J�CICIT'AB6]J�806R8,ABF7T'6[��KN;9TLA9F7T'J�MO3,:�o^TO3,5 AB8
?7:H69TU3ho^K^;]ABKNM¡69T';9?7o1AB;'/


(T'A ?7; Td}�b7o 3,KN:�K^:�;[80CIT�CL8,69T�57T~Aa3,KNo�A9F7T�An�G8 57K��lT'69T':WA :H8,A x�3,?Hx0T
(#80;98,:7;(CL8�57T'o^;O/�tuF7T � DuD � � � .�S 	 � � 	 �,{ 	 ��� ��%�q�6[80C �PTOKN:�(�T'69x�	hD 3,oNo 3,: 	
DG80oNTOCL3,: 	 �PTO;[;*3,:75 �l?7CIK^:78�'#3,:75@ABFHT���v ! 5�¤ � .U� ��%�q�698,C � MaZ,T'6 	0v�3,;[;9T'6 	
! K^MaF�3,:H5w57T�¤<3hq�3,T'o '~/+mn: (#8,A9F�CI8�57TOoN; ABF7T@b7FHK^o^8,;980b7F�JzK^; ABFHT�;93,CIT (7?HA
A9F7T'JQ57K ��TO6 K^:�A9F�3hA KN: ��DuD � ��ABFHTGq�8069CL3,oNK^;9C\q�806 ABFHTGr�TOoN57; KN; V0T'M'AB8,69K 3ho
��F7KNo^T�KN:,� v ! 5�¤ A9F7T 3,:�ABKN;[J�CICLT~AB69KNM�ABT':7;98,6yr�TOoN5�KN;@?7;9T'5�/ tuF7T~J (�8hABF
?7;[T>:78,:�cnoNK^:7TO3,6 3,:75 FH80CL8,x0TO:7T'80?7; AB693,:7;[q�8,69CL3hABKN80:�?7:757T'6zMaF7KN6B3,o�;[J�C c
CIT'A96[J0/�tuF7T b7F7KNo^80;[80b7F�JwK^; 	�3,;@?7;9T'5PKN:_ABF7T M'80:7;]AB69?HM'ABKN80: 8,q ABF7T CITO;[80:
MaF7KN6B3,o 
�3,x0693,:7x0K^3,: 	 AB8 (7?HK^o^5 3,oNo�A9F7T>b#80;[;9K (Ho^T>8�(��[TOM~AB;�MaF7KN6B3,oNoNJ�KN:�V,3h69K1c
3,:�A�?7b AB8_3>MOT'6[Aa3hK^: 8,6957T'6 	 M'80:�Aa3,KN:7K^:7x�ABF7TLr�TOoN57;�8,qGABF7TzA9F7TO8,6[J %�:78,A9T
A9F�3hAy;[K^:7M'T�ABFHT�V0TOM~AB806 cnCITO;[80:7;@K^:wABF7T';9T�An��8p3,b7b76[8�3,MaF7T';R3,69T�:H8,A@x�3,?Hx0T
(#80;98,:7; 	lA9F7T'J>MU3,:H:78,A (#T�K^:HMOo^?H57TO5 Td}HbHo^K^M'KNA9oNJpK^:>MO8!Vh3,69K^3,:�A@57TO6[KNVh3hA9KNV0T'; 'd/
�y:7T 8hq�A9F7T�3,5HVh3,:�Aa3hx0TO; 8,q#?7;[K^:7xyA9F7T�3,:�ABKN;[J�CICLT~AB69KNM�A9TO:7;[806 q�8069CL3,oNK^;9C`KN;
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A9F�3hAuABFHTO69T�3,6[TRo^TO;[;�b�80;[;9K�(7o^Ty�G3UJ�;�AB8IMO8,:WA96B3,M~A 
�8,69TO:�A 
�KN:757KNMOTO;<3,:�A9F7TO:
A9F7Tu:W?7C (#TO6 8,q�3,oNo^8!�GT'5 b7K^T'MOT'; KN:�ABF7T 
�3,x,6B3,:7x,K 3,:�KN; ;9CL3,oNo^TO6'/+tuFHTO69T~q�8069T 	
A9F7TI3,b7b#TU3,693,:7MOTI8,q ABF7T 
�3,x0693,:7x0K^3,: K^;@C�?HMaF CI8069T M'80CLb73,M'AO/LtuF7TI57K1q c
q�T'69TO:HMOTyT';9;9T':�ABK 3ho^oNJIM'80CLT';GKN:zABF7T<q�8069C 8,q(A9F7T¡V,TOM'A9806]c�CLT';980:�bH6980b�3hx�3hAB8,6
KN: A9F7TIb769T';9TO:HMOT�8,qGMOT'6[Aa3hK^:�o^8�MU3,o A9TO69CI;RK^: ABF7T V0T'M'A9806Qr�T'o^5 q�8069CL3,oNK^;9C�/
��J KN:�AB698�57?7M'K^:7x�o^8�MU3hoHABT'69CI;G3,:H5L��KNA9F (�3h;9K^M<3,;[;9?7CIbHA9K^80:7; 8,q�V,TOM~AB806�CLTdc
;[80: 5780CIK^:�3h:7MOT 	�ABFHT�An�G8�q�8,69CL3,o^KN;9CI;���TO6[T ;9F78!��: AB8 (#T�T'X�?HKNVh3,o^T':�Ay?7b
A98

O(p4)
� �0S � 3,:75���KNA9F�80:7oNJP80:7TLV0TOM~AB806 r�T'o^5�/���?76]ABF7T'6��G806[Z 80:�A9F7T

T'X�?HKNVh3,o^T':7MOT@8hq+A9F7T@An�G8 q�8069CL3,oNK^;9CI; 	W?7bpAB8 oN8�MO3,o�A9TO69CI; 	�q�806ux0TO:HTO6B3ho 
*3�c
x0693,:7x0K^3,:7; 	�(�3,;9T'5 80: 57?�3,o<AB6B3h:7;[q�806[Cz3�ABK^8,:7;L8hqQx03,?7x0T>A9F7TO8,69K^T'; 	<?7;9KN:7x
b�3�ABF>KN:�ABTOx,6B3,o�ABT'MaF7:7K^XW?7T'; 	l�G3,;y5H80:7T�KN: � �,� �j/¡tuF7T�;B3,CITQZWKN:75_8,q�T'X�?HKNV�c
3,oNTO:7M'TLTd}�b7o^806[K^:7x�ABF7T (�3,6[J,80:�;[TOM'A9806��G3,;�;[TOTO:�KN: � �0s �j/wmn:�M'80:�AB693,;[AQAB8
A9F7T�x�3,?7x,T~c�AnJ�b#T�ABF7T'8069KNTO; 	�ABFHTO;9Tpq�806[Cz3,oNK^;[CL;�F�3UV0T

ρππ
MO8,?7b7o^KN:7x0;�A9F�3hA

KN:WV,80oNV,T4FHK^x0F7T'6�b#8!�GT'69;�8,q(CI80CLT':�AB?7C 3,:H5�3,6[T4:78hAG57KN69T'M'ABo1J MO80:H;[AB693,K^:HTO5
(�J�MaF7KN6B3,ol;[J�CLCIT'A96[J,/

mn:ICz3,;[;9K1V0T ��3,:7xhc �wK^oNo^;+A9F7TO8,69K^T'; �1.!{ 	�.!¥ � 	WA9F7T�V0TOM~AB806�3,:75L3�}�K 3hoHr�TOoN57;
A96B3,:7;]q�8069C¦?H:757TO6¡3LoNK^:7TO3,6�69TU3ho^K 
O3hABKN80:p8,q MaF7KN6B3,o�;]J�CICIT'AB6]J0/�tuF76[TOT~c�3,:75
q�80?H6]cnb#80KN:WA�MO80?7bHo^K^:Hx0; 3,CI80:7x ABF7T';9T�r�TOoN57;I3,69T�K^:7M'o^?75HTO5�3,:75 	�AB80x0T~ABF7T'6
��K1ABF A9F7T�ZWK^:7T~ABK^MLABTO6[CL; 	 q�8069Ce3���3,:7xhc �wK^oNo^; 
�3,x0693,:7x0K^3,: ��KNA9F�3_o^8�MU3,o
MaF7KN6B3,o ;]J�CLCIT'A96[J0/ptuF7TIq�?7o^o A9F7TO8,6[J�578�TO;�:H8,A�b#80;[;9TO;[;�ABFHK^;�x�3,?7x0TI;[J�C c
CIT'A96[J ;[K^:7M'T<K1A�K^:7M'o^?75HTO; Cz3,;[; ABTO6[CL; ��F7KNMaFzF�3UV,T480:HoNJ x0oN8 (�3,oH;[J�CLCIT'A96[J,/
��JzMaF�3,:7x,K^:7x Vh3,69K^3�(7oNTO;�A98 ;9b7KN:�ca.yr�T'o^57; A9F�3hAuA96B3,:7;]q�8069C ?7:757T'6uABF7T@:78,:�c
oNK^:7TO3,6 69TO3,o^KN;B3hA9K^80:�8hq MaF7KN6B3,o(;]J�CICIT'AB6]J 	
3,:�JpCL3,;9;[KNV,T���3,:Hxhc �wKNo^oN;�ABFHTO806]J
MO3,: (#T MO80:�V0T'6[A9TO5�K^:�A98>3,:PTOXW?7K1V,3ho^TO:�A � DuD � ��80:7TL3,:75 K1AB;R69T'o 3hA9K^80:H;
A98�8,ABF7T'6yABF7T'8069KNTO; 	(;9?7MaF 3,;@F7K^5H57TO:�c�x�3,?7x,T�80:7T'; 	�MU3,:�(#T T~}�b7o^8,69TO5l/�tuF7T
?7;[T�8,q43_o^KN:7TU3,6�69TO3,o^KN;B3hA9K^80:P8,q<MaF7K^693,oG;]J�CLCIT'A96[JPCLTO3,:7;�A9F�3hA�(#8,ABF�A9F7T
ρ
CITO;[80: 3,:75 K1AB;¡MaFHK^6B3ho+b�3h6[AB:HTO6 	�A9F7T

a1
C�?7;]A (�TQAB69TO3hABT'5 80:_ABF7T�;B3,CIT

q�8�8,ABKN:7x7/ �y:7T MU3h:7:78,A@;[K^CIb7oNJw80CIKNA<ABF7T 3�. q�6[80C 3pCL3,;[;9KNV,T ��3,:7x�c �wKNo^o^;
A9F7TO806]Jp��KNABFH80?HA�V�K^80o^3hABKN:7x MaF7K^693,o�;[J�CLCIT'A96[J,/ �<80:7T~ABF7T'o^TO;[;yKNA<KN;4b#80;9;[K (7oNT
A98���69KNA9T�578!��: 
*3hx06B3,:Hx0K 3,:H;4��KNA9F 3 ��3,:7xhc �wK^oNo^;�q�8069C q�806¡A9F7T

ρ
CLT';980:

3,oN80:7T 	�b7698!V�K^57T'5>ABF73hA¡8,:7T�AB3,Z,T';¡MO3,69T�AB8IK^:7M'o^?757TQ3,575HKNABKN80:�3,o�ABTO6[CL;�ABF73hA
T':7;9?76[T>;93hABKN;[q�3,M~ABK^8,:�8,qyA9F7T>MaFHK^6B3ho<oN8!�¦TO:7T'69x,J�ABFHTO806[TOCI; � �,£ �j/ �4;z57Tdc
;[MO69K�(�T'5�F7T'69Tp3>M'80:�V0TO:HK^TO:�A �G3UJ AB8>x0TO:7T'6B3hA9TzABFHTO;9T�A9TO6[CL;QK^;QA98_Aa3,ZhT�3
F7KN5757T':�cnx�3h?7x0T ABF7T'806[J 3,:75�CL3,ZhT�3>MaF�3h:7x0T�8,qGV,3h69K 3 (7o^T';�A9F�3hA (H69K^:Hx0;�K1A
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 � {H.
KN:WA98 3���3h:7xhc ��K^o^oN;]c�o^K^ZhTuq�8069C�/

 ¡T';9b7K1ABT ABF7TI6B3hA9F7TO6R57K��lT'69T':WARq�806[CL;R8,q�ABF7T'K^6 
�3,x0693,:7x0K^3,:7; 	+3h:75�A9F7T
57K��lT'69T':WA AnJ�b�T'; 8,q(M'80?7b7oNK^:7x�MO8,:WAB3,K^:HTO5zKN:LA9F7TOC 	H3ho^o�8,q�A9F7TO;[T@3,b7bH698�3,MaFHTO;
3,6[T�K^:�b76[K^:7M'K^b7oNT�TOXW?7K1V,3ho^TO:�AO/ ��3,MaF MO806[69T';9b#80:757; AB8�3 57K ��TO6[TO:�AIMaF780KNMOT
8,qQr�TOoN57;pq�806�ABF7T�;9b7KN:�ca.�CITO;98,:7;O/¦tuF7KN;wKN;pK^o^oN?7;[A96B3hA9TO5 6B3�ABF7T'6p��TOoNoRK^:
Td}�A9TO:75HTO5 �¡3,C (H?�c �,80:73�c 
�3,;[K^:7KN8>CI8�57T'o^; � �,¥ 	 { � � 	 ��FHTO69T�A9F7TO6[T�K^; MO8,:�c
;[K^57T'6B3�(7oNT�q�69T'TO5780C KN: ABF7TIMaF780KNMOT 8,qu3h?�}�K^o^K^3,6[J�r�T'o^57;RK^: ABFHT V,TOM~AB806�3,:75
3�}�K^3,o�MaF�3,:7:7T'o^;'/�t*8�;98,CLTQT~}�ABT':WARA9F7T�MaF780KNMOT�8hq�;9MaF7T'CLT C�?H;[A (#T (�3,;[TO5
80:QABF7Tu;[K^CIb7o^KNMOKNAnJy8,q
ABF7T 6[TO;[?7oNA9K^:7x 
�3,x,6B3,:7x,K 3,:�/*mn: CL3,ZWK^:7xyM'80CIb�3,69KN;980:H;
(#T'An��TOT': A9F7T�3hb7b769803,MaF7TO;¡KNAyKN;4KNCLb#806]Aa3,:�A<:78,A4AB8�M'80:Hq�?7;[T�q�TU3hA9?769T';¡ABF73hA
3,6[K^;[T�q�6980C A9F7TpMaF780KNMOT�8,q4r7TOo^5���KNA9F�A9F780;[TpA9F�3hAL3,6[K^;9T�q�6[80C 69T'XW?7K^6[K^:7x�	
q�806 KN:7;[AB3,:7MOT 	 ?7:7K1V0T'69;B3ho<M'80?7b7oNK^:7x 8,q¡ABF7TpV0T'M'AB8,6zCITO;98,:7;O/ tuFHTwq�806[CLT'6
3,6[Tz:78hA b7F�J�;9K^MO3,o 	 M'80:�AB6[80o^oNK^:7xwCLT'69TOo1J ABF7T�8 �#c�;9F7T'o^o (�T'F�3UV�KN80?76�8hq4;[MU3hA]c
A9TO69KN:7x 3,CIb7oNKNAB?H57TO;'/_tuF7T�o 3�A9ABT'6�578 F73!V,Tpb7F�J�;[K^MO3,o MO8,:7;9T'X�?HTO:7M'TO; 	�;9?7MaF
3,;Q69T'o 3hA9K^80:7; (#T'An��TOTO:�80:�cn;9FHTOo^o�3,CIb7o^K1AB?75HTO;Rq�806�57K��lT'69T':WA�b7698�MOT';9;[TO;O/ mn:
A9F7TRF7K^575HTO:�c�x�3,?7x0TR3hb7b769803,MaF � ��. �*3h:w3h6[ABK1r�MOK^3,oloN8�MO3,o�;]J�CICIT'AB6]J�K^;uKN:�AB698�c
57?HMOTO5LK^:�AB8RABFHT<:H80:7o^KN:7TU3h6 ;9K^x,Cz3@CI8�57T'o (�J ABF7T�MaF780KNMOT<8,qlr7TOo^5 Vh3,69K^3�(7oNTO;O/
tuF7T

ρ
CLT';980:�KN;QA9F7TO:�K^:�A9698�57?7MOT'5�3,; 3wx�3,?7x0T (�80;[80: q�806�ABF7KN;�;]J�CICIT~c

A96[J0/C�¡;�;]AB6[TO;9;[TO5 (�J�v@TO806[x0K ��{�. � 	+ABF7T�3h5757KNA9K^80:73,o o^8�MU3,o�;]J�CICIT'AB6]J�F�3,;
:78>b7F�J�;[K^M';L3h;9;98�MOK^3hABT'5 ��KNA9F�KNA 	 3,:75�K1A�MO3,: (�Tz69TOCI8!V0T'5+(�JPrH}�K^:7x>A9F7T
x�3h?7x0T,/ mn:�A9F7Tp?7:7KNAB3,6[J x�3,?7x,T�ABF7Tp;[J�CICLT~AB6]J�69T'57?7MOT';IA98�3 :H80:7o^KN:7TU3h6
6[TU3,oNK 
U3�ABK^8,: 8,quMaF7KN6B3,o�;[J�CICLT~AB6]J 	 ?7:H57TO6���F7K^MaF A9F7TLV,TOM~AB806�r�TOoN57;QA96B3,:7; c
q�806[C KN:7F780CI80x0T':7TO80?H;9oNJ 	�K^:�MO80:�A96B3,;]AIA98 ABF780;[Tp8,q � DuD � � /�248!��T'V0T'6 	
��K1ABF 3yq�?76[A9F7TO6�MaF�3h:7x0T�8,q#V,3h69K 3 (7o^TG3,:�J�V0T'M'AB8,6]cnCITO;[80: 
*3hx06B3,:Hx0K 3,:�8,q�A9F7T
F7KN5757T':�cnx�3h?7x0T q�806[C MU3h: (#T�MO80:�V0T'6[A9TO5�KN:WA98�3,:LT'XW?7KNVh3,oNTO:�A ��DuD � �p80:7T
��{H. �j/<tuF7T�6[?7o^T';4q�806�AB693,:7;[q�8,69CIK^:7xL3 
�3,x0693,:7x0K^3,:pq�6980C¦F7KN5757T':�cnx�3h?7x0TRAB8
� DuD � ��q�806[C F�3UV0T�3,o^;[8�(�T'TO:>:H8,ABT'5 (�J � MaZ,T'6¡T'A¡3,oj/�� �0S�� / ��JpMaF�3,:Hxhc
KN:7xLVh3,6[K 3�(7oNTO;�q�6980C¦A9F7T�F7KN5757TO:�cnx�3,?Hx0TQA98 ��DuD � ��;9MaFHTOCIT 	lA9F7T�x�3,?Hx0T
M'80?7b7oNK^:7x�MO80:H;[Aa3h:WA 8,q(ABF7T4q�8069CITO6 K^;�69TU3ho^oNJI3Qb�3,6B3hCLT~ABTO6 K^:LABF7TyMaFH80K^M'T¡8,q
V,TOM'A9806@r�TOoN5�/ tuF7K^;RM'80?7b7oNK^:7x�M'80:7;[AB3,:�A�578�T';R:78,AQ3,b7b#TU3,6@KN: ABF7T TOXW?7K1Vh3�c
oNTO:�A � DuD � � 
*3hx06B3,:Hx0K 3,:Q3,:75�;98yF7KN5757T': x�3,?7x0T ABF7T'8069KNTO;*��KNABF�57K ��TO6[TO:�A
x�3h?7x0T�M'80?7b7oNK^:7x0; 	lAB8,x0T'A9F7TO6y��K1ABF 57K ��TO6[TO:�A@F7KNx0F7T'6]cn8,6957T'6yMO80?Hb7o^KN:7x0; 	lMU3,:
(#T¡T'X�?HKNVh3,o^T':�AU/ tuF7T¡MO80:�V0T':�ABK^8,:�3,olMaFH80K^M'TyK^;�;9F78!��:�AB8&(�T480:7T¡A9F�3hA�TOo^KNC c
KN:�3hABT';�3,:�J

O(p3) ρππ
MO8,?7b7o^KN:7x@q�6980C ABF7T�F7KN5757TO:�cnx�3,?Hx0T 
�3,x06B3h:7x0K 3h: 	0;98
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A9F�3hA<ABF7T�oNTU3,5HK^:7xIMO806[69T'M'ABKN80:7;<AB8zA9F7T ��%�b '<MO8,?7b7o^KN:7xL3,69TQ8,q�80695HTO6
p5 /¡m�qA9F7T

γρ
CIK1}�K^:Hx�;]AB6[TO:7x,A9F7;�;93hABKN;[q JP3wb�3h6[ABKNMO?7o^3,6R69T'o 3hA9K^80: � �,S�� 	 ABF7T': ABFHK^;

MaF78,K^MOT¡8,q�r�TOoN5w3ho^;98�TOo^KNCLKN:�3hA9TO;�ABF7T@oNTU3,57KN:7x�CI80CITO:�AB?7C cn5HTOb#TO:757T':�AuMO806 c
6[TOM'A9K^80:H; 	�8,q#806[57TO6

p2 	0AB8@ABF7TuCIK1}�KN:7x7/*tuF7K^; 6[TO57?7M~ABKN80: 8,q
ABF7TuCI80CITO:�AB?7C57T'b�T':757T':7MOT 8,q A9F7T�M'80?7b7oNK^:7x0;<ABFW?7;@3ho^o^8!��;<ABF7TQF7K^575HTO:�c�x�3,?7x0T�3,b7b76[8�3,MaF
A98�TOC&(�8�5HJ ABFHT¡TOCIb7KN69K^MO3,o�8 (7;[TO6]V,3�ABK^8,:LABF73hA�A9F7T���� � ¤ 6[TOo^3hABKN80: ��{ � 	H{0{ �
KN;��GT'o^o ;93hABKN;[r�T'5 (WJ ABF7T

ρππ
3,:H5

γρ
MO8,?7b7o^KN:7x0;�5HT'ABT'69CIK^:7T'5�q�6980C ABF7T

57T'MU3UJ�8,q+80:�c�;9F7T'o^o
ρ
CITO;98,:7;O/

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

tuF7T�2yv��Rq�8,69CL3,o^KN;9C AB8<57TU3,oW��KNA9F�V,TOM~AB806+CLT';980:7; � ��. 	�{,� ��KN;+3<?7;9T~q�?7o�3,:75
KN:WA9TO6[:�3,o^o1JRMO80:H;9K^;]ABT':WA�;[MaF7TOCITu��F7K^MaF bH69TO;[TO6]V0TO; MaF7KN6B3,o�;[J�CLCIT'A96[J,/ mn:�ABF7KN;
q�806[Cz3ho^K^;[C ABFHT¡V0T'M'AB8,6uCLT';980:�r�T'o^57; 3,69Tyx03,?7x0T (#80;[80:7; 8,q*3�FHK^5757T':�o^8�MU3,o
;]J�CICIT'AB6]J AB693,:7;[q�8,69CIK^:7x�K^:7FH80CL8,x0TO:7T'80?7;[oNJ0/ �<q ABT'6QAa3hZ�KN:7xpABF7TL?7:7KNAB3,6[J
x�3h?7x0T 	 A9F7T�V0T'M'A9806 CLT';980:�r�T'o^57;�A96B3,:7;]q�8069C T~}H3,M~ABo1J�K^:�A9F7T�CL3,:7:7T'6 3,;
KN: ABFHT_:780:�oNK^:7TO3,6L6[TU3,oNK 
O3hABKN80: 8hqRMaF7K^693,o¡;]J�CICIT'AB6]J � � ��� /`mn: � �0S��4ABF7KN;
q�806[Cz3ho^K^;[CEK^;@q�80?7:75�TOXW?7K1Vh3,o^T':WARA98�A9F7TL?H;9TI8,qGA9F7TIA9TO:7;[806@q�8069CL3,oNK^;9C 8,q
� .U� � 	���F7TO6[TQA9F7T�V,TOM~AB806[;¡AB693,:7;[q�8,69C F78,CL80x,TO:7T'80?7;9o1Jp?7:757T'6¡3I:780:�c�o^KN:7TU3,6
6[TU3,oNK 
U3�ABK^8,:>8,qGMaF7K^693,o ;[J�CICLT~AB6]J 	(��KNA9F�A9F7T ?7;9T 8,qGMO80?7bHo^K^:Hx0;@K^CIb7o^KNTO5wK^:
A9F7T<V,TOM~AB806 CLT';980:L5780CIK^:�3h:7MOTuq�806[Cz3,oNK^;[C % � �>  '�8,q � .�s �j/ % �
8,6�3R69T~V�K^T'�
80: A9F7Tu57K ��TO6[TO:�A�� 3UJ�;�AB8RK^CIb7o^T'CLT':�A V0T'M'A9806�CLT';980:7;�KN:WA98RT ��TOM'A9KNV,T<MaFHK^6B3ho

�3,x0693,:7x0K^3,:7; ;[TOT � .�S � '~/

��80o^oN8!��K^:7x�� �,S �0ABFHT 
*3hx06B3,:Hx0K 3,:¡K^:�V080o1V�K^:7x bH;9TO?H5780;9MO3,o 3h6(CLT';980:7; 	hbHF78hc
A980:7;�3,:75pV0T'M'A98064CITO;[80:7;�MU3h: (#T@��69K1A9ABT':�3,;

L = L(2) + LIII
% ��/1. '

��K1ABF

L(2) =
1

4
f 2〈DµUD

µU † + χU † + χ†U〉 % ��/ � '

LIII = −1

4
〈VµνV µν〉 +

1

2
M2

V 〈[Vµ −
i

g
Γµ]

2〉, % ��/�{�'

��F7T'69T 〈...〉 6[TOb76[TO;9T':�AB;p3 AB6B3hMOT>8!V,TO6 SU(3)
CL3hAB6[K^M'TO;O/�tuF7T>M'8�Vh3,6[K 3,:�A
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 � {0{
57T'69K1V,3�ABKNV,T@K^;u57T~r�:7T'5 (�J

DµU = ∂µU − ieQAµU + ieUQAµ,
% ��/���'

��K1ABF
Q = diag(2,−1,−1)/3

	
e = −|e| A9F7T�TOoNTOM~AB698,: MaF�3,6[x0T 	�3h:75 AµA9F7T@b7F78,A980:pr�TOoN5�/ tuF7T�MaF7K^693,o�CL3hAB6[K1}

U
K^;ux0K1V0T': (�J

U = ei
√

2P/f % ��/�S '
��K1ABF

f
ABFHTGb7KN80:�57T'MU3UJ�MO80:H;[AB3,:�A %

f = 93
�wT�� '~/�tuF7T

P
3h:75

Vµ
Cz3�AB69KNMOT';

3,6[T A9F7TG?H;9?�3,o
SU(3)

Cz3�AB69KNMOT';+M'80:�Aa3,KN:7K^:7x�ABFHTGb7;[TO?7578,;9MU3ho 3,6+CLT';980:7; 3,:75
V,TOM'A9806�CLT';980:H;<6[TO;[b�T'M'ABK1V0T'oNJ

P ≡




1√
2
π0 + 1√

6
η8 π+ K+

π− − 1√
2
π0 + 1√

6
η8 K0

K− K̄0 − 2√
6
η8


 ,

Vµ ≡




1√
2
ρ0 + 1√

2
ω ρ+ K∗+

ρ− − 1√
2
ρ0 + 1√

2
ω K∗0

K∗− K̄∗0 φ





µ

.
% ��/���'

tuF7T ABT'69CI;+��KNA9F
χ
K^: L(2) b76[8!V�KN57T�ABF7T CL3,;[;*A9TO69C`q�806*ABF7T�b7;9T'?75780;[MU3,o^3,69;'/

��806uq�80?764b7;9T'?75780;[MU3,o^3,6¡CITO;[80:wr7TOo^5H;4ABFHT L(2) 
�3,x,6B3,:7x,K 3,:�b7698!V�K^5HTO;4A9F7T��TOoNo�ZW:78!��:>MaF7KN6B3,o 
�3,x,6B3,:7x,K 3,:p3hA�oN8!�GT';[A<80695HTO6

L̃(2) =
1

12f 2
〈[P, ∂µP ]2 +MP 4〉 % ��/�s '

��K1ABF
M = diag(m2

π, m
2
π, 2m

2
K −m2

π)
/ �
8,6¡ABF7T�MO80?7bHo^K^:Hx (�T~An�GT'TO: An�G8

b7;[TO?75H80;9MO3,o 3,6[;<3,:75�80:7T@b7F78hAB80:pABF7T 
�3,x0693,:7x0K^3,: L(2) b76[8�V�KN57TO;

LγPP = −ieAµ〈Q[P, ∂µP ]〉, % ��/�£�'
��F7KNMaF�K^: A9F7K^;�q�8069CL3,oNK^;9C ��K^o^o�x0T~A MU3h:7MOT'o^TO5���K1ABF�3h:�T~}�AB693>ABTO6[CeM'80C c
KN:7xIq�6[80C LIII

	l;[?7MaF_ABF�3�Ay?7o1ABK^CL3hA9TOoNJLABF7T�b7F78,A980:_MO8,?7b7o^T';4A98zABF7TQb7;9T'?�c
578,;9MU3ho 3,6[; V�K^3�V0TOM~AB806�CITO;[80:wTd}�MaF�3,:7x0T 	�ABF7T (�3,;[K^Myq�TO3hAB?76[TR8,q+� �> �/
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mn: LIII
	
Vµν

K^;u57T~r�:7TO5>3,;
Vµν = ∂µVν − ∂νVµ − ig[Vµ, Vν]

% ��/�¥�'
3,:H5

Γµ =
1

2
[u†(∂µ − ieQAµ)u+ u(∂µ − ieQAµ)u

†]
% ��/N. ��'

��K1ABF
u2 = U

/@tuF7T F7KN5757TO:>x�3,?7x0T�MO80?7bHo^K^:HxzMO8,:7;[AB3,:�A
g
K^;y6[TOo 3�ABTO5wAB8

f3,:H5pA9F7T@V0T'M'AB8,64CITO;[80:pCz3,;[; %
MV

'�ABFH6980?7x,F

g =
MV

2f
,

% ��/N.,. '
��F7KNMaF K^; 80:7T�8,q#ABFHT�q�8,69CI; 8,q�A9F7T ��� � ¤�6[TOo^3hABKN80: ��{,{ �j/ �¡ABF7T'6 bH6980b#TO6]ABK^T';
8,q
g
K^:7FHTO69T':�A A98yABF7T � �> �q�8069CL3,o^KN;9C 	h6[TOo^3hABKN:7x¡AB8yA9F7TuABT':7;98,6 q�8069CL3,o^KN;9C

8,q � �0S��*3,6[T
FV
MV

=
1√
2g
,

GV

MV

=
1

2
√

2g
, FV =

√
2f, GV =

f√
2
.

% ��/N. � '
|4b#80:wT~}�b�3,:7;[K^80:>8,q
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√
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8,q�=RD   3,:75 KNAzK^;p3,;[;9?7CITO5�AB8 (#T CL8,;[ABo1J
qq̄
	¡FH8���T'V,TO6 	yABF7T CITO;[80:�c

CITO;[80: 806yq�80?76@XW?�3h69Z>M'80CIb�80:HTO:�AB;�3,6[T ;9?7b7b#80;[TO5 AB8 (�T KNCLb#806]Aa3,:�AU/Rmn:
3,5H57KNA9K^80: 	
CIK1}�AB?H69TO;¡8,q

qq̄
3,:H5_q�80?76¡XW?�3h69ZW; ��s�� � 	

qq̄
��K1ABF_x0oN?7T (73,o^oN;���s0S �

806
qq̄

��KNA9F XW?�3,6[Z�;Q8,qu:78,:7;[A96B3,:7x,Tz:�3hA9?769T ��s,� ��3,69TL3,oN;98�MO80:7;[K^57T'69T'5 q�806
A9F7K^;u6[TO;98,:�3,:7M'T,/

mn:QA9F7T�q�80o^oN8���KN:7x ��TGT~}�b7o^3,K^:@A9F�3hA�(WJ�CITU3,:H;*8hqHABFHTGo 3hx06B3,:Hx0K 3,:H;�8,qHA9F7T
2<K^5757T':Lv�3,?Hx0T ��8069CL3,o^KN;9CYq�806 A9F7T V0T'M'A9806]c V0TOM~AB806 K^:�A9TO6B3hM'ABKN80: 80:7T�x0T':7TO6 c
3hA9TO;*ABF7T

f2(1270)
3h:75

f0(1370)
;]Aa3hA9TO; 3,;�(�8,?7:75�;]Aa3hA9TO; ��K1ABF�b7693,M'A9K^MO3,o^o1J

:78 q�6[TOTO5H80Cw/


 
�� � � * � � � (�� � * � ��� � * � � � � � ) ���
tuF7T�2<K^5757T':_vR3,?7x,T 
*3hx06B3,:Hx0K 3,:zK^;ux0K1V0TO: (�J

LIII = −1

4
〈VµνV µν〉 , %�{H/1. '

��F7T'69TyA9F7Ty;[J�C (#80o 〈〉 ;]Aa3,:75H; q�806�A9F7T¡AB693,MOT¡K^:zA9F7T SU(3)
;9b�3,M'TR3,:75

VµνKN;ux0KNV,TO: (�J
Vµν = ∂µVν − ∂νVµ − ig[Vµ, Vν] ,

%�{H/ � '
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ρρ
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 � � � �&��
�" �	� � ��	 ������� ��{
��K1ABF

g
x,KNV0T': (�J

g =
MV

2f
,

%�{H/�{�'
�PT@MU3,:�T~}�A96B3,M~A<A9F7T@q�80?76 c�3,:75pABF76[TOT~c V0T'M'AB8,64M'80:�Aa3,M~A<A9TO6[CL; 	

L(c)
III =

g2

2
〈VµVνV µV ν − VνVµV

µV ν〉 , %�{H/���'
3,:H5

L(3V )
III = ig〈(∂µVν − ∂νVµ)V

µV ν〉 , %�{H/�S '
��F7T'69T

Vµ
K^;ux0K1V0T': (�J

Vµ =




ρ0√
2

+ ω√
2

ρ+ K∗+

ρ− − ρ0√
2

+ ω√
2

K∗0

K∗− K̄∗0 φ




µ

.
%�{H/���'

� X
/�%�{H/���'*x0K1V0TO;+69KN;9T�A984A9F7T 57K^3,x06B3hCY8,q � KNx7/*{H/N. 3�'
	,3,:75�A9F7T�A9F769T'T~c�V,TOM~AB806
A9TO69C`8hq � X
/�%j{�/ S '�KN;*:HTOTO5HTO5 K^:RABFHT V,TOM'A9806]c�T~}�MaF�3,:Hx0T 57K^3,x06B3hC 8,q�� K^x7/*{H/1.
(�' 3h:75wM '~/�mn:w3,5757K1ABK^8,: 	���TQF73!V,T�A9F7TR57K 3hx06B3,CI; KN:WV,80oNV�KN:7x b7;9T'?75780;[MU3,o^3,6
CITO;[80:7; 	�3h; KNA�KN;�;9FH8���:�KN: � K^x7/_{H/N.�5 '~/�tuF7T�57K 3hx06B3,CI;Q3�'nc�5�'QK^: � K^x7/
{H/1.�3,69TpABFHTwCITOMaF�3h:7K^;[CL; ABF73hAIMO80:�AB6[K (7?�ABT�AB8 ABF7T

s
c��G3UV0T>b#8,A9TO:�ABK^3,o 8,q

A9F7TyV0T'M'AB8,6]c�V,TOM~AB806�;9MO3hA9A9TO6[K^:7xI3,:75�A9F7T@K^:7bH?HA %
V
'�8,q*ABF7T��GT~ABF7Tdc]�H3ho^b#T'ABT'6

T'X�?73hABKN80:�/ �4;��GT���KNo^o�;9F78!��	 ABFHT�57K 3hx06B3,CI;Q3�'�3,:75 ( '�3,69TIABF7T�;]AB6[80:7x
b�3h6[Ay8hq ABF7T b#8,ABT':�ABK 3ho 3,:H5 b7698�57?7M'T (�8,?7:75 ;[AB3hABT'; (�JwA9F7TOCI;9T'oNV0T';O/�tuF7T
57K^3,x0693,Ce8hq � KNx7/�{H/N.�5�'�x0K1V0TO;ITO;[;9T':WA9K 3,oNoNJPABF7T�K^CL3,x0KN:�3,6[JPb�3,6]AI8,q4A9F7T
b#8,ABT':�ABK 3ho 3,:H5 A9FW?7; 	(ABFHT 57TOMO3!J>��K^5HA9F 8,q�ABF7T ;]Aa3hA9TO;O/QtuF7T 57K 3hx06B3,C {H/1.
M '<K^;¡b�c��G3UV0T 69T'b7?7oN;9KNV,T�q�8064TOXW?�3,o b73,6[A9K^MOoNTO;43,:75_V,TO6[Jw�GTO3,ZWoNJ_3hA9A96B3,M~ABKNV,T
b#8,ABT':�ABK 3holK^:p; c��G3!V,T�q�8,6u57K ��TO6[TO:�A<80:7TO;'/

tuF7T�V,TOM~AB806 cnb7;[TO?7578,;9MU3ho 3,6 cnb7;[TO?7578,;9MU3ho 3,6yV,TO6[A9T~}_K^:�V080o1V0T'5 K^:wA9F7T (#8U}
57K^3,x0693,C 8hq � KNx7/ {H/1. 5�'yK^;@b76[8!V�KN57TO5�(�J ABF7T ;93,CLT�q�8,69CL3,o^KN;9CEx0KNV,TO:�(�J
A9F7T 
�3,x06B3h:7x0K 3h:�8,q � X
/ % ��/�{�' 3,:H5wKN;ux0KNV,TO: (WJ ��X
/ % ��/1.!��'d/


 
 
 � 
 ) � ����� � � ����
 ) � 
������ � * � ) ���
mn:�ABF7Tp�G3!J�A9F�3hA ��T>?7:7K1Aa3,6[K 
'Tp3,CLbHo^KNA9?757T'; 	 3�6[TO;[?7Cz3�ABK^8,:�8hqyo^8�80b7; KN;
MO3,o^oNTO5Rq�806O/*tuF7K^;+K^;+K^CIb7o^KNMOKNA�K^:QA9F7T ��T'ABFHT~c]��3,o^b#T'A9TO6 T'XW?�3hABKN80: 	���X
/�%j{H/ � � 'd/
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+

+

(c)

(a) (b)

(d)

+

� KNx0?76[T�{H/1. �<tuF7T CITOMaF�3,:HK^;9CI;¡M'80:�AB6[K (7?HA9K^:7xLAB8�ABFHT�AB6[TOT~c�o^T~V0TOo+V0TO6]ABTd} 8,q
V,TOM'A9806]c V0T'M'AB8,6 ;9MU3�A9ABT'69KN:7x�	 ��F7KNMaF�3,b7b#TU3,6[; 3,;

V
K^: A9F7T��GT~ABF7Tdc]�H3ho^b#T'ABT'6

T'X�?73hABKN80: 	 � X
/ %j{H/ � � 'd/

tuF7TGb7698 (Ho^TOC`A9F�3hA KN;*A969TO3hABT'5 F7TO6[T K^;�ABF7T�q�3,M'A98069K�
U3hA9K^80:�8,q�ABFHTG;9bHK^:�;]AB69?HM~c
A9?769T@KN:pA9F7TRo^8�80b�;9T'69KNTO;O/

tuF7Ty;]AB6[?7M'A9?769Ty8hq�;9b7KN:�8,q(ABFHTy3,CIb7o^K1AB?75HT<q�806
V V → V V

KN;G3�M'80C (7K c
:�3�ABK^8,:w8,q ABF7T�ABF76[TOT�b#80;[;9K (Ho^T�MO80:�AB693,M'A9K^80:H;48,q ABF7TQb�80o^3,69K�
U3hA9K^80:�V,TOM~AB806[; 	
εµ1 ε2µε

ν
3ε4ν

	
εµ1 ε

ν
2εµ3ε4ν

3,:75
εµ1 ε2νε

ν
3ε4µ

/ �¡;<3,oNo�b#80;9;[K (7oNT@;[Aa3�ABTO;�F�3UV,T�57T~rHc
:7K1ABT4;9b7KN: 	���Ty:7T'TO5�AB8�bH698��[T'M'A A9F7T@3,CIb7o^K1AB?75HTO; K^:�AB8�;[b7K^:l/ t+8 578�;98�	�80:7T
(7?HK^o^5H;GABT':7;9806[;48hq

spin = 0, 1, 2
/ tuF7TO;[T�3,6[T

T µν
(J=0) =

1√
3
εαεαg

µν

T µν
(J=1) =

1

2
(εµεν − ενεµ)

T µν
(J=2) =

1

2
(εµεν + ενεµ) − 1

3
εlε

lgµν ,
%�{H/�s '

|4:757T'6IA9F7T�3,b7b76[8U}HKNCz3�ABK^8,:�8,qy:7T'x0o^T'M'A9K^:7x ABFHT�CI80CITO:�AB?HC 8,q¡A9F7TpT~}Wc
A9TO69:73,oyb�3,6]ABKNMOo^T';�MO80CIb�3,6[TO5 AB8�ABFHT�CL3,;[;�8hqQA9F7T�V,TOM~AB806pCITO;98,: 	yK / Th/
|~q|/M ∼ 0

��TIMO3,: :7TOx,o^TOM~A@ABF7T
ε0
M'80CIb�80:HTO:�A 	

ε0 ' 0
3,:75 ��8069Z>��K1ABF

;[b�3hABK^3,o M'80CIb�80:HTO:�AB;'/ � KNA9F ABF7KN;@3,b7b76[8U}HKNCz3�ABK^8,: 	�A9F7T ;9XW?�3,6[TO5�8,q�ABF7T';9T
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ρρ
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�" �	� � ��	 ������� �WS

ε(1)
µ

ε(2)
ν

ε
(3′)
µ′

ε(4)
ν

ε
(2′)
ν′

ε
(4′)
ν′

ε
(1′)
µ′ε(3)

µ

P − q

q
P

� KNx0?769Ty{H/ �.� 
(8�80b�q�?7:7M~ABKN80:�q�806 An�G8LCLT';980:H;O/

;[b7K^:_A9TO:7;[8069; (#TOF�3UV,TIoNK^ZhT�b76[8��[TOM~AB806[;�8hq
spin = 0, 1, 2

A9F�3hA@MO3,:,(�TQq�3,M~c
A98069K�
OTO5pKN:pA9F7TRo^8�80b�;9T'69KNTO;�K^CIb7o^KNMOK1AGKN:�ABF7T �GT~ABF7T��H3,oNb�T~ABTO6uT'XW?�3hABKN80:�/ mn:
806[57TO6 AB8Q;9F78!� ABF7KN; 	�o^T~AG?7;�Aa3,ZhT¡ABF7T4o^8�80bI57K 3,x,6B3,C 8,q � K^x7/ {H/ ��3,:75zA969TO3hA
A9F7T�b#80;9;[K (7oNTQ;]AB6[?7M'A9?769T';@8,q MO8,:WA96B3,M~ABKN80:7; (#T'An��TOT': b�80o^3,69K�
U3hA9K^80:�V,TOM~AB806[;O/
� KN69;]A 	���T�F�3UV0TRABF7TRMO8,C (7K^:73hABKN80:

εα1 ε2βε
α
3 ε4βε

α′

1′ ε2′β′εα
′

3′ ε4′β′ ,
%�{H/�£�'

��F7KNMaFwMO3,: (�T�;9KNCLb7oNKNr�T'5�K^:p80?76<3,bHb7698U}�K^CL3hABKN80:�;[K^:7M'T�A9F7TRK^:757KNMOT';
α
	
β
	

α′ 	 β ′ 3h69T<;9b�3hA9K 3,o
3h:75IA9F�3hA�Cz3hZ,TO;�3,oNoHABF7T<K^:H57K^M'TO;�3,69T�;9b73hABK^3,o /+tuF�?H; 	���TF�3UV,TRA9F7T@q�3,M'A9806

(δii′ +
qiqi′

M2
V

)(δjj′ +
qjq

′
j

M2
V

) .
%�{H/�¥�'

mn:�3<6[TO:7806[Cz3ho^K 
O3hABKN80:y;[MaF7TOCIT���F7T'69T ABF7T o^8�80bRq�?7:7M'A9K^80:�MU3h:&(#T�Td}HbH69TO;[;9T'5
3,;�3wq�?7:7M~ABKN80: 8,q

q
	
f(q)

	 C�?7oNA9K^b7oNK^TO5,(�J�ABF7TIAn�G8 CITO;[80:�b76[80b�3,x�3�AB806[; 	
��T4MO3,:�57K1V�K^57T

f(q)
KN:WA98�An��8�A9TO69CI; 	

f(qon−shell)
3h:75

f(q)− f(qon−shell)
/

� (�V�K^80?7;[oNJ 	7ABF7TRo 3h;[A�ABT'69C Vh3,:7KN;9F7T';<q�8,6
q = qon−shell

	
3h:75wK1A<MU3,:7M'TOoN;�A9F7T
;[K^:7x0?Ho 3,6[KNAnJ+(�J Aa3,5Hb�80oNTO;�806�8hABF7T'6[��K^;[T 69TO:H8069CL3,o^K�
OT�ABF7T

ρρ
b�8hABTO:�A9K 3,oj/

tuF7KN;uK^CIb7o^KNTO; ABF�3hA���TRMU3,:pAa3,ZhTR80:7oNJ
f(qon−shell)

:HTOx0oNTOM'A9K^:7x qiqi′
M2
V

/
�¡:H8,ABF7T'6�57K ��TO6[TO:�A�MO80:�A969K (H?HABKN80:�AB8 ABF7TR57K^3,x0693,C 8hq � KNx7/ {H/ ��K^;

εα1 ε2αε
β
3 ε4βε

α′

1′ ε2′α′εβ
′

3′ ε4′β′ .
%�{H/N. ��'

tuF7TL3,6[x0?7CITO:�A@AB8�Cz3h:7K^b7?Ho 3hA9T�KNARKN;�;[o^KNx0F�ABoNJw57K��lT'69TO:�AO/ �PTLMO3,:�57K^;]ABK^:�c
x0?HK^;9F�A9F769T'T�MO3,;9T';
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K '
β = i, α′ = j ′

;9b73,MOT�o^KNZ,T,/ tuF7TQ;93,CITR3,69x0?HCLT':WA�5H80:7T�3�(#8�V,TRo^TU3h57;
AB8 Aa3,ZhT�8,:7oNJ

δij′δij′
3,:75p:7TOx,o^TOM~A

O(~q 2/M2
V )
/

K^K '
β = 0

	
α′ = i

806LV�K^M'TwV,TO69;93H/YtuF7T>69TOCL3,KN:7K^:7x ABT'69CI; 	
q0(P −

q)0~q 2/M4
V

	y3,69T�8,q�A9F7T 80695HTO6�8,q
~q 2/M2

V

3,:H5�A9F7TO6[T'q�806[TPMO3,:*(#T
:7TOx0oNTOM~ABTO5l/

KNK^K '
β = 0, α′ = 0

/ tuF7T�q�3hM'AB8,6

(−g00 +
q0q0
M2

V

)(−g00 +
(P − q)0(P − q)0

M2
V

) ,
%�{H/N.,. '

V,3h:7K^;[F7TO;�80:�;9F7T'o^o(?7b�A98IA9TO69CI;u8,q
~q 2/M2

V

��F7KNMaF���T�3ho^;98 :HTOx0oNTOM'AO/

��698,C A9F7T�3�(�8!V,T@57K^;[MO?7;[;9K^8,: 	�KNA q�8,o^o^8!��;GA9F�3hAuA9F7TO;[T�;]AB6[?7M'A9?769T';4KN:�ABF7T@;[T~c
6[K^TO;�KNCLb7oNK^M'KNA�K^:RABF7T �GT~ABF7T �H3,o^b#T'A9TO6(T'X�?73hABKN80: 	�69TO;[?7oNA+K^:�A98�A9F769T'T�;[? (7;[TO69KNTO;
��F7T'69T@ABFHTRq�8,o^o^8!��KN:7x�b76[8��[TOM~AB806[;�q�3hM'AB8,69K 
'T 	

P(0) =
1

3
ε
(1)
i ε

(2)
i ε

(3)
j ε

(4)
j

P(1) =
1

2
(ε

(1)
i ε

(2)
j − ε

(1)
j ε

(2)
i )

1

2
(ε

(3)
i ε

(4)
j − ε

(3)
j ε

(4)
i )

P(2) = {1

2
(ε

(1)
i ε

(2)
j + ε

(1)
j ε

(2)
i ) − 1

3
ε
(1)
l ε

(2)
l δij}

×{1

2
(ε

(3)
i ε

(4)
j + ε

(3)
j ε

(4)
i ) − 1

3
ε(3)m ε(4)m δij} .

%�{H/1. � '

tuF7T~J MO806[69T';9b#80:75 AB8p;9b7KN:PbH698��[T'M'AB8,69;R8!V0TO6
spin = 0, 1, 2

/�mn:757T'TO5 	*80:7T
MO3,:�AB3,Z,T�;[AB3hABT';*��K1ABFQ3<M'TO6[AB3,K^:RABFHK^695�MO8,CLb#80:7T':WA+8,q�ABF7T ;9b7KN: 	���69KNA9T ABF7T'C
KN:zABT'69CI;u8,q*;9b7F7T'69KNMU3,olV,TOM~AB806[; ± 1√

2
(ε1 ± iε2)

3,:75
ε3
3,:75�;[TOT@ABF�3�A ABF7T';9T

;]AB69?HM'AB?H69TO;�b76[8��[TOM~A 8�V,TO6 ABFHT ABF76[TOT�57K ��TO6[TO:�A�;[AB3hABT'; 8,q�;9b7KN:
spin = 0, 1, 2

/
m�A<K^;�M'80:�V0TO:HK^TO:�A4AB8L��6[KNA9TRA9F7TO;[T�b76[8��[TOM~AB806[;4KN:wM'8!V,3h69K 3h:WA�q�806[C¦3,o1ABF780?Hx0F
��T¡ZhTOTOb�KN:LCIK^:H5IA9F�3hA �GT@3h69T<57TU3,oNK^:7xR��KNA9Fz;[b�3hABK^3,o�MO8,CLb#80:7T':WA9;O/ tuF7T';9T
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ρρ
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3,6[T��

P(0) =
1

3
εµε

µενε
ν

P(1) =
1

2
(εµενε

µεν − εµενε
νεµ)

P(2) = {1

2
(εµενε

µεν + εµενε
νεµ) − 1

3
εαε

αεβε
β} . %�{H/1.!{�'

��806�ABF7T�K^;[80;9b7KN:�b76[8��[TOM~ABKN80:���T ?7;9T�ABF7T�?7:7KNAB3,6[J�:78,69CL3,o^K�
U3hA9K^80: ��S�. �j/ tuF7KN;
KNCLb7oNK^T';¡ABF�3�A���TL3,575�3h:PTd}�A96B3pq�3,M'A9806 1√

2

q�806RTU3hMaF K^;[80;9bHK^:�;[Aa3�ABT ��F7TO:
KN57TO:�ABKNMU3,o#b�3,6]ABKNMOo^T';u3,6[TyK^:�V08,oNV0T'5�/�tuFW?7; ABF7T@KN;980;[b7K^:�;]Aa3hA9TO; q�806

isospin =
0, 1, 2

3h69T��

|ρρ, I = 0〉 = − 1√
6
|ρ+(k1ε1)ρ

−(k2ε2) + ρ−(k1ε1)ρ
+(k2ε2)

+ρ0(k1ε1)ρ
0(k2ε2)〉

|ρρ, I = 1, I3 = 0〉 = −1

2
|ρ+(k1ε1)ρ

−(k2ε2) − ρ−(k1ε1)ρ
+(k2ε2)〉

|ρρ, I = 2, I3 = 0〉 = − 1√
2
| 1√

6
(ρ+(k1ε1)ρ

−(k2ε2) + ρ−(k1ε1)ρ
+(k2ε2))

−
√

2

3
ρ0(k1ε1)ρ

0(k2ε2)〉 . ���������
	

� F7TO6[T �GT F�3UV0T F�3UV,T�AB3,Z,T':�A9F7T :7806[Cz3,o4b7F�3,;[T MO80:�V0T':�ABK^8,: |ρ+〉 =
−|1, 1〉 /
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mn:�A9F7K^;+;9TOM~ABKN80: �GT ��KNo^oWT'Vh3,oN?�3hABT�ABF7Tu3hCLb7oNKNA9?757TO;+8,q�ABFHT 57K 3hx06B3,CI; 8hq � K^x7/
{H/1.y3 '
	 (�'�3,:H5�M�' 3,:75�b76[8��[TOM~A ABFHTOC K^:�AB8

s
c��G3!V,T 	7;[b7K^:�3,:75�KN;980;[b7K^:�/ �
8,6

A9F7T¡V0T'M'A9806uT~}�MaF�3,:Hx0TR57K 3,x,6B3,C 57T'b7K^M~ABT'5�KN: � KNx7/ {H/1. (�'�	7b�3,6]ABK^M'?7o 3h69oNJ�q�806
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A9F7T
ρ+ρ− → ρ+ρ−

69TO3,M'A9K^80:p;9FH8���:wK^: � KNx7/ {H/�{��GTRx0T~A

−it(ex) = −
√

2g{(i(k1 − k3)µε
(0)
ν − i(k1 − k3)νε

(0)
µ )ε(1)µε(3)ν

+(−ik1µε
(1)
ν + ik1νε

(1)
µ )ε(3)µε(0)ν

+(ik3µε
(3)
ν − ik3νε

(3)
µ )ε(0)µε(1)ν} × i

(k1 − k3)2 −M2
ρ + iε

×(−
√

2)g{(−i(k2 − k4)µ′ε
(0)
ν′ + i(k2 − k4)ν′ε

(0)
µ′ )ε(4)µ

′
ε(2)ν

′

+(ik4µ′ε
(4)
ν′ − ik4ν′ε

(4)
µ′ )ε(2)µ

′
ε(0)ν

′
+ (ik2µ′ε

(2)
ν′

+ik2ν′ε
(2)
µ′ )ε(0)µ

′
ε(4)ν

′} . %�{H/1.�S '
��F7T'69T A9F7T q�8069C 8,q
ABFHT ABF76[TOT~c V0T'M'AB8,6�A9TO6[C K^; ;9F78!��: T~}�b7oNK^MOK1ABo1J 	 −it(3V ) =
−
√

2g{...} / mn:�80?76�3,b7bH698U}�K^CL3hABKN80: 	,A9F7T4A9F769T'T4CI80CITO:�AB?7C 8hq�ABF7T<T~}�A9TO6]c
:�3ho#b73,6[A9K^MOoNTO;�K^; ;9CL3,oNo�3,:75�:HTOx0oNTOM'A9TO5 	�3,:75I�GT4Z,T'TOb�80:7o1J ;9b�3�ABK 3ho�MO80CIb�8�c
:7T':�AB;R8,q�ABF7T b#80o^3,69K�
U3hA9K^80:pV0T'M'AB8,69;@q�806yTd}�A9TO6[:�3,o o^T'x0;O/�tuF7KN;@CLTO3,:7;yABF73hA
3,oNo ABFHTIA9TO69CI;�K^:�V080o1V�K^:7x

kiµε
µ
j

	 (#TOK^:Hx
i, j

ABF7TIK^:H57K^M'TO;@q�806@ABF7TLb�3,6]ABK^M'o^T';
i, j = 1

c
4
3,6[T�:7TOx,o^TOM~ABT'5�3,:75�ABFH80;9T�A9TO69CI;�KN:�V080o1V�KN:7x>A9F7T�b#80o 3,6[K 
O3hABKN80:

V,TOM'A9806 8,qlA9F7T�K^:�ABT'69:�3,o�CITO;[80:
kiµε

(0)µ 6[TOCL3,K^: %�:78,ABTuA9F�3hA�ABF7T';9T¡3,b7b76[8!}�K cCL3hABKN80:7;*3,6[T A9F7TG;93,CLT ABF�3�A 80:HT���80?7o^5Q578¡q�806�ABFHTGK^:�A9TO6B3hM'ABKN80:�8,q
34V,TOM'A9806
��K1ABF 3�b7;[TO?7578,;9MU3ho 3,6@CITO;[80:�3,:75 o^TO3,5_AB8�A9F7T o^8�MU3,o*MaF7KN6B3,o 
*3hx06B3,:Hx0K 3,:H;
8,q � .�S 	�Sh��	�S0S�� ?H;9TO5 A98�x0TO:7T'6B3hA9T�ABF7T�3�}�K 3,o*V0TOM~AB806@CITO;[80:7;@KN: ��S���	(S0S�� 'd/
�4;y3zM'80:7;9T'XW?7TO:7M'T 	�80?76y3,CLbHo^KNA9?757TRx0T~AB;yC�?HMaF_CL8,69T�;[K^CIb7o^K1r�TO5w3,:75_��T
8 (�Aa3,KN:

−it(ex) =
2ig2

M2
ρ

(k1 + k3) · (k2 + k4)εµενε
µεν ,

%�{H/N.U��'
806 	7K^:�A9TO69CI;u8,q 
(8069T':WA 
RK^:�Vh3,69K^3,:�A Vh3,69K^3�(7o^T'; 	

−it(ex) =
2ig2

M2
ρ

(s− u)εµενε
µεν .

%�{H/N.!s '

mn: 806[57TO64AB8�b76[8��[TOM~A@ABF7T�3,CLbHo^KNA9?757T�K^:�AB8
s
c � 3UV,T 	���T ;9F�3,oNo 578�3�b�3,6[A9K 3,o

�G3UV0T�T~}�b�3,:7;[K^80:�8,q*ABF7T�3,CIb7oNKNAB?H57T

T =
∑

l

(2l + 1)fl(s)Pl(x) ,
%�{H/1.!£�'
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ρ0(k1 − k3)

ρ+(k1) ρ+(k3)

ρ−(k2) ρ−(k4)

� KNx0?769TR{�/�{�� ��T'M'A9806�T~}�MaF�3,:7x,TQ57K^3,x0693,C q�8,6
ρ+ρ− → ρ+ρ−

/

��F7T'69T
x = cosθ

	)(�T'K^:7x
θ
ABF7T�MOT':WA9TO6�8hqyCL3,;9;I;9MO3hA9A9TO69KN:7x�3h:7x0o^T 	 3,:H5

Pl
ABFHT 
(TOx,TO:7576[Twb#80o1J�:H80CLK^3,o^;'/�24T':7MOT 	GABFHT�; c��G3UV0T>bH698��[T'M'ABKN80:�8,q4A9F7T

;[MU3hA[ABTO6[K^:7xI3,CIb7oNKNAB?H57T¡KN;

fl=0(s) =
1

2

∫ 1

−1

T (s, t(x′), u(x′))Pl=0(x
′)dx′ .

%�{H/N.U¥�'

tuF7T
l = 0

b�3h6[ABK^3,o�� 3UV0T KN;¡��F�3hA¡�GT���KNo^o*MU3,oNo+b#8,A9TO:�ABK^3,o
Vij
/@tuF7T ZWK^:7Tdc

CL3hABKNMU3,o�Vh3,69K^3�(7oNT
u
KN: ��X
/*%j{�/N.�s�'�MU3,: (#T�Td}�b769T';9;9T'5�3,;

u = 2(m2
ρ −

E1E4 + |~k1||~k4|x)
��KNABF

x = cosθ
/ � F7TO:wb�T'6[q�806[CLKN:7x ABF7TQK^:�ABT'x06B3,o 	HABFHT

A9TO69CEb76[80b#806[A9K^80:�3ho�A98
x
Vh3,:7K^;[F7TO; 	(3,:75

E1 = E4 =
√
s/2

/ �¡oNA980x0T~ABF7T'6 	
A9F7TyABF76[TOTdcno^T~V0T'o*8,:�cn;[F7TOoNo(3,:p;]c � 3UV0T�3,CIb7o^K1AB?757T4K^;

Vij(s) = −4g2

m2
ρ

(
3

4
s−m2

ρ)εµενε
µεν .

%�{H/ � ��'

�y:7MOTR��TQF�3UV,T�MU3ho^MO?Ho 3hA9TO5pABF7TRb#8,ABT':WA9K 3,o 	780:7T�b76[8�M'TOTO5H;4AB8IMU3ho^MO?Ho 3hA9T
K1AB;Ib7698��[T'M'A9K^80: KN:�KN;980;[b7K^:�3,:75 ;[b7K^:�q�8,o^o^8!��KN:7x ABF7TwT~}�b7o 3h:�3hABKN80:7;Lx0KNV,TO:
KN:pA9F7T�b769T~V�KN80?7;<;9T'M'ABKN80:�/ tuF7TO;[T�;[b7K^:�c�K^;[80;9b7KN:pb7698��[T'M'A9TO5 3,CIb7oNKNAB?H57TO;�3,6[T
oNK^;[A9TO5�KN:�t+3�(7oNTR{H/1.0/

��806¡A9F7T MU3,;[TO;
(I, S) = (0, 1), (1, 0), (1, 2)

3,:75
(2, 1)

	(:78,ARoNK^;[A9TO5 KN:
A9F7T Aa3�(7oNT 	<ABF7T b#8,ABT':WA9K 3,o@KN; 
OT'698�	¡��FHK^MaF KN;�MO80:H;9K^;]ABT':WA���KNA9F�A9F7T 69?7oNT
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I J
DG80:�AB3,M'A � }�MaF�3h:7x0T ∼ Total[IG(JPG)]

1 1 6g2 −4g2( 3s
4M2

ρ
− 1) −2g2[1+(1+−)]

0 0 8g2 −8g2( 3s
4M2

ρ
− 1) −8g2[0+(0++)]

0 2 −4g2 −8g2( 3s
4M2

ρ
− 1) −20g2[0+(2++)]

2 0 −4g2 4g2( 3s
4M2

ρ
− 1) 4g2[0+(2++)]

2 2 2g2 4g2( 3s
4M2

ρ
− 1) 10g2[0+(2++)]

t+3�(7oNT {H/1. �
V
q�806 ABFHT 57K ��TO6[TO:�A�;9bHK^: K^;[80;9bHK^:�MaF�3h:7:7TOoN;O/ tuF7T�3hb7b7698U}�K^CL3hA9T

A98,Aa3,o�K^;�MU3ho^MO?Ho 3hA9TO5p3hAuA9F769T';9F780oN5�/

q�806LK^57T':�ABK^MO3,o<b�3,6[A9K^M'o^TO;
L + S + I = even

/ ��698,C A9F7T>Aa3 (7o^T��GT 8 (�c
;[TO6[V,T�ABF73hA¡A9F7TO6[T�K^;¡3hA9A96B3,M~ABKN80:�q�8,6<A9F7T�MO3,;9T';

(I, S) = (1, 1); (0, 0);
3,:75

(0, 2)
	 ��F7TO6[TU3,;Iq�806

(I, S) = (2, 0)
3,:75

(2, 2)
A9F7Twb#8,A9TO:�ABK^3,o K^; 6[TOb7?Ho1c

;[KNV0Th/ �PTI8�(7;9T'6[V0T A9F�3hA@ABFHTL3�A9AB693,M'A9K^80:>8 (HAa3hK^:7T'5�KN:_ABF7T
(I, S) = (1, 1)KN;4C�?HMaF ;9CL3,o^oNTO6�ABF�3,:wq�806

(I, S) = (0, 0)
3,:75

(0, 2)
/4tuF7K^;4MU3,;[T K^;¡;[b�Tdc

M'K 3,o (#TOMU3h?7;9T�A9F7T�XW?�3,:�A9?7C :W?7C (#TO6[;y8,q 3zb#80;[;9K (Ho^T�6[TO;[80:�3,:7M'T�8 (HAB3,K^:HTO5
F7T'69T 	

IG(JPC) = 1+(1+−)
	*3,6[T T~}H3,M~ABoNJwABF7T XW?�3,:�A9?7C :W?7C (#TO6[;�8hq A9F7T

b1(1235)
/ tuF7K^; ;[AB3hABT<K^;�x0T':7TO693hABT'5�5HJ�:�3,CIK^MO3,o^o1J�q�698,C ABF7T<K^:�A9TO6B3hM'ABKN80:I8,q

V,TOM'A9806�CITO;[80:7;Q��K1ABF�bH;9TO?H5780;9MO3,o 3h6�80:7T'; 	 (#TOK^:HxwABFHT
KK̄∗ MaF�3,:7:HTOo�A9F7T578,CLKN:�3,:�A MaF�3h:7:7TOoj/ tuF7Tuq�3,M~A ABF73hA ABFHT

ρρ
3�A9AB693,M'A9K^80:Qq�806 ABFHTO;9TuXW?�3h:WA9?7C

:W?7C (#TO6[;yK^;¡;9CL3,o^o�ABT'o^o ?H;¡ABF�3�AyABF7KN;yMaF�3,:H:7TOo ��80?7oN5 F�3UV0T 3�;9CL3,oNo+T��lT'M'A
KN: A9F7T 5HJ�:�3,CIK^M';�8hqGABFHT

b1(1235)
69T';980:73,:7MOT 	 578,CLKN:�3hABT'5,(WJ A9F7T

KK̄∗KN:WA9TO693,M'A9K^80:�/ �4T'V,TO6]ABF7T'o^TO;[; 	 A9F7K^;R�GTO3,Z�3hA9A96B3,M~ABKN80:PMO3,:�oNTU3,5 AB8>3 (76[8�3,5
6[TO;98,:�3,:7M'Ty3hA�F7K^x,F7TO6�TO:HTO69x,K^TO;G3,;��GT<��K^o^o�;[TOT¡3hA�A9F7T<TO:75�8hqlABFHK^;GDGF�3,bHA9TO6
��F7T':���T�T~}�ABT':75wA9F7K^;u;]AB?75HJ�A98 ABF7TR:780:HT'A<8,q*V0TOM~AB806�CITO;[80:7;O/

m�AQK^;RK^:�ABT'69T';[ABKN:7xpAB8>;[TOTIABF�3hAR��TzMO3,:7:78,AQx0T':7TO693hABT
I = 2

o^8!� o1J�KN:7x
;]Aa3hA9TO; ;9KN:7MOTLABF7T

ρρ
KN:WA9TO693,M'A9K^80:�KN;�69T'b7?7oN;9KNV,TzABFHTO69Th/ �y:�ABFHT�MO80:�A96B3,6]J 	

��T�r�:75�3_o 3h69x0Tz3hA9A96B3,M~ABK^8,: q�806
(I, S) = (0, 2)

3h:75�3_;9CL3,o^oNTO6Q80:7Tzq�806
(I, S) = (0, 0)

	���F7K^MaFz3,:�ABK^M'K^b�3�ABTO; A9F�3hA�3Qb#80;9;[K (7oNT (�80?H:75
ρρ

;[Aa3�ABT�q�6980C
A9F7K^;+K^:�ABT'6B3,M~ABK^8,:Q��K^oNo�(�T C�?7MaF 57TOT'b�T'6 (�8,?7:75�q�806

(I, S) = (0, 2)
A9F�3,:�q�806
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(I, S) = (0, 0)
/¡tuF7T ;93,CITQAB6[TO:75 KN;y3,M~AB?�3ho^oNJ�q�8,o^o^8!��TO5 (�J�ABF7T

f0(1370)3,:H5
f2(1270)

69T';980:�3h:7MOT';O/�m�A K^; 3,oN;98 ��806[A9F�CITO:�A9K^80:7KN:7x_ABF73hA ABF7T�Td}Wc
MaF�3h:7x0T@57K^3,x06B3hCL;u3h69T@CI80;[A9oNJL69TO;[b�8,:7;9K�(7o^T@8,q�A9F7T@r�:�3,o(3�A9AB693,M'A9K^80:�q�8,?7:75
(7?�Au57?7TyA98�ABF7TyM'80:�Aa3,M~AuABT'69C A9F7TO;[T@;[AB3hABT';43h69Ty:78hAu57TOx,TO:7T'6B3hA9T@K^:�CL3,;9;'/

¤�TOx�3,6[57K^:HxIA9F7TQKN: +�?7T':7MOTQ8,q A9F7T
ωρ

806
ωω

MaF73,:7:7T'o^;¡KN:�A9F7T�MO3,o^M'?7o 3�c
A9K^80:7; 	�K1A¡KN;¡TO3,;[J�AB8�;[TOT�A9F�3hA¡A9F7TO6[T�K^;4:78

ω − ρ
CIK1}�KN:7xLKN:>ABFHK^;¡bHK^M'A9?769Th/

tuF7KN;RK^;RABF7T q�3,M'ARA9F�3hA�ABF76[TOT~c V0T'M'AB8,6QV0T'6[A9K^MOT';�CIK1}�K^:Hx
ω
3,:75

ρ
oNK^Z,T

ρωω3,:H5
ρρω

V�K^80o^3hABT KN;980;[b7K^:�3h:75
G − parity

69TO;[b�T'M'A9KNV0T'oNJ 	�3,:75�3,;�3>MO80:�c
;[TOXW?�3,T':7MOT 	<A9F7TO6[T 3,69Tw:78PA9F769T'T~c V0TOM~AB806�M'80:�Aa3,M~AzA9TO69C KN:WV,80oNV�KN:7xPA9F7T

ωCITO;[80:�/ �GTO;[K^57T';�ABF�3�A 	�ABF7T_q�80?H6]c�V,TOM~AB806�M'80:�Aa3,M~A�ABT'69C ��KNABF
ω
KN;�3,o^;[8


'TO698H/
�PT4MO3,:�3,oN;98 (7?7K^oN5

s
c�MaF�3,:7:HTOo

ρ
cnTd}HMaF73,:7x0Ty5HK 3,x0693,CI; o^K^ZhT�K^: � K^x7/ {H/��7/

�PT@8 (HAB3,K^:�3,:�3,CIb7o^K1AB?75HT¡q�806
(I, S) = (1, 0)

8,q*ABFHTRAnJ�b#T

V (s) = 24g2 1

(k1 + k2)2 −M2
ρ

~k1 · ~k3 .
%�{H/ ��. '

2<8���T'V,TO6 	
A9F7K^;GK^;�3
p
c � 3UV,TQ3hCLb7oNKNA9?757Ty3h:75p69TObH?7o^;[KNV0Ty��FHK^MaF�K^;u3,oN;98 M'80:�c

;[K^;[A9TO:�A���KNA9FpA9F7TR69?7oNT
L+ S + I = even

/
tuF7T_6[TO;[?7oNA9;�8 (HAB3,K^:7T'5�q�806IABF7T

ρρ
b�8,A9TO:�ABK^3,o&%�MO8,:WAB3,M'A�� Td}�MaF�3,:7x0T

A9TO69CI; 	 ;[TOTpt+3�(7o^T�{H/N.�'�b7698!V�K^57TLABF7T�ZhTO69:HTOo %
V
'�8,q�ABF7T �GT~ABF7Tdc]�H3ho^b#T'ABT'6

T'X�?73hABKN80: 	HA9F�3hA�K^:pK1AB;u80:�c�;9F7T'o^olq�3hM'AB8,69K 
'TO5�q�806[C (#TOMO8,CLT'; � ��{ 	�S � 	#s0s �

T = V + V GT = [1 − V G]−1V ,
%�{H/ � � '

��F7T'69T
G
KN; ABF7T@An��8hc

ρ
o^8�80b�q�?7:7M~ABK^8,:5�

G =

∫ qmax

0

q2dq

(2π)2

ω1 + ω2

ω1ω2[(P 0)2 − (ω1 + ω2)2 + iε]
,

%�{H/ �h{�'

��F7T'69T
qmax

;[Aa3h:757;@q�8064A9F7T MO?�AB8 � 	
ωi = (~q 2

i + m2
i )

1/2 3,:H5_ABF7T M'TO:�ABT'6]c8,q c�Cz3h;9;¡T':7TO6[x,J
(P 0)

2
= s

/�mn: A9F7T b769T';9T':WAQMU3h;9T 8,q�ABFHT
ρρ

KN:WA9TO693,M'A9K^80:
��Ty?7;[T¡ABF7T4q�8069C�?Ho 3 ��X
/ %�{H/ �h{�'���K1ABFzAn��8 57K ��TO6[TO:�AGVh3,oN?7TO;�8,q(ABFHTyMO?HA98 � 	
875

3,:75
1000

�wT�� �hM (7?HAQK^:P��T'M'A9K^80:P{H/1.���ABF7T q�8069C�?7o 3�8,q�� X#/ %j{�/��WS�'
��KNo^o (#T@?7;[TO5>KN:7;[A9TU3,5�8,q*ABF7KN;O/
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ρ−(k2) ρ−(k3)

ρ+(k4)ρ+(k1)

ρ0(k1 + k2)

� KNx0?76[T@{H/�� �
S
cnMaF�3,:H:7TOo

ρ
T~}�MaF�3,:Hx0T�57K^3,x0693,Cw/

tuF7T b#80;[KNABKN80:7;*8,q�ABFHT b�8,o^TO;*q�80?7:75Q��F7TO: ��T K^CIb7o^T'CLT':�A+A9F7TGb#8,ABT':�ABK 3ho
V
8,qut+3�(7o^Tz{H/1.�3,;QK^:7b7?�A�8,q � X
/ %�{H/ � � 'R3,69TL;9F78!��:�K^:Pt 3 (7o^TL{H/ ��/ �PT

�G3,:�A AB8�;[AB6[TO;[;LABF73hAI80:7oNJ 80:7Tpb�3,693,CIT'ABT'6 	 ABF7TpMO?�AB8 � 8,q4ABF7TpKN:WA9TOx0693,o 	
qmax

	 ��F7KNMaF�KN; 3,6980?H:75
1
v@T�� 	+� 3,;I:7T'TO57T'5 AB8 x0T~A ABF7T';9T�;[Aa3�ABTO;'/ � T

r�:H5zAn�G8
ρρ

(�8,?7:75�;]Aa3hA9TO;���K1ABF�CL3,;[;9TO;
1255

3,:H5
1512

3h:75 
OT'698���KN5HABFl/
tuFW?7; 	�3h;�A9F7TR;[A969TO:Hx,ABF�8,q*ABF7TRb#8,ABT':WA9K 3,o�q�806

spin = 2
KN;�(7K^x,x0TO6 A9F�3,:�q�806

spin = 0
	*A9F7TL;]Aa3hA9TI��K1ABF

spin = 2
K^;RCL8,69T�(�8,?7:75�/$�u5757KNA9K^80:73,o^o1J 	���T

8 (H;9TO6]V0T�A9F�3hA¡A9F7T&(HK^:757KN:7xz8hq ABF7T�A9TO:7;[806¡;]Aa3hA9T�K^;4CL8,69T�;9TO:H;9KNA9KNV,T�AB8zA9F7T
M'?HAB8 � A9F�3,:wA9F7T�;[MU3,o^3,6<;[Aa3�ABT,/ � T'A 	�6[TU3,;[80:�3�(Ho^T�MaF�3,:7x0T';y8,q

qmax
3,698,?7:75

1
vRT�� 69T'V,TO6]A K^:�AB8wMaF�3,:7x0T'; 8,q<3�(#80?HA

50
�wT�� K^:PA9F7T (7KN:757KN:7xwq�806�ABF7T

A9TO:7;[806�;[Aa3�ABT�3,:75
20

�wT�� q�806 A9F7TR;9MO3,o 3,6u8,:7T,/

√
s [MeV]

I J [qmax = 875 MeV/c] [qmax = 1000 MeV/c]

0 0 1512 1491

0 2 1255 1195

t 3 (7o^TR{H/ � � ! 80o^T@b#80;9K1ABKN80:7; q�806 A9F7T@An�G8I57K ��TO6[TO:�A<MaF�3,:7:HTOo^;
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�PT F�3UV0T ;9T'TO: ABF�3�AyABF7T ?H;9T 8,q 80:7o1JwA9F7T b�8hABTO:�A9K 3,o+8,q t 3�(Ho^T {H/1. K^:,� X
/
%�{H/ � � '*oNTU3,57;+AB8 (#80?7:75 ;[AB3hABT'; % (#TOoN8���A9F769T';9F780oN5�'*��K1ABF�
OT'698y��KN5HABF�/ 248!� c
T~V0TO6 	�ABF7Tu��K^5�ABF7;�8,q
ABFHT

f0(1370)
3,:75

f2(1270)
XW?78,ABT'5LKN: ABF7T !  @v���s,£ �

3,6[Tzo^3,69x0T %j3h6980?7:H5
200

�wT�� 'Q3,:75�ABFHT'JPMO80CITzCL3,K^:HoNJ q�698,C 5HTOMU3UJ�;�AB8
b7;[TO?75H80;9MO3,o 3,6zCLT';980:7;�oNK^ZhTwAn��8�8,6zq�80?76�bHK^80:7;'/ tuF�?H; 	¡A9F7T_MO8,:7;9KN57TO693�c
A9K^80:�8hq+bHK^80:7;GK^; M'69?7M'K 3,o#AB8 57T';9MO6[K (#TR3,57T'X�?73hABT'oNJzA9F7Tyb76[80b#TO6[A9K^T';u8,q(ABF7T';9T
;]Aa3hA9TO;O/ �y:7T�8,q A9F7T�CLT'MaF�3,:7KN;9CI;<A9F�3hA�Aa3,ZhTO;4K^:�AB8IMO80:H;9K^5HTO6B3�ABK^8,:�A9F7T�57Tdc
MO3!JzAB8 b7;9T'?75780;[MU3,o^3,69;<K^; A98LM'80:�V080oN?HABT@A9F7T

G
c q�?7:7M~ABK^8,: 	7K^:�A9F7K^; �G3UJ 	
80:7T

KN:7MOoN?757TO;uA9F7T�o^3,69x0T@��KN5HABFw8,q A9F7T
ρ
c�CLT';980:wK^:pABF7T�MU3ho^MO?Ho 3hA9K^80:�/�tuF7TQq�3hM'A

A9F�3hA�ABF7T
ρ
cnCITO;[80:�F�3,;�3wo^3,69x0T ��K^5�ABF 	

Γρ = 146.2
�wT�� 	 KNCLb7oNK^T';yABF�3hA

A9F7K^;�CITO;98,:zF�3,;�3QCL3,;[; 5HK^;[A969K�(7?HABKN80: 	W3,:H5LABFW?7; 	�A9F7T4;]Aa3hA9TO; 8 (HAB3,K^:7T'5z57Tdc
MO3!J�KN:

2ρ′s
q�8,6<A9F7T�oN8��YCz3,;[;¡M'80CLb#80:7T':�AB;¡8hq ABF7T

ρ
CL3,;9;457K^;]AB69K�(7?HA9K^80:�/

t*8 578L;[8�	780:HT�6[TOb7o^3,MOT';
G
(�J

G̃
x0KNV,TO: (�J

G̃(s) =
1

N2

∫ (mρ+2Γρ)2

(mρ−2Γρ)2
dm̃2

1(−
1

π
)Im 1

m̃2
1 −m2

ρ + iΓm̃1

×
∫ (mρ+2Γρ)2

(mρ−2Γρ)2
dm̃2

2(−
1

π
)Im 1

m̃2
2 −m2

ρ + iΓm̃2

×G(s, m̃2
1, m̃

2
2) ,

%�{H/ ����'
��K1ABF

N =

∫ (mρ+2Γρ)2

(mρ−2Γρ)2
dm̃2

1(−
1

π
)Im 1

m̃2
1 −m2

ρ + iΓm̃1

,
%�{H/ �,S '

��F7T'69T
Γρ = 146.2MeV

3,:75�q�806
Γ ≡ Γ(m̃)

�GTzAB3,Z,T ABFHT
ρ
��KN5HABF�q�806

A9F7T@57TOMO3UJpK^:�AB8 ABFHT�bHK^80:7;uKN:
p
c��G3UV0T

Γ(m̃) = Γρ(
m̃2 − 4m2

π

m2
ρ − 4m2

π

)3/2θ(m̃− 2mπ)
%�{H/ �h��'

tuF7Tz?7;9T�8,q
G̃
K^: ��X
/ %j{�/ � ��'Rb76[8!V�KN57TO; ;[80CITL��K^5�ABF�AB8wABF7T�;]Aa3hA9TO;'/�mn:

� KNx7/�{�/ Sz��TL;[F78!� ABFHTI6[TO;[?7oNA9;Rq�8,6 |T |2 8 (HAB3,K^:HTO5 (�J MO80:H;9K^5HTO69KN:7x�ABF7T ρ
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qmax=875 MeV
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� KNx0?76[T {H/�S � |T |2 AB3,ZWK^:7x@KN:�AB8@3,M'MO80?H:WA A9F7T ρ Cz3h;9; 57KN;[A969K (H?HABKN80:Qq�806 S = 03,:H5
S = 2

/

CL3,;9;<57KN;[AB6[K (7?�ABK^8,:�/ �PTQ;[F78!�`ABF7TQ69T';9?7o1AB;�q�806<A9F7TRAn�G8�M'?HA48 �l;<8,q t+3�(7oNT
{H/ ��/ �¡;���T�MO3,:�;9TOTpKN:�ABF7T�r�x,?769T 	 A9F7T�Cz3�ABMaF7KN:7x 8,q<ABF7T�CL3,;9; 8hq<A9F7T
f2(1270)

KN;z8 (HAB3,K^:HTO5���K1ABF�3 M'?HA�8 �
qmax = 875MeV/c

/\tuF7TO:���T
8 (�Aa3,KN:

1532
��T�� q�806RABF7T�T':7TO6[x,JP8,quABF7T

S = 0
;[Aa3�ABTzA9F�3hA���Tz��80?7oN5

oNK^Z,TuA98�3,;[;98�MOK 3�ABT�AB8QA9F7T
f0(1370)

/ v@KNV,TO: 	�o 3h69x0T�57KN;9b#TO69;[K^80:L8,q(CL3,;9;[TO;�8,q
A9F7T

f0(1370)
	0A9F7T46[TO;[?7oNA9;�8 (�Aa3,KN:7TO5 (�J ?7;���80?7oN5 (#T4M'80:7;[K^;[A9TO:�A ��KNABF ABFHT

b76[TO;[TO:�A�T~}�b#TO69KNCLT':�Aa3,o�8�(7;9T'6[Vh3hABKN80:�/ �PT@;9T'TyABF�3�A |T |2 F73,;�3�x08�8�5���69TOK1A
� KNx0:7TO6�57K^;]AB69K�(7?HA9K^80:�KN: (�8hABF�MU3h;9TO; 	���K1ABF�3 b�TO3,Z�3h6980?7:H5�A9F7T�CL3,;9;[TO;
;[F78!��:�K^:Pt 3�(Ho^T�{�/ � 	�(7?HAQMaF�3,:7x,TO5�;9oNK^x0F�A9oNJ0/p2<8!�GT~V0TO6 	 ABF7TI��K^5HA9F7;�3,6[T
6[TOo 3�ABKNV,TOo1J ;[Cz3ho^o / ��806�ABFHT_ABTO:H;9806p;[AB3hABT 8,:7T r�:757;�3���K^5HA9F 8,qQ3�(�8,?HA
2− 3MeV

3h:75�q�806�A9F7T@;9MO3,o 3,6G;[Aa3�ABTyABFHTy��K^5HA9F�K^;u3�(#80?HA
50− 75MeV

	
57T'b�T':757KN:7x 80:�A9F7TRMO?HA<8 �+/
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� KNx0?769Ty{H/�� �� ¡K 3,x,6B3,CI; MO8,:7;9KN57TO6[TO5wq�8,6
ρρ→ ππ

/

 
�� " ����� ) � � � � � ) ��� ��
 � # � � 
 � 
 ) ��� � � * � &

! �%� �
�4;+��T ��K^o^oW;[TOT KN:�ABF7T�69T';9?7o1AB; ;[TOM'A9K^80: 	,ABF7TGMO80:�V08,o^?HA9K^80:Q8,q�ABF7T

G
q�?H:7M'A9K^80:

b76[8!V�KN57T�;980CITQ��KN5HABF�AB8zA9F7T�;]Aa3hA9TO;O/ �4T~V0TO6]ABF7T'o^T';9; 	(K1A<K^;<;[ABKNo^o(V0T'6[Jw;9CL3,o^o
M'80CLb73,69T'5�AB8yA9F7T o 3h69x0T ��K^5HA9F 8,q
ABF7T

f0(1370)
3,:75

f2(1270)
/ tuF7T'69T'q�8,69T 	

80:HT ;9F78,?7o^5 M'80:7;9KN57TO6 CL806[TG57K��lT'69T':WA 57TOMO3!J�CLT'MaF�3,:7KN;9CI; ��KNA9F b7K^8,:7;O/ �
8,6
A9F7T

ρρ
;]Aa3hA9TO;zA9F�3hAL�GT 3h69T>M'80:7M'TO69: ��K1ABF 	�ABF7T_5HK 3,x0693,CI;I8hq � K^xH/\{�/��

b76[8!V�KN57Ty;[?7MaFpCLT'MaF�3,:7KN;9CI;u3,:75 	�K^:75HTOTO5 	HABF7T
ρππ

V0T'6[A9T~}pKN;Gb76[8�V�KN57TO5 (�J
A9F7T 
�3,x06B3h:7x0K 3h:�8,q � X
/ % ��/�{�'�	

LV PP = −ig〈V µ[P, ∂µP ]〉 . %�{H/ �0s '
��806 ABFHT�5HK 3,x0693,C 8,q �+K^x7/ {�/ s 	��GT�F�3UV0T

−it(ππ) =

∫
d4q

(2π)4
(−i)(

√
2g)4(q − k1 + q)µ ε1µ

× i(k1 − q + P − q)ν ε
ν
2i(k3 − q − q)α ε

α
3

×(−i)(q − k3 − P + q)β ε
β
4

× i

q2 −m2
π + iε

i

(k1 − q)2 −m2
π + iε

× i

(P − q)2 −m2
π + iε

i

(k3 − q)2 −m2
π + iε

.
%�{H/ �h£�'

|<:757TO6 A9F7T<3,b7b76[8!}�KNCz3hA9K^80: 8hql:7T'x0o^T'M'A9K^:7x@ABFHT<CI80CITO:�AB?HC 69T';9b#TOM~A�A98RA9F7T
V,TOM'A9806]c�CLT';980: Cz3h;9; 	G3,o^o�ABF7T�b�8,o 3,6[K 
U3�ABK^8,: V0T'M'AB8,69;�3h69Tp;9b�3�ABK 3ho�3,:75 ��T
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π0(k1 − q)

ρ−(k4)ρ−(k2)

π0(k3 − q)

π−(P − q)

π+(q)

ρ+(k3)ρ+(k1)

� KNx0?769TR{�/ s �� 4T'Aa3hK^o�8,q+80:7TR8,q*ABFHT�5HK 3,x0693,CI; 8,q*r�x7/�{H/��H/

MO3,:p69T'��6[KNA9TRA9F7T�3,CIb7o^K1AB?757T¡3,;

−it(ππ) = (
√

2g)4

∫
d4q

(2π)4
16 qiqjqlqm ε1iε2jε3lε4m

× 1

q2 −m2
π + iε

1

(k1 − q)2 −m2
π + iε

× 1

(P − q)2 −m2
π + iε

1

(k3 − q)2 −m2
π + iε

,
%�{H/ �h¥�'

A9F7K^;�K^:�A9TOx0693,o�K^;�o^80x03,69K1ABF7CIK^MO3,o^o1J 57KNV,TO69x,TO:�A 	�3,:75wK^:pABF7T�3�(7;9T':7MOT�8,q 5�3�Aa3
A98yr7A�ABF7Tu;[? (HAB693,M'A9K^80: M'80:7;[AB3,:�A KNq#?7;9KN:7xR57K^CITO:H;9K^8,:�3,o�69TOx,?7o 3,6[K 
O3hABKN80: 	h��T
6[TOx0?7o^3,69KN;9T4KNA ��K1ABF�3 MO?HA98 � K^:�A9F7T@ABF76[TOTRCI80CLT':�AB?7C 	�A9F�3hA�;[F780?7oN5 (#T@8,q
A9F7T�806[57TO6y8hq ABF7T (73,;9KNM�;9MO3,o^T 3�A¡ABFHT TO:7T'69x0KNTO;¡A9F�3hAy��T���8069ZwK^: 	

1
vRT���/

��806 A9F7K^;�b7?76[b�8,;9T 	���TQb#TO6]q�8069C A9F7T
q0 K^:�ABT'x06B3ho(3,:�3,o1JWABK^MO3,o^o1Jzb#TO6]q�8069CIK^:HxTd}73hM'ABo1J_ABFHTI5HKNV�K^;[K^80:7; (WJ q�3hM'AB8,69;@��KNA9F�?H:757T'r7:7TO5�b#80o^3,69K1AnJ % ±iε KN: ABF7T57T':780CIK^:�3�AB806[; '~/ ��J�5780KN:7x ;98,CLT�3,oNx0T (7693,K^M4Cz3h:7K^b7?Ho 3hA9K^80:7; 	���T�8 (HAa3hK^:

V (ππ) = (
√

2g)4 (ε1iε2iε3jε4j + ε1iε2jε3iε4j + ε1iε2jε3jε4i)

× 8

15π2

∫ qmax

0

dq ~q 6 {10ω2 − (k0
3)

2} 1

ω3

(
1

k0
1 + 2ω

)2

× 1

P 0 + 2ω
(

1

k0
1 − 2ω + iε

)2 1

P 0 − 2ω + iε
,

%�{H/�{���'
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ω =
√
~q 2 +m2

π

/ tuF7K^; T~}�b76[TO;[;9K^8,: ;9FH8���;PT~}�b7oNK^MOK1ABo1J\A9F7T�An�G8
;[80?769M'TO;<8,q KNCz3hx0K^:�3h6[JLb�3,6[A<KN:�A9F7TQM'?HAB;

k0
1 − 2ω = 0

3,:H5
P 0 − 2ω = 0

	
M'80696[TO;9b#80:75HK^:7x AB8

ρ → ππ
3,:H5

ρρ → ππ
/ tuF7T>578,? (7o^Tpb#80o^Tp8,q � X#/

%�{H/�{���'QMU3h:+(#TpTU3,;[K^o1J 6[TOCI8�V,TO5 (WJ Aa3,ZWK^:Hx K^:�AB8�3,M'MO80?7:�A ABFHT�Cz3,;[; 57K^; c
A969K (H?HABKN80:p8,q ABFHT

ρ
CITO;[80:�/ � ;[K^CIb7o^T'6<3,b7b76[8�3,MaF 	�3,:75>3,MOM'?76B3hA9T�T':780?7x0F

q�806G80?76ub7?76[b�8,;9TO;�KN; AB8 ;9? (H;[ABK1AB?HA9T@ABF7T@578,? (7o^T@b#80oNT 	
(k0

1 − 2ω + iε)2 	 (�J
(k0

1−2ω+Γ/4+ iε)(k0
1−2ω−Γ/4+ iε)

/ mn: b7693,M'A9K^MOT 	0ABF7Tu6[TO;[?7oNA9; (�3,69T'oNJ
MaF�3h:7x0T K1q7�GTGb7?HA

Γ/2
K^:7;]ABTO3,5�8,q

Γ/4
806 ;[80CITG69TO3,;98,:�3�(7oNTG:W?7C (#TO6 8hq7ABF7T

;[K 
OT¡8,q�ABF7T
ρ
��K^5�ABF�/ tuF7T@b#8,A9TO:�ABK^3,ol8,q�� X
/ %j{H/�{ ��'�KN; TU3h;9K^o1JzTd}�ABTO:H57TO5pAB8

8,A9F7TO6+MaF�3,6[x0TO; 8,q
ρ
3,:H5

π
CLT';980:H;�3,:75 C�?7;]A (#T b76[8��[TOM~ABTO5IK^:�K^;98,;9b7KN: 3,:75

;[b7K^: 	
3h:75���TQ3,69TR80:7o1J�KN:WA9TO6[TO;[A9TO5wK^:
I = 0

	7q�8,6 ��F7K^MaF�ABF7T
ρρ

b�8,A9TO:�ABK^3,o
8,q*ABFHT�q�806[CLT'6u;9T'M'ABKN80:7;<K^;<3hA[AB6B3hM'ABK1V0Th/�tuFW?7; 	#A9F7TQKN;980;[b7K^:�cn;9bHK^:�b76[8��[TOM~ABTO5
3,CIb7oNKNAB?H57T¡8,q*ABFHT

ρρ
c (#8!}�57K 3,x,6B3,C K^;
t(2π,I=0,S=0) = 20 Ṽ (ππ)

t(2π,I=0,S=2) = 8 Ṽ (ππ) %�{H/�{�. '
��F7T'69T

Ṽ (ππ) K^;�x0KNV,TO: (WJIABFHT � X
/ %j{H/�{ ��' (7?HAG69TOCI8!V�K^:7x�ABF7T4b�80o^3,69K�
U3hA9K^80:V,TOM'A98069;'/ tuF7TQ57K 3,x,6B3,CI;uo^KNZ,T@K^: � KNx7/G{�/�� 578I:78,A4F�3UV0T�;[b7K^:�80:7Th/ tuF7KN;<KN;
(#TOMO3,?7;9T A9F7T

ρ
CLT';980: KN; K^: ; c��G3!V,T<3,:75 ABFW?7; A9F7Tub�3,6[KNAnJ�8hq#A9F7T

ρρ
;[J�;[A9TOC

KN; b�80;[KNA9KNV0T 	0ABF7KN; q�8069M'TO; ABF7T�An��8Qb7KN80:7; AB8 (#T<KN:
L = 0, 2

	W3,:75 ABFHTO: 	W;9KN:7MOT
A9F7T4bHK^80:7; F�3UV0T4:78�;[b7K^: 	

J = L
3h:75�80:7o1J�ABFHT¡XW?�3,:�AB?HC :W?7C&(�T'69;

0+, 2+3,6[T@b�8,;9;9K�(7o^Th/
�PT4��K^oNo
;9TOT¡K^:LA9F7Ty:7Td}�A ;9T'M'A9K^80:zA9F�3hA�ABF7Ty6[TU3,o#b�3,6]AG8hq(ABF7KN;�b#8,ABT':�ABK 3ho

KN;¡C�?7MaF ;[Cz3ho^o^T'6uABF�3,:_A9F7T
ρρ

b#8,ABT':�ABK 3ho+8,q�t+3�(7oNT {H/1.�MO8,CLKN:7xLq�6[80C¦ABF7T
M'80:�Aa3,M~A � T~}�MaF�3,:Hx0T�A9TO6[CL;<3,:75pMO3,: (#TR:7TOx,o^TOM~ABT'5�/

mn:QA9F7TGM'80CIb7?HAa3�ABK^8,:�8hq � X
/ %j{H/�{H. 'lq�806(A9F7T)(#8U}�57K 3,x,6B3,CI;��GT�MO80:H;9K^5HTO6
A9F�3hA�ABF7T

π
Td}�MaF�3,:7x0T (�T~An�GT'TO:�An��8

ρ
CLT';980:7;�K^: ABF7T

t
cnMaF73,:7:7T'o#KN;�CI80;]ABoNJ

8 �\;9FHTOo^o43,:75�KNCLbHo^TOCITO:�AITOCIb7KN69K^MO3,ouq�8069C q�3,M~AB806[;zq�806 ABF7T
ρππ

V0T'6[A9T~}
��s,¥ 	
£�� ��o^KNZ,T

F (q) =
Λ2 −m2

π

Λ2 − (k − q)2

%�{H/�{ � '
KN:�TU3,MaF

ρ→ ππ
V0T'6[ABTd}���KNABF

k0 =

√
s

2
, ~k = 0 , q0 =

√
s

2
,

%�{H/�{,{�'
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A9F7T�6[?7:7:7KN:7xzVh3,69K^3�(7oNTQKN:>ABF7T�K^:�ABT'x06B3,oj/ �PT ?7;9T�;9T'V,TO693,o Vh3,o^?7T';¡8,q

Λ
K^: ��X
/ %j{H/�{ � ' (�T~An�GT'TO:

1200 − 1300
�wT�� ��s,¥ 	+£ ��� 3,:H5�3wM'?HAB8 � 8,q

qmax = 1.2
vRT�� K^: ABF7TIK^:�A9TOx0693,o�8,q�� X
/ %j{H/�{ ��'¡��F7KNMaF 578�TO;Q:78,AQ3 ��TOM'A

A9F7T@K^CL3,x0KN:�3,6[J b73,6[A�8,q*ABFHT@b�8,A9TO:�ABK^3,o 	�ABF�3�Aub7o 3UJ�;uABF7T@KNCLb#806]Aa3,:�A 6[80o^T¡K^:
80?H6uMU3,oNMO?7o^3hABKN80:�/
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tuF7T'69T43,69T<3,oN;98R8,A9F7TO6�MO8,:WA969K�(7?HABKN80:7; A98�A9F7T<��KN5HABFH; 8hq�A9F7T

ρρ
;[AB3hABT'; %�(7?HA

��T 3,:�ABKNMOKNb�3hABTpABFHT'J�3,69Tw;9CL3,o^oNTO6 ' 3,b73,6[ALq�6980C 57T'MU3UJ�;�K^:�AB8�An�G8�b7KN80:7;'/
�y:7T�8,q<ABFHTOC KN;�ABF7T�57T'MU3UJ�AB8 q�80?H6 b7K^80:H;�ABF�3hA MO3,: (�TpM'80:7;9KN57TO6[TO5+(�J
CITU3,:H; 8,qlM'6980;[;9T'5 (#8!} 57K 3,x,6B3,CI; oNK^Z,TuKN: � K^x7/+{H/�£H/ tuFHT4T~V,3ho^?�3hA9K^80:�8,q�A9F7T
57K^3,x0693,CEK^:�� K^xH/�{H/�£�MU3,:,(#T 5780:7T ;[K^CIK^o 3h69oNJ�A98�ABF7T�(#8U} 57K^3,x06B3hC ��K1ABF
An��8�b7KN80:7; K^:LA9F7T¡KN:�ABTO6[CLT'57K 3�ABT�;[AB3hABT457K^;[MO?7;[;9TO5�KN:LA9F7T¡b76[T'V�K^8,?7;G;[TOM'A9K^80:l/
�4;43 6[TO;9?HoNA 	�ABF7T�3,CIb7o^K1AB?75HTy8,q*ABF7TR57K^3,x06B3hC KN: �+K^x7/ {�/�£ 8 (HAB3,K^:HTO5pK^;

t(2π(c),I=0,S=0) = 5 Ṽ (c, ππ)

t(2π(c),I=0,S=2) = 2 Ṽ (c, ππ) ,
%�{H/�{h��'

��K1ABF

Ṽ (c, ππ) =
16 g4

15π2

∫ qmax

0

dq ~q 6 {20ω2 − (k0
1)

2} 1

ω3

×
(

1

k0
1 + 2ω

)3
1

k0
1 + Γ

4
− 2ω + iε

× 1

k0
1 − Γ

4
− 2ω + iε

1

k0
1 − 2ω + iε

.
%�{H/�{0S '

��?76]ABF7T'69CI8069T 	*5HK 3,x0693,CI;¡��KNA9F
2ω ¢ ;RK^: ABFHTLKN:WA9TO6[CLT'57K 3hA9T ;[AB3hABTL3,69TL3,oN;98b#80;9;[K (7oNT 3,:H5�ABF7T~J�3,6[T 57T'b7K^M~ABTO5 KN: � K^xH/�%�{H/�¥ '~/*tuF7T V0T'6[ABTd}

ρωπ
KN:�V080o1V0TO5

KN:�ABF7T';9T�57K 3hx06B3,CI; KN;�3,:780CL3,o^8,?7; 3,:H5 ��K1ABF ABFHT<6[TO:78,69CL3,o^K�
U3hA9K^80:�ABF�3hA ��T
?7;[T ��£H. �(K^;ux0K1V0T': (�J

LV V P =
G′
√

2
εµναβ〈∂µVν∂αVβ P 〉

%�{H/�{,��'
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π0(k1 − q)

ρ−(k4)ρ−(k2)

π0(k3 − q)

π−(k4 − k1 + q)

ρ+(k3)ρ+(k1)

π+(q)

� KNx0?769Ty{H/�£ � DG6980;[;9TO5�c (#8!}�5HK 3,x0693,C q�806 ABF7T@q�80?H6<bHK^80:�57T'MU3UJpCI8�57Th/

��K1ABF

G′ =
3g′2

4π2f
, g′ = −GVMρ√

2f 2
,

%�{H/�{0s '

��F7T'69T
GV ' 55MeV

3h:75
fπ = 93MeV

/B�4;9;9?HCLKN:7x ~ki,j ' 0
80:7T

8 (�Aa3,KN:7;=�

−itρωπ = iG′Mρ εijk qi εj(ω) εk(ρ
+) .

%�{H/�{,£�'

tuF7T�r7:�3,o(T~}�b76[TO;[;9K^8,:>8,q+ABF7T�3,CIb7o^K1AB?75HTy8,q A9F7TR57K 3hx06B3,CI;uK^: � KNx7/ {H/�¥ KN;
x0K1V0T': (�J

t(ωω,I=0,S=0) = 30 Ṽ (ωω)

t(ωω,I=0,S=2) = 21 Ṽ (ωω) .
%�{H/�{,¥�'
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ρ−(k4)ρ−(k2)

ω(P − q)

ω(q)

ρ+(k3)ρ+(k1) ρ+

ρ−

ρ−

ω

ω

ω

ω

π0π+

ρ+

π+(k1 − q) π+π+(k3 − q) π−

ω

ρ+

ρ−

ρ0(k3/k4)

ρ0(k4/k3)

ρ0

ω

π0

ρ0 ρ0(k4/k3)

ρ0(k3/k4)

π0

� KNx0?76[T {H/�¥����4:780CL3,o^8,?7;]c (�8U}Q57K 3hx06B3,CI;+q�8,6 ABF7TuAn��8R80CLT'x�3yK^:�A9TO69CITO5HK 3hA9T
;]Aa3hA9T,/
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Ṽ (ωω) = − 1

30 π2
M4

ρ G
′4
∫ qmax

0

dq ~q 4

×(−ω3
π + k0

3
2
ωω − 4ω2

πωω − 4ωω2
ω − ω3

ω)

× 1

(k0
1 + ωω + ω)2

1

(k0
1 + Γ

4
− ωω − ω + iε)

× 1

(k0
3 − Γ

4
− ωω − ω + iε)

× 1

ω3
π

1

(P 0 − 2ωω + iε)

1

(P 0 + 2ωω)

1

ωω

%�{H/�� ��'

��K1ABF
ωω =

√
~q 2 +m2

ω

/�tuFHT 57K ��TO6[TO:�A@MO8,:WA969K�(7?HABKN80:7; 	�MO80:�AB3,M'A �
ρ
T~}Wc

MaF�3h:7x0T 	
ππ

(#8!} 	
4π
c MO698,;9;9T'5,(�8U}_3,:75

ωω
3h69T�;[F78!��: K^: � KNx7/4{H/N. �Lq�806

%
isospin = 0; spin = 0

'�3h:75 %
isospin = 0, spin = 2

'~/�mn:pABF7T�T'Vh3,oN?�3hABKN80:
8,q�A9F7T@K^:�ABT'x06B3ho^; 8,q�� XW;O/ %j{H/�{ ��'�	 %�{H/�{0S 'G3,:75 %�{H/�� ��'
	H��TR?7;9T

qmax = 1200�wT�� 3,:75��GTQ80CIKNAuABFHT�?7;[T�8,q+ABF7T�q�8069C q�3,M~AB806[;4KN:�A9F7T�b7K^M~AB?76[TO;4q�8,6�A9F7T
;93,Z,T48,q(;9KNCLbHo^K^M'KNAnJ,/ ��806

spin = 2
	���T¡;[TOT¡A9F�3hA ABF7T<CL8,;[A�K^CIb�806]Aa3,:�A�M'80:�c

A969K (H?HABKN80:yMO8,CLT';�q�6980C�ABF7T M'80:�Aa3,M~A �
ρ
c�T~}�MaF�3,:7x,T A9TO69CI;���F7T'69TU3h;�A9F7T�69TO3,o

b�3h6[AB;R8,q ABFHT
ππ
	
2ω
	
4π
c�MO698,;9;9T'5 (#8U}�3,:75

2ω
b#8,ABT':WA9K 3,oN;yAB?76[:7;R80?HARAB8

(#T@:7TOx,o^K^x,K (7oNT,/ tuFHTQMO3,;9TR8,q
spin = 0

KN;u;9oNK^x0F�ABo1JzCI806[T@MO80CIb7o^KNMU3hA9TO5�/ � T
8 (H;9TO6]V0T ABF�3�A�A9F7T K^:75HKNV�K^57?73,o M'80:�AB69K�(7?HA9K^80:7;@8hqGABFHT

ππ
c (#8U} 	

4π
cnM'6980;[;9TO5

(#8U}�3,:75
2ω

57K^3,x0693,CL;�3,69T�M'80CIb�3,6B3�ABKNV,TOo1J o^3,69x0T'6�ABF73,:�K^:�ABF7T�MO3,;9Tp8,q
spin = 2

/� ¡TO;[b7KNA9T�8,q+ABF7KN; 	
�GT�r�:75_3Ix08�8�5�MU3,:HMOTOoNo 3hA9K^80:p8,q ABF7T
ππ

(#8U}
b7oN?7;

4π
cnM'6980;[;9TO5 (#8!} 3,:75 ABFHT�3,:780CL3,o^8,?7;

2ω
(#8U}�ABT'69C 	�3,:75 	Wr7:�3,o^o1J 	�ABF7T

KN:WA9TO693,M'A9K^80:�KN; 5780CIK^:�3�ABTO5 (�J�A9F7TRMO80:HM'Aa3hM'A<b7o^?H;
ρ
cnTd}HMaF73,:7x0TRABT'69CI;O/ �¡o c

A9F780?7x0F 	�5H?7T<A98�A9F7T<69TOo^3hABK1V0T'oNJ�o^3,69x,TuMO80:�AB6[K (7?�ABK^8,:I8hqlABFHT4;[TOb�3,693hABT�ABT'69CI;
��T�3,57CIKNA o^3,69x0T'6�?7:7M'TO6]Aa3,KN:WA9K^T';IKN:�ABF7Tpb#80;9K1ABK^8,:�8,q4A9F7T

f0(1370)
;]Aa3hA9T

A9F�3,: q�806@ABF7T
f2(1270)

/IDG80:7M'TO69:HK^:7x�ABF7T K^CL3,x0KN:�3,6]Jwb73,6[A9; 	��GTI8 (7;[TO6[V,T
A9F�3hA A9F7TuK^CL3,x0KN:�3,6[JRb73,6[A q�8,6 ABF7T

ππ
(�8U} KN; MO8,:7;9KN57TO693�(7oNJQo 3h69x0T'6 ABF�3h:�q�806

A9F7T
4π
cnMO6[80;9;[TO5�3,:75

2ω
(#8U}�TO; 	
3h:75��GT@8�(HAa3,KN:�ABF�3�A ABF7T

4π
c�MO698,;9;9T'5 (�8U}

80:HoNJP3,MOM'80?7:�AB;�q�8,6QABFHT
20%

8,q�A9F7T
ππ

(#8U} 	 ��F7K^oNTLABFHT�3,:780CL3,oN80?7;]c
ωω(#8U}�578�TO;�:78,A<M'80:�AB69K�(7?HA9T@K^:�ABF7TR6[TOx0KN80:p8,q KN:�ABTO6[TO;]AU/
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� KNx0?76[TQ{�/N.�� �<DG80CLb73,69KN;980:�8,q ABFHT�69TO3,o+3,:75_KNCz3,x,K^:�3,6]J�b�3h6[AB;48,q ABFHT�57K1q c
q�T'69TO:�A<b#8,ABT':WA9K 3,oN;Gq�806

I = 0, S = 2
3,:75

I = 0, S = 0
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mn:z��TOM~ABKN80:7;�{H/��Q3,:75L{H/�S@��T<8 (HAa3hK^:7T'5IA9F7T�b�80oNT�b�80;[KNA9K^80:7;�3�q ABTO6�KN:7MOoN?757K^:Hx
A9F7T�b#8,ABT':WA9K 3,o 8,q<t+3�(7o^Tz{H/1.�K^: � X
/ %�{H/ � � '�?H;9K^:Hx

G
8,6
G̃
6[TO;9b#TOM~ABK1V0TOo1J

% ��XW;'/ %�{H/ �h{�'�3,:75 %j{H/ �h��' 'Qq�806 An�G8�57K��lT'69TO:�AIMO?�AB8 ��; 	
qmax = 875

3,:75
1000

�wT���/)� }�b#TO6[K^CITO:�Aa3,oNoNJ 	 �GT_F73!V,T
Γ(f2(1270)) = 184.4+3.9

−2.5

�wT��
3,:H5

Γ(f0(1370)) = 200 − 500
�wT���/+tuF7TO;[Tp��KN5HABFH;�MO80CIT

84.7%
3,:H5

20%
69TO;[b�T'M'A9KNV0T'oNJ�q�6980C 57T'MU3UJ�;�K^:�AB8 An��8�b7KN80:7;O/ mn: ��F�3hAzq�8,o^o^8!��;I�GT

KN:7MOoN?757TyABFHTQ3h5757KNA9K^80:73,olCITOMaF�3h:7K^;[CL;�;[A9?757KNTO5�K^:>��TOM~ABK^8,:>{H/�����F7K^MaFwx0KNV,T
6[K^;9T�AB84ABF7T�(H698�3,5HTO:7KN:7xy8,q7A9F7TGA9F7TO806[T'A9K^MU3ho�;]Aa3hA9TO; 8,q
��TOM~ABK^8,:7; {H/��@3,:75�{H/ S�/
�PTR;B3U� A9F�3hA�ABF7TR57K^3,x0693,CL;G8,q � KNx7/ {H/�¥ 57K^5p:78,A43,M'MO80?H:WA�q�806uKNCz3hx0K^:�3h6[J
b�3h6[A�3,:75zA9F7T

4π
c�MO698,;9;9T'5 (#8!}I5HK 3,x0693,C KN: � KNx7/ {�/�£RAB?76[:7;G80?�A�A98&(#T

20%8,quA9F7T
ππ
c (�8U} 57K 3hx06B3,C 3,:H5��GTpF�3UV0T�;[80CIT�?7:7M'TO6[AB3,K^:�A9K^TO;�57?7T�AB8_A9F7T

?7;[T¡8,q(A9F7T4q�8,69C q�3,M'A9806 8,q(ABF7T4b7;9T'?75780;[MU3,o^3,6]c�b7;9T'?75780;[MU3,o^3,6]c V0T'M'AB8,6GV0T'6[ABTd}
��F7KNMaFwMO3,:�69TU3 (7;9806 (�A9F7TR;9CL3,o^olMO80:�AB6[K (7?�ABK^8,:�V,3h6[J�K^:7x A9F7T

Λ
b73,6B3,CIT'A9TO6'/

tuFW?7; 	���T4;[F78!��A9F7T<r7:�3,o |T |2 CL3hA969K1}Q��KNA9F780?HA�KN:7MOoN?757KN:7xyABF7T 4π
cnM'6980;[;9TO5

3,:H5
2ω

(#8!}�T';4q�806
Λ ¢ ; = 1200 − 1400

�wT�� K^: � K^x7/ %j{H/1.0. 'd/ �PTQ8�(7;9T'6[V0T
A9F�3hA 3h;

Λ
x06[8���; 	0ABF7T ��KN5HABFH; 8,q�ABFHTu;[Aa3�ABTO; (#TOM'80CITO; o^3,69x0T'6O/*tuF7K^; x0KNV,T ?7;

3,:LK^57TO3Q8,qlABF7T<ABF7T'69T'A9K^MO3,o�?H:7MOT'6[Aa3hK^:�ABKNTO;O/ � T'A 	 (�8hABFz;]Aa3hA9TO; 	�ABFHT
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(I, J)
� � �wT����

Γ[MeV]
� � ��T����

Γ[MeV]

(0, 0) 1532 212 1200
A98

1500 200
A98

500

(0, 2) 1275 100 1275.1 ± 1.2 185.1+2.9
−2.4
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qmax = 875
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isospin = 0, spin = 2
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C�?HMaF�;9CL3,oNo^TO6�q�806(ABF7T�ABT':7;9806*;[AB3hABT 57?7T�AB8<KNA9;�o 3,6[x0T�(7K^:75HK^:7x7/�tuF7T (7KNx0x0TO;]A
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ρρ
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mn: ABFHK^;@;9T'M'A9K^80: ��TLTd}�A9TO:75 ABFHTI;]AB?75�J Cz3h57T�q�806yAn��8
ρ ¢ ;RK^:�ABT'6B3,M~ABKN:7x�AB8A9F7T�:780:HT'AR8,q�V0T'M'A9806RCLT';980:7;'/QtuFW?7;@��T AB69TO3hAyA9F7T K^:�ABT'6B3,M~ABKN80:_:78,Ay80:7oNJ

(#T'An��TOT':
ρ
CITO;98,:7;&(7?�A 3,oN;98 (�T~An�GT'TO:

ρ
3,:75

K∗ CLT';980:H; 	 K∗ 3h:75 K̄∗q�806�KN:7;[AB3,:7M'T,/ tuF7TP?H;9T�8,q�6[TU3,o@CL3,;9;[TO; (769TO3,ZW;�A9F7T�MaF7K^693,o@;[J�CICLT~AB6[J
��F7KNMaF�K^;�K^CIb7o^KNMOK1A K^:zA9F7T 
�3,x0693,:7x0K^3,: q�806�V,TOM'A9806 CITO;[80:7;O/ �4:�K^CIb�8,6[Aa3h:WA
q�TO3hAB?76[T 8,q ABF7T q�8069CL3,oNK^;9CE?7;[TO5�K^;R3,oN;98pCL3,:7KNq�T';[A@FHTO69T �Q8,:7oNJ_3�q�T~� q�6[TOT
b�3h6B3,CIT'A9TO69; %�ABFHT�;9? (HA96B3,M~ABKN80:�MO80:H;[Aa3h:WA9; ' 3,6[T�:7TOT'57TO5 	���F7KNMaF 3h69T�r�:7Tdc
A9?7:7TO5�AB8 ;[80CLT���TOoNouTO;]Aa3�(7oNK^;[F7TO5�CL3,;9;[TO;I8,q¡6[TO;[80:�3,:7M'TO;L3,:75�80:7M'Tp80:7T
3,5��[?7;[A A9F7TOC 	�bH69TO5HK^M'A9K^80:H;�q�806 8,A9F7TO6[;Ib73,6[A9K^MOoNTO; 3h69Tp8 (HAB3,K^:7T'5 	�;980CIT�8,q
A9F7TOC r�:75�T~}�b�T'69KNCLT':WAB3,o M'80?7:�ABT'69b�3,6]A ��F7K^oNT�8,ABFHTO69; 6[TOCL3,K^:�q�8,6�q�?HAB?H69T
Td}Hb#TO6[K^CITO:�AB;'/ ��?76[A9F7TO6[CL8,69T 	hABF7T�(7693,:7MaF7KN:7x@6B3�ABK^8,; AB8yAn��8QbH;9TO?H5780;9MO3,o 3h69;
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8,q*ABFHTQ3hb7b769803,MaF�/

tuF7T4;[AB?H5HJz8hq�ABF7T
ρρ

K^:�A9TO6B3hM'ABKN80: � 3,;G5780:7T4K^:L¤<T~q /���£�S � / m�A9;G:�3�AB?7693,o
Td}�A9TO:7;[K^80:wAB8���| %j{ 'u��F7KNMaF>��T�69T'b�8,6[A4K^:wA9F7K^;<;9T'M'A9K^80:�� 3,;45780:7TQK^:>¤<T~q /
��£0� �j/ tuF7T�6[TO;9?HoNAB;�F�3UV0T (#TOTO:�6[TOb76[8�57?HMOTO5 (�JPC�J�;9TOo1q�Aa3,ZWK^:Hx>ABF7Tz;B3,CIT
Vh3,oN?7TO;Q8,q�ABF7T�;[? (HA96B3,M~ABK^8,:�MO80:7;]Aa3,:�A9; K^: � X
/ %j{H/��WS '�3,:75�3,6[T�K^:7M'o^?75HTO5
KN:�ABF7T@ABFHTO;9KN;uq�806uMO80CIb7oNT'ABT':7TO;[;O/ �GT';9K^5HTO; 	7A9F7T'J�3,69T@V0T'6[Jp?7;[T'q�?7o�q�8,6u:7T~}�A
MaF�3hbHABT'69;O/�tuF�?H; 	G��T>578P3,(769KNT'q4;9?7CICz3h6[J�8,q4ABF7T�b76[8�M'TO57?76[T>3h:75�A9F7T
6[TO;9?HoNAB;u8hq ¤�T'q / ��£0� �*3,:H5w6[T'q�TO6uA9F7TRK^:�ABT'69TO;]ABT'5w6[TU3,57T'6uAB8I¤<T~q / ��£0��� /

�¡oNo�A9F7T�MaF�3,:7:7T'o^; 3,M'MO806[57K^:7xyA98R57K ��TO6[TO:�A %�;]AB6B3h:7x0TO:HTO;9; 	�KN;980;[b7K^: 	�;9b7KN:�'
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/ �y:7TL;9F78,?7o^5�MO3,o^M'?7o 3hA9TIA9F7Tzq�80?H6�MO8,:WAB3,M'A�3,:75�V,TOM'A9806�Td}�c

MaF�3h:7x0T>5HK 3,x0693,CI;I8hq � K^xH/ {H/N.�q�80o^oN8!��K^:7x�� XW;O/ %j{H/���' 3,:75 %�{H/ S�'~/ tuF7T
3,CIb7oNKNAB?H57TO;@3h69T x0KNV,TO:�K^: ABFHT7�4b7b#TO:757K }�8,q���£0� � /�� T 8 (H;9TO6]V0TIABF�3hA@A9F7T
x0T':7TO693,o ;]AB6[?7M'A9?769T 8,q�ABFHT T~}�MaF�3,:7x,T A9TO6[C K^:_A9F7T

t
cnMaF73,:7:7T'o q�806¡A9F7T 3,C c

b7oNKNA9?757T�%
1 + 2 → 3 + 4

'
	HK^;

bij(k1 + k3) · (k2 + k4)ε1 · ε3ε2 · ε4
%�{H/��H. '

��F7KNo^T¡q�8,6 ABF7T
u
cnMaF�3h:7:7TOo(5HK 3,x0693,CI; 	�A9F7TR;[A969?7M~AB?76[TQKN;

cij(k1 + k4) · (k2 + k3)ε1 · ε4ε2 · ε3
%�{H/�� � '

��F7T'69T
bij
	
cij

3h69T�ABF7T�MO8�T ,IM'K^TO:�A9; %�M'80:7;]Aa3,:�AB;Iq�806 ABF7T�MaF�3,:H:7TOo
”i” =

(1 + 2) → MaF�3h:7:7TOo
”j” = (3 + 4)

/ m�A K^;QK^:�ABT'69T';[ABKN:7x>A98 ;9TOT�A9F�3hAQABF7T
;]AB69?HM'AB?H69Tz8hqu;9b7KN:�8,q � X
/ %j{H/��7. '@F�3,;QTOXW?�3,o MO80CIb#80:7TO:�A9;�8,qu;[b7K^:

= 0, 13,:H5
2
	���F7K^oNT A9F7TG8,:7TG8,q�� X
/�%�{H/�� � '(F�3,;+A9F7TG;93,CITGb76[8��[TOM~ABK^8,:Qq�806*;9b7KN:

= 03,:H5
2
3h:75wK1A�F�3,;�80b7b#80;[KNABT¡;9K^x,:pq�8,6u;9b7KN:

= 1
/
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mn:�ABF7TwMU3,oNMO?7o^3hABKN80:7;���Tw��K^oNo�3,oN�G3UJ�;zCL3,Z,T�?7;9Tw8,qyA9F7T �GT~ABF7Tdc]�H3ho^b#T'ABT'6
T'X�?73hABKN80:�3,;�3ICIT'A9F78�5pA98 ?7:7KNAB3,69K�
OT¡A9F7T

T
cnCL3hAB6[K1} 	

T = [I − V G]−1V .
%�{H/��0{�'

tuF7T@An��8LCITO;[80:�o^8�80b�q�?7:7M~ABK^8,:
G
MU3,: (#TR��6[KNA[ABTO:�3,;

G = i

∫
d4q

(2π)4

1

q2 −m2
ρ + iε

1

(P − q)2 −m2
ρ + iε

,
%�{H/��,��'

��F7KNMaFw?Hb�80:p?7;[K^:7x 57KNCLT':7;9KN80:�3,o�69T'x0?7o 3h69K 
O3hABKN80:�MO3,: (#T@69T'MU3,;]Ay3h;
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b�3h6B3,CIT'A9TO6Ix0KNV,T>?7;�3h:�K^5HTU3

8,q(A9F7Ty?7:HMOTO6]Aa3,KN:�ABK^T';GKN:WV,80oNV,TO5pK^:IABF7T@M'80CIb7?HAa3�ABK^8,:z8,q(A9F7T (#8!}z57K^3,x06B3hC�	
��F7KNMaFQKN;�ABF7T�CITOMaF�3h:7K^;[C AB8<57TOMO3UJRK^:@An�G84b7;9T'?75780;[MU3,o^3,6�CLT';980:H;O/ � T�3,o^;[8
:78hABK^M'TO5�ABF�3hA4ABF7T�MO80?7bHo^K^:Hx0;48hq ABF7TQ69TO;[80:�3,:HMOTO;R3h69T�693hABFHTO6yKN:757TOb#TO:H57TO:�A
8,q*ABFHT

Λ
b73,6B3,CIT'A9TO6 	H��F7K^MaFp�G3,;<3,o^6[TU3,5HJLq�80?7:75�K^: ��£�s��j/


(T'Au?H;�3,o^;[8�CLT':�ABK^8,:�ABF�3hA K^:�80?H6u3,b7b76[8�3,MaF���T@MU3,:p3,oN;98 8 (�Aa3,KN:�b769Tdc
57KNM'A9K^80:7;4q�806@ABF7T�(7693,:7MaF7KN:7xw693hABKN80;yAB8�57K��lT'69TO:�A�b�3,KN69;@8,qGb7;9T'?75780;[MU3,o^3,69;'/
mn:75HTOTO5 	03,;(ABFHT q�6[TOT�b�3,693,CLT~ABT'69;�F�3UV0T�:78,A (�T'TO:Rr�:7T�AB?7:HTO5QA98<A9F7T�(76B3h:7MaF�c
KN:7xz693hABKN80; 	
ABF7T~J 3,6[T�x0T':W?7K^:7T�b769T'57K^M~ABK^8,:7;¡8,q�A9F7T�CI8�57T'o / �¡q A9F7T�T'o^T'V,TO:
;]Aa3hA9TO;y8 (�Aa3,KN:7TO5 	
r7V,T 8,q ABFHTOC 3,69T�3,;9;[8�M'K 3hA9TO5_AB8L5�3hAB3zK^:>A9F7T !  @v (�Tdc
MO3,?7;9T�8,qyA9F7T�b7698U}�K^CIKNAnJ 8,qyABFHTwCL3,;9; 	���KN5HABF�3,:75�XW?�3h:WA9?7C :W?7C (#TO69; 	
��F7KNo^T�ABF7T 8,A9F7TO6@;[K1}>F�3UV0T ABF7T XW?�3,:�A9?7C :W?7C (#TO6[;�8hq�8,:7T

h1
	
a0
	
b1
	
a2806

K∗0 	HF78!��T'V,TO6 	7A9F7T@3,;[;98�MOK^3hABKN80:zK1q�b�80;[;9K�(7o^T<69T'Cz3,KN:7;���K1ABF�5H80? (HA9;�3,:75



s � � �&
 � � � 


A9F�?H;¡CI8069T�T~}�b#TO69KNCLT':�Aa3,o*5�3hAB3z3,6[TQ57T'Cz3h:757TO5wAB8�Td}�A96B3,M~Ay;[80CLT�MO8,:7MOoN?�c
;[K^80:7;'/ mn:w��F73hA4q�8,o^o^8!��; ��T�57KN;9M'?7;9;<ABF7T�T~}�b#TO69KNCLT':�Aa3,o�5�3hAB3L80:HT (�Jp80:7Th/

(1512,−i26)
��;[b7K^:�� � �

K∗K̄∗ ρρ ωω ωφ φφ

(1208,−i419) (7920,−i1071) (−39, i31) (33,−i43) (12, i24)

(1726,−i14)
��;[b7K^:�� � �

K∗K̄∗ ρρ ωω ωφ φφ

(7124, i96) (−1030, i1086)(−1763, i108)(3010,−i210)(−2493,−i204)

(1802,−i39)
��;[b7K^:�� . �

K∗K̄∗ ρρ ωω ωφ φφ

(8034,−i2542) 0 0 0 0

(1275,−i1)
��;[b7K^:�� � �

K∗K̄∗ ρρ ωω ωφ φφ

(4733,−i53) (10889,−i99) (−440, i7) (777,−i13) (−675, i11)

(1525,−i3)
��;[b7K^:�� � �

K∗K̄∗ ρρ ωω ωφ φφ

(10121, i101) (−2443, i649) (−2709, i8) (5016,−i17) (−4615, i17)

t+3�(7oNT�{H/�� � ! 80oNT�b#80;9K1ABK^8,:7;_3,:H5Y69T';9K^5H?7TO; KN: ABF7T ;[AB693,:7x0T':7TO;[;�� ��3,:75
KN;980;[b7K^:�� ��MaF�3h:7:7TOoj/ �¡o^o�XW?�3,:�ABK1ABK^T';<3,69T@KN:�?H:7KNA9;u8,q �wT���/

• tuF7T
f0(1370)

3,:75pABFHT
f2(1270)

/ tuF7TO;[T�;]Aa3hA9TO;u�GT'69TR57KN;9MO?H;9;9T'5>KN:
57T'AB3,K^o�KN:���TOM~ABKN80:�{H/�£�/�� T'A 	7A9F7T@b76[TO;9T':�A¡;]AB?75HJ�3,o^oN8���;GMO80CIb�3,6[TyAB8
CLTO3,;9?76[TO5�57TOMO3UJ�6B3hA9K^80;�A98�5HK ��TO69T':�ALb73,K^6[; 8,q¡bH;9TO?H5780;9MO3,o 3h69;O/�mn:
ABF7T !  @v�	 ABF7T (H6B3,:7MaFHK^:7x 6B3�ABK^8,;�8,q�ABF7T

f2(1270)
3,69T

84.8%
q�8,6

ππ
	
4.6%

q�806
KK

3h:75
< 1%

q�8,6
ηη

��s,£ � A98 (#T MO80CIb�3,6[TO5 ��KNA9F



� � �
ρρ

" ��� �&� ��$�� " �	� �
��� " �%
 � � � �&��
�" �	� � ��	 ������� s,{

(1780,−i66)
��;[b7K^:�� � �

K∗K̄∗ ρρ ρω ρφ

(7525,−i1529) 0 (−4042, i1391) (4998,−i1872)

(1679,−i118)
��;[b7K^:�� . �

K∗K̄∗ ρρ ρω ρφ

(1040,−i1989) (6961,−i4585) 0 0

(1569,−i16)
��;[b7K^:�� � �

K∗K̄∗ ρρ ρω ρφ

(10208,−i337) 0 (−4598, i451) (6052,−i604)

t+3�(7oNTw{�/ S ��tuF7Tw;B3,CIT�3,;Lt+3�(7oNT�{H/�� 	)(7?HAIq�806 ABFHT>;[A96B3,:Hx0TO:7T';9; � � 3,:75
KN;980;[b7K^:���.@MaF�3h:7:7TOoj/

80?76¡Vh3,oN?7TO; 	lABF�3�AR3,69T ∼ 88%
q�806

ππ
	 ∼ 10%

q�806
KK̄

3,:75
< 1%q�806

ηη
��F7K^MaF�K^;uKN:�V0TO6]Jpx08�8�5�3,x06[TOT'CLT':WAu��K1ABF�ABFHT�Td}�b�T'69K^CITO:�AO/

• tuF7T
f0(1710)

F�3h;¡3ICz3,;[;4XW?78hABTO5>K^:wA9F7T !  yv 8,q
1724 ± 7

�wT��
3,:75�3@��K^5�ABFz8hq

Γ = 137±8
��T���/�tuF7K^;�69T';980:73,:7MOT457TOMO3UJIA98

KK̄
	

ηη
3,:H5

ππ
%�Cz3hK^:7o1J 	0��F7T'69TU3h; 8,ABFHTO69;�o^KNZ,T

ωω
F�3,; (�T'TO:�8 (H;9TO6]V0T'5�'~/

tuF7T !  yv x0KNV,TO;�A9F7T q�80o^oN8!��K^:7xG3!V,TO693,x0TO; �
Γ(ππ)/Γ(KK̄) = 0.41+0.11

−0.173,:75
Γ(ηη)/Γ(KK̄) = 0.48±0.15

��s,£ �j/ �y?76+MU3,oNMO?7o^3hABT'5&(7693,:7MaF7KN:7x
6B3hA9K^80;�3,6[T ∼ 55%

q�806
KK̄

	 ∼ 27%
q�8,6

ηη < 1%
q�806

ππ
3,:75 ∼ 18%q�806 ABF7TuV,TOM'A9806]c V0T'M'AB8,6�M'80CLb#80:7T':�AU/ tuFHT¡3,x,69TOT'CLT':�A ��KNABF A9F7T�Cz3,;[;

3,:75���KN5HABF�8�(HAa3,KN:7TO5QK^;�V0T'6[J�x,8�8�5�3h;+��T MU3,:�;9TOTGK^:�t+3�(7oNTG{�/ s�/+tuF7T
(76B3,:HMaF7K^:7xw6B3hA9K^8

Γ(ηη)/Γ(KK̄)
K^;�3,oN;98�q�?7o1r�o^oNTO5�/z��80CIT b7698 (Ho^TOC

K^;Rq�80?7:75�q�806@ABF7T
Γ(ππ)/Γ(KK̄)

(76B3h:7MaF7K^:Hx>6B3�ABK^8 	���FHK^MaF ��Tzx0T~A
C�?7MaF ;9CL3,o^oNTO6'/y248!��T'V,TO6 	(��F7T':���T�oN8�80Z�3hA¡ABF7T�5HK ��TO69T':�A@T~}�b#TO69K c
CLT':WA9; 	W�GT4;9T'T4ABF73hA�ABF7T'69T<K^;�3 ��� � T~}�b�T'69KNCLT':WA 	

J/ψ → ωK+K−��F7K^MaF�x0KNV,TO;
Γ(ππ)/Γ(KK̄) < 11%

3hAuABFHT
95%

M'80:Hr�5HTO:7M'TQoNT'V0T'o /



sh� � �&
 � � � 


(1643,−i24)
��;[b7K^:�� � �

ρK∗ K∗ω K∗φ

(8102,−i959) (1370,−i146) (−1518, i209)

(1737,−i82)
��;[b7K^:�� . �

ρK∗ K∗ω K∗φ

(7261,−i3284) (1529,−i1307) (−1388, i1721)

(1431,−i1)
��;[b7K^:�� � �

ρK∗ K∗ω K∗φ

(10901,−i71) (2267,−i13) (−2898, i17)

t+3�(7oNTw{�/�����tuF7Tw;B3,CIT�3,;Lt+3�(7oNT�{H/�� 	)(7?HAIq�806 ABFHT>;[A96B3,:Hx0TO:7T';9; � ._3,:75
KN;980;[b7K^:���. � �QMaF�3,:7:HTOo /

� TIMOo^3,K^C CL8,69T T~}�b#TO6[K^CITO:�Aa3,o�3h:�3,oNJ�;[K^;@K^;@:HTOTO5HTO5PA98wM'o 3,6[KNq J�ABF7KN;
K^;9;[?7T,/

• tuF7T
f ′

2(1525)
/+tuF7T4CL3,;[;�3,:75 ��K^5HA9FL3h69T

1525±5
3,:75

73+6
−5

/��¡:75
ABF7T !  @v x0KNV,TO;

88.7%
AB8
KK̄

	
10.4%

q�806
ηη

3,:75
0.8%

q�806
ππ
/

� T_x,T'ALCz3,;[;�3,:H5���K^5HA9F
(1525, 45)

��T�� V0T'6[J MOoN80;9T�ABF7T !  yv
V,3ho^?7Th/ tuF7T¡ABFHTO806[T'ABKNMU3,o#;[AB3hABTy3,o^;[8�57TOMO3UJ�;�CL3,K^:HoNJ�A98

KK̄
	 ∼ 66%3,:75 ABF7T�8,ABF7T'6y6B3�ABK^8,;y3,6[T ∼ 21%

q�806
ηη
	 ∼ 1%

q�806
ππ

3h:75
13%q�806�ABFHT�V0TOM~AB806 c�V,TOM'A9806 MO80CIb#80:7TO:�A 	���FHK^MaF�K^;�KN:�x08�8�5�3hx069T'TOCITO:�A

��KNABFpABFHT@T~}�b�T'69KNCLT':WAO/

• tuF7T
K∗

2 (1430)
/+tuF7T !  @v Vh3,oN?7TO;�q�806 ABF7T4Cz3h;9;�3,:75L��KN5HABFL8,qlA9F7K^;

69TO;[80:�3,:HMOT 3,6[T
1429 ± 1.4

3,:75
104 ± 4

69T';9b#TOM'A9KNV,TOoNJ,/ tuF7T
KπCL8�57T�3,MOM'80?7:�AB;�q�806

(49.9 ± 1.2)%
3,:75pABF7T

K∗ππ (13.4 ± 2.2)%
/

tuF7T@Cz3h;9;�3,:75���KN5HABF�q�8,?7:75�K^:�A9F7Ty6[TU3,ol3�}�K^;u3,6[T
(1431, 56)

�wT���/
tuF7TO6[T'q�806[T 	�ABF7T�3,x,69TOT'CLT':�A<��K1ABF�ABFHT�573hAa3 K^;u6[TU3,;[80:�3�(Ho^T,/



�
��

ρ
ρ
"����&���$��"�	�

�
���
"�%


��
��&��
�"�	�

���	
��
�����

s0S
IG(JPC)

� ��� �� � �� 	 
�� � �

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

Λb = 1.4

	 � �

Λb = 1.5

	 � �

0+(0++) (1512, 51) (1523, 257) (1517, 396) f0(1370) 1200 ∼ 1500 200 ∼ 500

0+(0++) (1726, 28) (1721, 133) (1717, 151) f0(1710) 1724 ± 7 137 ± 8

0−(1+−) (1802, 78)

��� ��! "# $

h1

0+(2++) (1275, 2) (1276, 97) (1275, 111) f2(1270) 1275.1 ± 1.2 185.0+2.9
−2.4

0+(2++) (1525, 6) (1525, 45) (1525, 51) f ′
2(1525) 1525 ± 5 73+6

−5

1−(0++) (1780, 133) (1777, 148) (1777, 172) a0

1+(1+−) (1679, 235) (1703, 188) b1

1−(2++) (1569, 32) (1567, 47) (1566, 51) a2(1700)??

1/2(0+) (1643, 47) (1639, 139) (1637, 162) K∗
0

1/2(1+) (1737, 165) (1743, 126) K1(1650)?

1/2(2+) (1431, 1) (1431, 56) (1431, 63) K∗
2 (1430) 1429 ± 1.4 104 ± 4

%'& ()+* ,.- /+0 1 234 5 64 3 5 7 839: ;< =9 9: > 8? 7 2 @A 8BC B 8 79 6 DE 3 F G: 6 D 7 23 3 H3I 3 B ?J B =< 8K = H HJ L3 B 3 5 = 73 ? 9 7 = 7 39 =B ?: 8 D 3M 89 7 8B L: 6 D 7 2 69 3 6 D 7 23 8 5 NO P

K 6C B 7 3 54 = 5 79Q 1 23 6 53 7 8K = H < =9 9 39 =B ? > 8? 7 29 = 53 6 R 7 = 8B 3 ? D 5 6< 7 > 6 ? 8 S3 53 B 7 > =J 9T U4 6 H34 69 8 7 8 6B U ? 3 B 6 7 39 7 23 BC < R 3 59 6 R 7 = 8B 3 ? D 5 6< 7 234 6 H34 69 8 7 8 6B6B 7 23 K 6<4 H3M 4 H =B 3: > 23 53 7 23 < =9 9 K 6 5 5394 6B ? 9 7 6 7 23 53 = H4 = 5 7 6 D 7 234 6 H34 69 8 7 8 6B =B ? 7 23 > 8? 7 2 K 6 5 5394 6B ? 9 7 6 7 > 6 7 8< 39 7 23 8< = L 8B = 5J 4 = 5 7 6 D 7 234 6 H34 69 8 7 8 6B ; 7 23 R 6M ? 8 = L 5 =< 9 K 6 5 5394 6B ? 8B L 7 6 ? 3 K =J 9 8B 7 6 7 > 64 9 3C ? 69 K = H = 59 = 53 B 6 7 8B K HC ? 3 ? @V U 53 = H =M 89 U ? 3 B 6 7 39 7 23 539C H 79 6 R 7 = 8B 3 ? D 5 6< 53 = H =M 89=<4 H 8 7C ? 39 9W C = 53 ?: > 23 53 7 23 < =9 9 K 6 5 5394 6B ? 9 7 6 7 23 3 B 3 5 LJ = 7 > 2 8K 2 7 23 =<4 H 8 7C ? 3 9W C = 53 ? 2 =9 = < =M 8<C < =B ? 7 23 > 8? 7 2 K 6 5 5394 6B ? 9 7 6 7 23 ? 8 S3 53 B K 3R 3 7 >3 3 B 7 23 7 > 6 3 B 3 5 L 8 39: > 23 53 7 23 =<4 H 8 7C ? 3 9W C = 53 ? 89 2 = H D 6 D 7 23 < =M 8<C < I = HC 3Q ;X B 7 2 89 K =9 3: 7 23 R 6M =<4 H 8 7C ? 39 K 6 5 5394 6B ? 8B L 7 6 ? 3 K =J 9 8B 7 6 7 > 64 9 3C ? 69 K = H = 59 = 53 8B K HC ? 3 ? @Q 1 23 7 > 6 3 B 7 5 8 39 C B ? 3 5 U 53 = H =M 89 U = 53 6 R 7 = 8B 3 ? > 8 7 2 ? 8 S3 53 B 7

Λb

=9 3M 4 H = 8B 3 ? 8B 7 23 < = 8B 7 3M 7Q
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Chapter 4
	 �L��������� � � � � �w�����4� ��� � � �

f0(1370)
�P��� � � �

f2(1270)
� � �4� ��� � � � ��� �w����� �

�Y� � ��� � �����Q�
γγ

� 
�	 � ��� ��� ��� * � ) ���
mn:�A9F7T@b769T~V�K^80?7;<DGF73,bHABT'6u�GT@x0T':7TO693hABT'5�A9F7T

f0(1370)
3,:75�ABFHT

f2(1270)?7;[K^:7x�3�;9T~A�8,qGFHK^5757T':Px03,?7x0T o^3,x06B3h:7x0K 3h:7;¡AB8,x0T'A9F7TO6y��K1ABF ?7:7K1Aa3,6[K 
U3�ABK^8,:
A9TOMaF7:7KNMO;�q�8,6�ABF7T

T
CL3hA969K1}�/wtuF7TO;[T�6[TO;[80:�3,:7M'TO; MO3,: (�TzK^:�ABT'69b76[T'ABT'5�3,;

M'80CLKN:7xpq�6980C ABF7T
ρρ

K^:�ABT'6B3,M~ABK^8,: 	+A9F7T�;[AB3hABTLq�806
spin = 2

(#TOK^:Hx>CI8069T
(#80?7:75�A9F�3,:�A9F7T

spin = 0
;[AB3hABTh/ �¡o1ABF780?Hx0FzABFHT

ρρ
CI80oNTOMO?Ho 3,6 :�3hA9?769Ty8hq

A9F7T
f0(1370)

�G3,;<3,oN;98 ;9?Hx0x0TO;]ABT'5wKN: ��£0£ 	�£0¥ � 	HABFHT
f2(1270)

KN; 	�F78!�GT~V0TO6 	
x0T':7TO693,o^o1J (�T'o^K^T~V0T'5_AB8 (#TOo^8,:7x�AB8p3

p
c��G3!V,T :780:7T~AR8,q

qq̄
;[AB3hABT'; ��£0£ 	�£0¥ �j/

tuFW?7; 	�ABFHT<��8069Z 8,q���£0S �#K^:�AB6[8�57?HMOT43Q:7T~� K^:�ABT'69b76[T'Aa3�ABK^8,:I8hq�ABF7T
f2(1270)3,:H5 x0KNV,T�;9?7bHb�806]AyAB8�A9F7T

ρρ
CL8,o^TOM'?7o 3h64KN:WA9TO6[b769T~Aa3hA9K^80:_8hq A9F7T

f0(1370);[?7x0x0T';[ABT'5wKN: ��£0£ 	�£0¥ �j/
tuF7T@Td}Hb#TO6[K^CITO:�Aa3hol;9K1AB?�3�ABK^8,:�69T'x�3,695HK^:7x�A9F7T@CL3,;9; 	H��K^5HA9Fp3,:75�693,57K 3�c

A9KNV0T 57T'MU3UJQ��KN5HABFQ8,qHA9F7T
f2(1270)

KN;+C�?7MaF�M'o^TU3h69TO6�ABF73,:�q�806(ABFHT
f0(1370)

	
��F7KNMaF�K^;�6B3hA9F7TO6 M'80:Hq�?7;[Ty��F7TO:pM'80CLb73,69KN:7x�ABFHTy57K ��TO6[TO:�AuTd}Hb#TO6[K^CITO:�AB;GK^:
A9F7T !  yv /�mn:�b73,6[A9K^MO?Ho 3,6 	�A9F7T �GTOoNo^T DG80oNo 3�(#806B3�ABK^8,:yXW?78,ABT'; 3�MOT':WA96B3,o�Vh3,oN?7T

s0s



s,£ � � � � ��� �%"%�	� ��� �%� ��� ����" � � "�� ��� � $���� 
�� � �%� �
ρρ

� � �	� $	� � � 
 " ��� �
γγ

q�806@A9F7TLCL3,;[;Q8,q�ABF7T
f0(1370)

	
m = 1470+6+72

−7−255

��£0{ � 	+��FHK^MaF o^3,69x,TI?H:�c
M'TO6[AB3,K^:�A9K^TO;Q3,:75

Γtot(π
0π0) = 90+2+50

−1−22

�wT�� 	
ΓγγB(π0π0) = 11+4+603

−2−7

	
��F7T'69TO3,;_ABF7T�DG6[J�;[AB3,o�� 3,oNo�DG8,o^o 3 (�80693hABKN80: x0KNV,TO;_M'80CIb7o^T~ABTOo1J�57K ��TO6[TO:�A
:W?7C (#TO6[; 	

m = 1250
�wT�� 	

Γtot = (268 ± 70)
�wT�� 	

ΓγγB(π0π0) =
430 ± 80

T���/
��6980C ABF7T ABF7T'8069T~ABKNMU3,o ;[K^57T 	*A9F7TIVh3,oN?7TO;�8 (HAB3,K^:HTO5 q�806@ABF7TICz3h;9;Q3,:75

��KN5HABFPK^:�DGF73,bHABT'6 {_3,6[T
m(f2(1270)) = 1275

�wT�� % q�6980C rHA9ABKN:7xwA9F7T
;[? (HAB693,M'A9K^80:wMO80:H;[Aa3h:WA '
	

Γ(f2(1270)) = 100
�wT�� 	

m(f0(1370)) = 1532�wT�� 3,:H5
Γ(f0(1370)) = 212

�wT�� 	*?H;9K^:Hx
qmax = 875

�wT�� 3,:75
Λ =

1300
�wT���/ tuF7K^; q�3UV08,69; ABF7T �GT'o^oNT�T~}�b#TO69KNCLT':�A�(7?HA ABF7T':�A9F7T�ABF7T'8069T~A[c

KNMU3,o ��KN5HABF 6[TOCL3,K^:H; (HK^x0x0T'6IA9F�3hAIABF�3�A�8,qyA9F7K^;IT~}�b#TO6[K^CITO:�A 	�(7?�A�MOoN80;9T'6
A98zABF7T DG6[J�;[AB3,o � 3ho^o�V,3ho^?7Th/y248!��T'V,TO6 	�80:HT�C�?7;]AyAa3hZ,T�KN:WA98�3,M'MO80?7:�AyA9F7T
A9F7TO806[T'A9K^MU3hoH?7:7M'TO6]Aa3,KN:WA9K^T'; q�6980C 3,5��[?7;]ABK^:HxyABF7Tu;[? (HAB693,M'A9K^80: M'80:7;[AB3,:�A�3,:75
A9F7TO6[T�M'80?7oN5 (�TR;98,CLT@8,A9F7TO6uMaF73,:7:7T'o^;43,;

σσ
ABF�3�A�MU3,:w3 ��TOM'A&%�K^:p3 ;9CL3,o^o

3,CI80?7:�A ' ABF7KN;�69TO;[?7oNAO/
tuF7T'69T�3,6[T b769T~V�K^80?7;+ABF7T'8069T~ABK^MO3,o�;[AB?H57K^T'; 80:�ABFHT 6B3,5HK 3hA9KNV0T�57TOMO3UJ�; KN:�AB8

γγ
8,q�ABF7T

f2(1270)
3,:75

f0(1370)
/�mn: ��s���� 	�A9F7T 3,?HA9F7806[;R3,;9;[?7CLT'5 ABF�3hA

A9F7T
f2(1270)

AB8,x0T'A9F7TO6 ��K1ABF�A9F7T
f2(1525)

3,69T
qq̄
3,:75 34x08�8�5�5HTO;9M'69KNbHABKN80:

8,q�A9F7T 57TOMO3UJ 6B3hA9TO;@K^;@8�(HAa3,KN:7TO5 (�J 3h5��[?7;[A9K^:7x�An��8�q�69TOT b�3h6B3,CIT'A9TO69;'/�mn:
��sh� � 	�3h:_T'Vh3,oN?�3hABKN80:�8,q ABFHT�6B3,5HK 3hA9KNV0TR57T'MU3UJ>��KN5HABFw8,q ABFHT

f0(1370)
K^:�A98

γγ
KN;�5780:7T<;9?7bHb�80;[K^:7x�ABF�3�A A9F7K^;�6[TO;98,:�3,:7M'T¡K^; 3�CLK }�A9?769Tu8hq

qq̄
3,:75

qqq̄q̄
	

3,:H5 A9F7TL3,?HABFH8069;R8 (HAB3,K^: Vh3,oN?7TO; (#T'An��TOT':
0
3,:75

0.22
�RT�� 	���F7TO6[TU3,;�K^:

��s0S�� 	W?7;9KN:7xQ3�CI8�5HTOoH��F7T'69T�ABF7KN;�69TO;[80:�3,:HMOT<K^;�(�3,;[K^MU3ho^oNJ�3
qq̄
��K1ABF XW?�3,6[Z�;

8,q
:H80:7;[A96B3,:Hx0T :�3hA9?769T 	0Vh3,o^?7T'; C�?7MaF�(HK^x0x0T'6 3,6[80?7:75
4
�@T�� 3,69TG8 (HAa3hK^:7T'5�/

mn: ABF7T�:7Td}�A�;[? (7;[TOM'A9K^80: ��T<T~Vh3,o^?�3�ABT ABFHT<5HTOMU3UJ 693hABT';�8,q�A9F7T
f0(1370)3,:H5�ABF7T

f2(1270)
K^:�AB8

γγ
K^:�ABFHT

ρρ
CI80o^T'MO?7o^3,6*b7K^M~AB?76[T,/ tuF7T�57T~Aa3,KNo^;+MU3,:

(#T@;9T'TO:>KN: ��£�s�� /

� 
�� � � � � ��� � ) ��� � 
�� # � � ��� ) � � ) � � � � * � &'� ��

� # �

ρρ
! � � � * � � � � ) � � �

γγ
� K1ABF7KN:¡ABF7T�2<K^575HTO:Qv�3h?7x0T q�806[Cz3ho^K^;[C�	~b7F78hAB80:7;*3,o1� 3UJ�;(MO8,CLT 8,?HA(ABF76[80?7x0F
A9F7TOKN6LM'80:�V0TO6[;9KN80: K^:�AB8

ρ
	
ω
3,:75

φ
/ tuF7T_57K^3,x06B3hCL; q�806LA9F7T_693,57K 3�ABKNV,T



���������
	��
������	��������������������
f0(1370)

��	��
�����
f2(1270)

��������� �!�"�#���!�$�����&% �'���)(*�#+,� s,¥
57T'MU3UJ�;�8,q

ρρ
CL80oNTOM'?7o^T';LKN:WA98

γγ
3,6[Twx0K1V0T': K^:�� K^x7/��H/N.0/�tuF7T';9T_57K^3�c

x0693,CI;¡MU3h:�(#T�;[TOb�3,693hABT'5PKN:_80:7T ;]AB6[80:7x�b�3,6]A 	
R → ρ0ρ0 3h:75 57TObHK^M'A9TO5KN: � K^xH/_�7/ � 	�3,:75�A9F7T�57KN69TOM~A MO8,:WV,TO6[;9K^8,:�8hq<A9F7TzAn��8

ρ ¢ ; KN:�AB8_b7FH8,AB80:H;O/tuFW?7; 	�ABFHT4;]AB698,:7x�b�3h6[A MO80:�AB3,K^:7; (#8,ABF ABF7T�V0T'M'A9806]c�T~}�MaF�3,:7x,T@3,:75LMO80:�Aa3hM'A
A9TO69CI;O/GtuF7T�3,CIb7oNKNAB?H57T@8,q � KNx7/G�H/�{L3�'�MO3,: (#T�b�3,6B3hCLT~AB69K�
OT'5>3,;¡3 ��69TOK1A
� KNx0:7TO6¡3,CIb7o^K1AB?757T 	#3,:75 ?7;[K^:7xzA9F7T�;[b7K^: b76[8��[TOM~ABKN80:_80b#TO693hAB806[;yx0K1V0TO:>K^:
� X
/ %j{H/1.!{�'�	780:7T@8 (�Aa3,KN:

J = 0

t(0) =
g2
S

s−M2
R + iMRΓ

× 1√
3
ε
(1)
i ε

(2)
i

1√
3
ε
(3)
j ε

(4)
j

%��7/1. '

J = 2

t(2) =
g2
T

s−M2
R + iMRΓ

{1

2
(ε

(1)
i ε

(2)
j + ε

(1)
j ε

(2)
i ) − 1

3
ε
(1)
l ε

(2)
l δij}

×{1

2
(ε

(3)
i ε

(4)
j + ε

(3)
j ε

(4)
i ) − 1

3
ε(3)m ε(4)m δij}

%��7/ � '

��K^:7M'T 	(K^:H57TOT'5 ��TI3,69T KN:WA9TO6[TO;[A9TO5�K^:_A9F7T 57K 3hx06B3,C 8,q � K^xH/Q�7/�{ (�'
	�A9F7T

� KNx0?76[T<�H/N. � �
T~J�:7Cz3h:�57K 3hx06B3,CI; AB8�T~Vh3,o^?�3�ABT�ABF7Ty693,57K^3hABK1V0T<57TOMO3!JI��K^5�ABF
8,q
f0(1370)

3h:75
f2(1270)

/



£ � � � � � ��� �%"%�	� ��� �%� ��� ����" � � "�� ��� � $���� 
�� � �%� �
ρρ

� � �	� $	� � � 
 " ��� �
γγ

� KNx0?76[T �7/ �.� �WAB698,:7x4b73,6[A*8,q�q�T'J�:7CL3,:�57K^3,x0693,CL;�A984T~Vh3,o^?�3�ABT ABF7T 6B3h57K 3hA9KNV,T
57T'MU3UJ���KN5HABF�8,q

f0(1370)
3,:75

f2(1270)
/

� KNx0?76[T��7/�{��+3�'+¤�TO;[80:�3,:HMOTub#80o^T�69TObH69TO;[TO:�Aa3�ABK^8,: 8,q�ABF7T 3,CLbHo^KNA9?757T 8,q ��£�S �j/
(�'  4K 3,x0693,C 5HTOb7KNM'ABKN:7x�ABFHT�M'80?7b7oNK^:7x 8hq+A9F7TR69TO;[80:�3,:HMOTRAB8

ρρ
/



���������
	��
������	��������������������
f0(1370)

��	��
�����
f2(1270)

��������� �!�"�#���!�$�����&% �'���)(*�#+,� £H.
M'80?7b7oNK^:7x 8,q*ABFHT�6[TO;[80:�3,:7M'T@AB8 ABF7T

ρρ
;[J�;[A9TOC¦K^;ux,KNV0T': (�J

J = 0

P (0) ≡ gS
1√
3
ε
(3)
i ε

(4)
i ,

%��7/�{�'

J = 2

P (2) ≡ gT [
1

2
(ε

(3)
i ε

(4)
j + ε

(3)
j ε

(4)
i ) − 1

3
ε(3)m ε(4)m δij]

%��7/���'
� F7T':z57TO3,o^KN:7x@��KNA9FLKN57TO:�ABKNMU3,oHb�3,6[A9K^M'o^TO;�80:HT4C�?H;[A�Aa3,ZhT4KN:�AB8Q3,MOM'80?7:�A�A9F7T
q�3,M~AB806

1/2
8,q+;[J�CICLT~AB6[J 	 (7?HA�A9F7K^;�K^;uKNCLbHo^K^M'KNA K^:�A9F7TR?7;9T�8,q*ABF7TR?7:7K1Aa3,6]J

:78,69CL3,o^K�
U3hA9K^80:�/ �y:zA9F7T¡8hABF7T'6�F�3h:75 	HKN:z806[57TO6�AB8QMO80:H;9K^5HTO6G8,:7oNJ A9F7T
ρ0ρ0M'80CLb#80:7T':�AR8,q�A9F7T

I = 0
;[AB3hABT 	(�GT 80:7o1J_:7T'TO5�AB8pC�?7o1ABK^bHoNJ � X�;'/ %��7/�{�'

3,:H5 %��7/���' (WJ −1/
√

3
/ytuFW?7; 	�A9F7T�;[?7C 8hq ABF7T�An��8�57K^3,x06B3hCL;43�'43h:75 (�'

8,q � KNx7/ �7/ ��MU3,: (#TR��6[KNA[ABTO:w3,;

tRρ0ρ0 = (− 1√
3
)g(i)G(MR)V P (i) ,

%��7/�S '

��F7T'69T
g(i) ;]Aa3,:75H;pq�8,6 g(S) 806 g(T ) 	 P (i) 3,69TwABF7T M'80696[TO;9b#80:75HK^:7x�;9bHK^:80b#TO693hAB8,69;�8,q&� X�;'/ %��7/�{�'�3,:75 %��H/���'�3h:75

G(MR)
;[AB3,:757;pq�806�A9F7T o^8�80b

q�?7:HM'ABKN80:�57T~r�:7TO5wK^: � X
/
%�{H/��0��'�T~V,3ho^?�3hA9TO5w3hA √
s = MR

/
�4T~V0T'6[ABFHTOo^T';9; 	y3,;z��T 3,6[T_3hA�A9F7T_b#80o^T�8,qRABFHT 3,CIb7o^K1AB?757T 	G��T_F�3UV0T

GV = 1
	
3,MOM'806957KN:7x�AB8 � X
/ %�{H/ � � '
	73,:75��GT�8 (HAB3,K^: 	

tRρ0ρ0 = − 1√
3
g(i)P (i) .

%��7/���'

tuF7KN;�6[TO;[?7oNA � 3h;GT~}�b#TOM~ABTO5z;9K^:HMOT4A9F7T43,5757K1ABK^8,:I8hq�3,:zTd}�AB6B3 (7? ( (Ho^T4A98�A9F7T
57K^3,x0693,Cz3�ABK^M ;[TO69KNTO; KNCLb7oNK^M'KNA�K^:�A9F7T �GT'A9F7T��H3,oNb�T~ABT'6�TOXW?�3hA9K^80:�oNTU3,57;QAB8
A9F7T@;B3,CIT�3,CIb7o^K1AB?757T¡3hA�ABF7TRb#80o^T¡8,q+A9F7TR69T';980:�3h:7MOTh/

tuF7T�M'80?7b7oNK^:7x,;
gs
3h:75

gT
K^:�V080o1V0T'5 K^: � XW;O/ %��7/�{�'43,:H5 %��7/���'�MU3,: (#T

8 (�Aa3,KN:7TO5�q�6[80C
g2
S,T = MRΓR(|T |2max)

1/2 %��7/�s '
mn:wt 3�(Ho^TO;4�7/1.�3,:75>�7/ � 	#��T�x0K1V0T�57K ��TO6[TO:�A¡Vh3,oN?7TO;<8,q

gS
	
gT

q�806457K ��TO6[TO:�A
Λ ¢ ;'/	�¡;��GTLMU3,:P8 (7;9T'6[V,T 	 A9F7TO;[TLVh3,o^?HTO;Q3,69TI6B3hA9F7TO6�;[AB3�(7oNT 	+3,:75P��Tz?H;9T



£ � � � � � ��� �%"%�	� ��� �%� ��� ����" � � "�� ��� � $���� 
�� � �%� �
ρρ

� � �	� $	� � � 
 " ��� �
γγ

3UV0T'6B3,x,TRVh3,oN?7TO;

g2
S = 76 × 106 MeV2, g2

T = 160 × 106 MeV2 %��7/�£�'
��F7KNMaFwKN:�V080o1V0T@?7:7M'TO6]Aa3,KN:WA9K^T';<8hq+A9F7T

10 � /

J = 0 Λ
� �wT���� |T |2max ΓR

� ��T����
g2
S

� �wT�� 2 �

1200 1.0 × 105 144 70 × 106

MR = 1532
� ��T����

1300 6.0 × 104 212 80 × 106

1400 4.2 × 104 244 77 × 106

t+3�(7oNTG�7/1. �*¤<T';980:73,:7MOTub73,6B3,CIT'A9TO6[; 3,:75 M'80?7b7oNK^:7x4MO80:7;]Aa3,:�A9; 8 (HAa3hK^:7T'5 (�J
r7A[ABKN:7x�ABFHTy69T';9?7o1AB; ;[F78!��:wKN: � K^xH/�{�/N.0.yq�8,6

J = 0
;]Aa3hA9Ty��KNA9F

qmax = 875�wT���/

J = 2 Λ
� �wT���� |T |2max ΓR

� �wT����
g2
T

� �wT�� 2 �

1200 2.4 × 106 78 154 × 106

MR = 1275
� �wT����

1300 1.5 × 106 100 156 × 106

1400 1.1 × 106 125 167 × 106

t+3�(7oNTG�7/ � �*¤<T';980:73,:7MOTub73,6B3,CIT'A9TO6[; 3,:75 M'80?7b7oNK^:7x4MO80:7;]Aa3,:�A9; 8 (HAa3hK^:7T'5 (�J
r7A[ABKN:7x�ABFHTy69T';9?7o1AB; ;[F78!��:wKN: � K^xH/�{�/N.0.yq�8,6

J = 2
;]Aa3hA9Ty��KNA9F

qmax = 875�wT���/

�y:LA9F7T¡8,A9F7TO6�F�3,:75 	�A9F7T4V,TO6[A9T~}LABF�3�A K^:�V,80oNV,TO;�A9F7T¡M'80:�V0T'69;9KN80:�8,q�80:7T
V,TOM'A9806�K^:�AB8 80:HT�bHF78,AB8,:�KN;ux0KNV,TO: (�J�ABF7T 
�3,x0693,:7x0K^3,:

LV γ = −M2
V

e

g
Aµ〈V µQ〉 , %��7/�¥�'



���������
	��
������	��������������������
f0(1370)

��	��
�����
f2(1270)

��������� �!�"�#���!�$�����&% �'���)(*�#+,� £0{
��K1ABF

Q = diag(2,−1,−1)/3
	
e = −|e| A9F7TzT'o^TOM~AB6[80:�MaF�3,6[x0T 	�3,:H5 AµA9F7T@b7F78,A980:pr�TOoN5�/ ��6980C ABF7KN;uo 3,x0693,:7x0K^3,:z��TQx,T'AuABFHTQ3hCLb7oNKNA9?757T

−itρ0γ = (−i) 1√
2
M2

V

e

g
εµ(ρ)ε

µ(γ) (e < 0) ,
%��7/1.���'

� KN:�3,oNoNJ 	�KN:PABFHT�DG80?7oN80C (Px�3,?7x0TIq�806�bHF78,AB8,:7; %
ε0 = 0

	
~ε · ~k = 0

'
	*ABF7T
;[?7C 8!V0T'6<A9F7T@r�:�3,o�b#80o^3,69K�
U3hA9K^80:LK^;

∑

λ

εi(γ)εj(γ) = δij −
kikj
~k2

%��7/N.,. '

tuFW?7; 	�3�AuABF7TRTO:H5w80:HTRr7:757;uABF7T�3,CIb7oNKNAB?H57TO;

J = 0

tR→γγ = −1

3

e2

2

gS
g2
εi(γ1)εi(γ2) .

%��7/N. � '

J = 2

tR→γγ = − 1√
3

e2

2

gT
g2

[
1

2
(εi(γ1)εj(γ2) + εj(γ1)εi(γ2))

−1

3
εm(γ1)εm(γ2)δij]

%��7/N.U{�'
3,:H5pA9F7T@r�:�3,o(b73,6[A9K 3,o�57TOMO3!J���KN5HABFH;43h69T@x0K1V0TO: (�J

J = 0

Γ =
1

16π

1

MR

g2
S

2

3

1

12
e4(

2f

Mρ

)4 .
%��7/N.O��'

J = 2

Γ =
1

5

1

16π

1

MR

g2
T

7

3

1

12
e4(

2f

Mρ

)4 %��7/N.!S '

tuFW?7; 	#?H;9K^:Hx A9F7TRMO80?Hb7o^KN:7x0;
g2
S

	
g2
T

8,q
��X
/ %��H/�£�'G8,:7T@r�:757; �

Γ(f0(1370) → γγ) = 1.6 keV

Γ(f2(1270) → γγ) = 2.8 keV
%��7/1.!��'



£,� � � � � ��� �%"%�	� ��� �%� ��� ����" � � "�� ��� � $���� 
�� � �%� �
ρρ

� � �	� $	� � � 
 " ��� �
γγ

��K1ABFpTO;]ABK^CL3hA9TO5�TO6[69806[;�8,q+A9F7T
10 � /

�¡; �GT4MU3,:L;9T'T 	�A9F7T4r7:�3,o
69T';9?7o1A�q�806�ABFHT
f2(1270)

KN;�KN:Lb#TO6]q�TOM'A 3,x06[TOT~c
CITO:�AR��KNA9F�A9F7TLTd}�b�T'69K^CITO:�AB3,o 5�3hAB3 	

Γ(f2(1270) → γγ) = 3.03 ± 0.35�@T���/�DG80:HMOTO6[:7K^:Hx�80:LA9F7T
f0(1370)

	W80:7T4:7TOT'57;u3,oN;98RABF7T (76B3h:7MaF7K^:Hx�6B3�ABK^8
B(π0π0)

��F7K^MaF>K^;¡bH698!V�K^57T'5 3,o^;[8 (�J>A9F7T�ABFHTO806]J ��£�S �j/ymn: ��£�S�� 	�80:HT�x0T~AB;
A9F�3hA¡A9F7TQA98,Aa3ho*��KN5HABF_8hq ABF7T

f0(1370)
M'80CLT';@3,6[80?7:75

1/4
q�6[80C

ρρ
3,:75

3/4
q�698,C

ππ
	�80?�AR8,q���FHK^MaF

1/3
M'80696[TO;9b#80:75H;�A98pA9F7T
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gr gs

V

V V

V

� KNx0?76[T S�/�� �@ 4J�:�3,CIK^MO3,o^o1J�x0TO:7T'6B3hA9TO5�69T';980:�3h:7MOT q�698,C ABFHT
V V

K^:�ABT'6B3,Mdc
A9K^80:

K∗+(1430)(P )

K∗0(q)

ρ+(P − q)
ω

γ(k)

K+(P − k)

π−(k + q − P )

� KNx0?76[T�S�/�S � ��T'J�:7CL3,: 57K^3,x06B3hC 8,q#ABF7T
K∗+

2 (1430) → K+γ
57TOMO3!J KN: ABF7T

ρ+K∗0 MaF�3,:H:7TOo(��KNA9F�3 !�! � V0TO6]ABTd}l/

tuF7T KN;980;[b7K^: M'8�T ,LM'K^T':WAyK^;y57T':78,A9TO5�3,;
gI
/�tuFW?7; 	(ABF7T ¤��¡� 	��

γ
	 ! ! �

3,:H5p�4� ! V,TO6]ABK^M'TO;<K^:�V08,oNV0T'5wKN: � K^x7/ S�/ S 3,6[T

tijRV1V2
= gIgr{

1

2
(ε(1)iε(2)j + ε(1)jε(2)i) − 1

3
ε(1)lε(2)lδij}

tVf γ = λ
e

g
M2

Vf
ε(γ)µ ε(f)µ

tPlPfV1 = Ag(pin + pfin)µε
(1)µ = −Ag(2(P − k) − q)µε

(1)µ

tV2VfPl = −B G′
√

2
εαβγδ(P − q)αε

(2)
β kγε

(f)
δ ,
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	�� � ������� ����� ��(*���$����� ������	 ��	�� ��������� ��	 ¥�.
(#TOKN:7x

V1 = K∗0 	 V2 = ρ+ 	 Vf = ω
	
Pl = π− 	 Pf = K+ 	 3h:75�A9F7T

M'8�T ,LM'K^T':WA9;
gI
	
gr
	
A
	
B
3h:75

λ
3,69T � −

√
2
3

	
(10901,−i71)

�wT�� 	 −1
	

√
2
3,:75 1

3
√

2

6[TO;9b#TOM~ABK1V0TOo1J0/ tuFHT
Vf → γ

M'80:�V0T'69;9KN80:ITO;9;[TO:�ABK^3,o^o1J�6[TOb7o^3,MOT'; 	
?7b�A98L3 M'80:7;[AB3,:�A 	

ε
(f)
δ

(�J
ε
(γ)
δ

/ tuF7T'69T~q�8069T 	
��TRMU3,:���6[KNABTyA9F7T�3,CIb7o^K1AB?757T
8,q*ABFHT�5HK 3,x0693,C 57TOb7KNM'A9TO5�K^: � K^xH/�S�/�S MO3,: (�T@Td}HbH69TO;[;9T'5 3,;

−itij
K∗+

2 (1430)→K+γ
= egrG

′FI

∫
d4q

(2π)4
{1

2
(ε(1)iε(2)j + ε(1)jε(2)i)

−1

3
ε
(1)
l ε

(2)
l δij}ε(1)µ(2(P − k) − q)µε

αβγδ

×(P − q)αε
(2)
β kγε

(γ)
δ

× 1

q2 −M2
1 + iε

1

(k + q − P )2 −m2
l + iε

× 1

(P − q)2 −M2
2 + iε

,
%jS�/���'

��K1ABF
M1 = mK∗

	
M2 = mρ

	
ml = mπ

3h:75
FI = 1√

2
ABλgI = 1

3
√

3

/
�PTR;9F780?Ho^5 (�TRMO8,:7;9KN;[ABT':�A4��K1ABF�ABF7TQ3,b7bH698U}�K^CL3hABKN80:�5780:HTQKN:>DGF73,bHABT'6¡{ 	
��F7T'69T |~q |/M1 ' 0

	W��F7K^MaF�KNCLb7oNK^T';�A9F�3hA
ε(1)0 ' 0

/ tuF7K^;�CLTO3,:7;�A9F�3hA�ABF7T
µ
3,:75

β
KN:757K^M'TO;R;9FH80?7o^5�(#TI;[b�3hA9K 3,o 3h:75 3ho^;98�A9F�3hARABF7T

qiqj/M2
V

ABT'69CI;
KN:zABF7TR;[?7C 8!V0T'6uV0TOM~AB806�b#80o 3h69K 
O3hABKN80:7;�;9FH80?7o^5 (#T@:7TOx,o^TOM~ABT'5�/ �
8,6 MO80:�V,T~c
:7KNTO:7M'T 	���T4��K^oNo7Z,T'TObzA9F7TOC 3h;�M'8�Vh3,6[K 3,:�A K^:H57K^M'TO; 3,:75 ��K^oNo7MO80:H;9K^5HTO6�ABF7T'C
3,; ;9b73hABK^3,o
K^:757KNMOT';G3hA�A9F7T¡T':75�/ tuFW?7; 	73hq ABT'6�;[?7CLCIK^:Hx�8!V,TO6 b#80o 3h69K 
O3hABKN80:7;

∑

λ

ε(1)iε(1)µ = −giµ

∑

λ

ε(2)jε
(2)
β = −gjβ ,
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��TR8 (HAa3hK^:

−itij
K∗+

2 (1430)→K+γ
= egrG

′FI

∫
d4q

(2π)4
{1

2
εαjγδ(2(P − k) − q)i

×(P − q)αkγε
(γ)
δ

+
1

2
εαiγδ(2(P − k) − q)j(P − q)αkγε

(γ)
δ

−1

3
εαmγδ(2(P − k) − q)m(P − q)αkγε

(γ)
δ δij}

× 1

q2 −M2
1 + iε

1

(k + q − P )2 −m2
l + iε

× 1

(P − q)2 −M2
2 + iε

.
%jS�/�£�'

�4o^o�A9F7T@ABT'69CI;<8hq � X
/ % S�/�£�' 3,6[T�bH6980b#806[A9K^80:73,o#A98z3h:�KN:�ABTOx,6B3,o�oNK^ZhT
∫

d4q

(2π)4
(2(P − k) − q)i(P − q)α

1

q2 −M2
1 + iε

× 1

(k + q − P )2 −m2
l + iε

1

(P − q)2 −M2
2 + iε

,
%jS�/�¥�'

��F7KNMaF 	lq�6[80C 
(806[TO:�A 
 M'8!V,3h69K 3h:7MOT 	�C�?7;]A (�T�3zABTO:H;9806 (7?HK^oNA<q�698,C
P
3,:75

k
	

agiα + bP iPα + ckiPα + dP ikα + ekikα .
%jS�/N. ��'

tuF7TI;9T'MO80:H5�3,:75�q�80?76]ABF ABTO6[CL;RKN: � X
/,% S�/N.�� 'yVh3,:HK^;9F�57KN69TOM~ABo1J (#TOMU3h?7;9T
P i = 0

/+tuFW?7; 	hABFHT r�69;]A*A9TO6[C K^: � X
/�%jS�/1.���'�oNTU3,57;�A98�3 ABTO6[C b76[80b#806[A9K^80:�3ho
A98

1

2
kγε

(γ)
δ a(εijγδ + εjiγδ) − 1

3
εαmγδkγε

(γ)
δ δijagmα ,

%jS�/N.,. '
��F7KNMaF@V,3h:7K^;[F7TO; (�J@ABF7T�M'80:�AB6B3hM'ABKN80:R8,q�ABF7KN;�3,:�ABK^;]J�CLCIT'A969K^M+80b#TO6B3�AB806���K1ABF
3 ;[J�CICLT~AB69KNM@80:7T 	

gmα
/GtuFHK^;�K^;<3 �GT'o^MO8,CLT@q�TU3�AB?76[TQ;[K^:7M'T�A9F7K^;uABT'69C �G3,;

A9F7TQ8,:7oNJp80:HTQABF73hA¡KN;45HKNV0T'69x0T':�AyK^:�ABF7T�K^:�A9TOx0693,o�8,q�� X
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A9TO69C 	

ekikα
	(o^TU3h57;¡AB8�A9TO69CI;@b76[80b�8,6[ABKN80:�3,o�AB8

kγkαε
αlγδ 	�3h:75 ABF7T'69T'q�8,69TK1A@3,oN;98�Vh3,:7KN;9F7T';O/�tuFW?7; 	*8,:7oNJwABF7T�A9F7K^6[5_ABTO6[C�	

ckiPα
	(6[TOCL3,K^:7; 	 (7?HA@��T

MO3,: ;]ABK^oNo�;9K^CIb7oNKNq J_K1AU/ � K1ABFPA9F7TO;[T�;9KNCLbHo^KNr7MU3hA9K^80:7; 	�ABF7TLK^:�ABT'x06B3ho KN: � X
/
%jS�/�£ '�K^;�b76[80b�8,6[ABKN80:�3,o
AB8

1

2
cPαkγε

(γ)
δ (kiεαjγδ + kjεαiγδ) − 1

3
cεαmγδkγδ

ijε
(γ)
δ kmPα .

%jS�/N. � '

3,:H5�A9F7T�o^3,;[A�ABT'69C¦KN:�A9F7T�3 (�8!V0TQTOXW?�3hA9K^80:�Vh3,:7K^;[F7TO;�q�806
P i = 0

/ t*8z;[TOT
K1A 	HoNT'A�?7;�;[b7o^K1A ABF7T@q�3,M~AB806

εαmγδkγk
mPα

KN:pAn��8 ABTO6[CL;
∑

m=1,3

εαm0δk0k
mPα +

∑

m=1,3

∑

l=1,3

εαmlδklk
mPα ,

%jS�/N.U{�'

A9F7T�o^3,;[A*ABT'69C`KN;�
'TO698¡;9K^:HMOT KNA+K^;*34b76[8�5H?7M'A 8,q
3,:�3,:�ABK^;]J�CLCIT'A969K^M 8,b�T'6B3hA9806
(�JP3w;]J�CICIT'AB6[K^MI80:7Th/ �4o^;[8�	+A9F7Tzb76[TO;[TO:7M'T�8,q

Pα
q�8069M'TO;

α = 0
	*��F7K^MaF

CL3,Z,T';uABF7T@r�6[;[A�ABT'69C 57KN;B3,bHb�TO3,6O/
�48!�Y��T�C�?7;[A4T'Vh3,oN?�3hABT@A9F7T

c
M'8�T ,LM'K^T':WA4K^: � X
/ % S�/1. � 'd/ 
(T'A4?7;¡?H;9T

A9F7Tyq�8069C�?7o 3�8,q*ABFHT ��T~J�:HCz3,:pb�3h6B3,CIT'A969K 
O3hABKN80:zq�806
n = 3

1

αβγ
= 2

∫ 1

0

dx

∫ x

0

dy
1

[α+ (β − α)x + (γ − β)y]3
.

%jS�/N.O��'

��806�ABF7T�K^:�ABT'x06B3,o*8,q � X
/ % S�/�¥�'
	#�GT MO3,:_?7;[T�ABF7T�3�(�8!V,T�b�3,693,CLT~AB6[K 
U3�ABK^8,:
��K1ABF

α = q2 −M2
1

β = (P − q)2 −M2
2

γ = (P − q − k)2 −m2
l .

%jS�/N.!S '
�GT';9KN57TO;yA9F�3hA 	���T 57T'r7:7TI3�:7T'� V,3h69K 3 (7o^T

q′ = q − Px + ky
	(;[?7MaF ABF�3hA

A9F7T@K^:�ABT'x06B3ho�8,q
��X
/ % S�/�¥�'GMO3,: (�TRT~}�b76[TO;[;9TO5_3,;

2

∫
d4q′

(2π)4

∫ 1

0

dx

∫ x

0

dy(2(P − k) − q)i(P − q)α
1

(q′2 + s)3
,
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��K1ABF
s = −(P 0)2x2 + 2P 0k0xy + ((P 0)2 −M2

2 +M2
1 )x

+(−2P 0k0 +M2
2 −m2

l )y −M2
1 .

%jS�/N.!s '
��698,C � X
/ % S�/N.!� '
	0��T<;[F780?7oN5�Aa3,ZhTuABF7T

kiPα
ABT'69C ��K1ABFI3,M'MO80CIb�3,:7KNTO; A9F7T

c
M'8�T ,IMOK^T':�AU/�tuF7TO6[T'q�806[T 	���T�8�(HAa3,KN:

c = 2

∫
d4q′

(2π)4

∫ 1

0

dx

∫ x

0

dy
(1− x)(y − 2)

(q′2 + s)3
.

%jS�/N.U£�'
�4:75�ABF7TRK^:�A9TOx0693,o�K^:�A9F7T

q′
Vh3,69K^3�(7oNT¡MU3h: (#TRb�T'6[q�806[CLT'5w3h:�3,oNJWA9K^MU3ho^oNJ��

∫
d4q′

1

(q′2 + s)3
=
iπ2

2s
.

%jS�/N.U¥�'
� KN:�3,oNoNJ 	���TQx,T'A

c =
i

16π2

∫ 1

0

dx

∫ x

0

dy
(1 − x)(y − 2)

s
,

%jS�/ � ��'
3,:H5pA9F7T�3,CIb7o^K1AB?757T¡8,q+A9F7TR57K 3hx06B3,C 8,q � K^xH/�S�/�S KN;

−itij
K∗+

2 (1430)→K+γ
=

1

2
FI egrG

′cPαkγε
(γ)
δ (kiεαjγδ + kjεαiγδ) .
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K∗(1430) → Kγ

� � * � &
* ��� � � ) � ) ��� � # � 
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mn: 806957T'6 AB8 M'80CIb7?HABT�A9F7Tw;[TOM'80:75 57K^3,x0693,C q�806 ABFHT
K∗(1430) → Kγ57T'MU3UJ 57T'b7K^M~ABT'5�KN:�� K^x7/�S�/1. 	l��T ;9F78!� K1A@K^:�� KNx7/�S�/��z��K1ABF ABFHT T~}�b7o^KNMOK1A

CI80CITO:�Aa3@K^: ABFHT4MO3,;9T<8,q�A9F7T
K∗0ρ+ K^:�ABT'69CITO57K^3hABTu;]Aa3hA9T,/ tuFHT¡57K��lT'69TO:HMOT

��K1ABF ABF7TI57K 3hx06B3,C MU3,oNMO?7o^3hABT'5PKN:�A9F7TIb769T~V�KN80?7;�;9T'M'ABKN80:�K^;RABF7TIb769T';9T':7MOT
8,q*ABFHTQ{��`V0TO6]ABTd}l/ tuF7T�MO806[69T';9b#80:757KN:7xI{h� 3,:75p�¡� ! V0T'6[ABKNMOT';¡3,6[T

tV2VlVf = gD{(2k + q − P )µε
(l)
ν ε

(2)µε(f)ν

−(k + P − q)µε
(2)
ν ε(l)µε(f)ν

+(2(P − q) − k)µε
(l)
ν ε

(f)µε(2)ν}

tV1VlPf = −B G′
√

2
εαβγδqαε

(1)
β (k + q − P )γε

(l)
δ ,

%jS�/ � � '



� �)(*�#+ ����% �)( � ����� % �)( � ��� ��������	���	�()��� �
	�� � ������� ����� ��(*���$����� ������	 ��	�� ��������� ��	 ¥0S
��K1ABF

D =
√

2
	
B = 1

	�3,:75
gI
	
gr
	
λ
KN: � X�;'/ % S�/�S '>3h69T −

√
2
3

	

(10901,−i71)
�wT�� 	 1√

2

69T';9b#TOM~ABKNV,TOo1J0/ tuF�?H; 	7ABFHTQ3hCLb7oNKNA9?757T¡8hq+A9F7T@57K 3�c
x0693,C KN: � K^x7/ S�/��IMO3,: (�T@��69K1A9A9TO:�3,;

K∗+(1430)(P )

K∗0(q)

ρ+(P − q)
ρ0

γ(k)

K+(P − k)

ρ−(k + q − P )

� KNx0?76[T�S�/���� ��T'J�:7CL3,: 57K^3,x06B3hC 8,q#ABF7T
K∗+

2 (1430) → K+γ
57TOMO3!J KN: ABF7T

ρ+K∗0 MaF�3,:H:7TOo(��KNA9F�3L{h�`V,TO6]ABT~}�/

−itij
K∗+

2 (1430)→K+γ
= F′

I egrG
′
∫

d4q

(2π)4
{1

2
(ε(1)iε(2)j + ε(1)jε(2)i)

−1

3
ε
(1)
l ε

(2)
l δij}εαβγδqαε(1)β (k + q − P )γε

(l)
δ

×{(2k + q − P )µε
(l)
ν ε

(2)µε(γ)ν

−(k + P − q)µε
(2)
ν ε(l)µε(γ)ν

+(2(P − q) − k)µε
(l)
ν ε

(γ)µε(2)ν}

× 1

q2 −M2
1 + iε

1

(k + q − P )2 −M2
l + iε

× 1

(P − q)2 −M2
2 + iε

%jS�/ �h{�'

��K1ABF
F′

I = − 1√
2
gIBDλ

/LtuF7TI� 3UJ A98wb76[8�M'TOT'5 K^;@V,TO6[J ;[K^CIK^o^3,64A98�A9F�3hA
8,q*ABFHTQb76[T'V�K^8,?7;4;[? (7;[TOM'A9K^80: 	
��K1ABFpABF7T�80:7o1J�57K��lT'69TO:HMOT�8,q+A9F7T�?7;9T�8,q A9F7T

(806[TO:�A 
<MO80:H57KNA9K^80: 	

kµε
(γ)µ = 0
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tuF7T@r�6[;[A<80:7T 	�K^;
∫

d4q

(2π)4
qα

1

q2 −M2
1 + iε

1

(k + q − P )2 −M2
l + iε

× 1

(P − q)2 −M2
2 + iε

,
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��F7KNMaF�q�6[80C 
(806[TO:�A 
RM'8�Vh3,6[K 3,:HMOTyAa3hZ,TO;�ABFHTRq�8,69C

a1Pα + b1kα .
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� F7T':QM'80:�AB693,M'A9K^:7x���KNA9FRA9F7T ABT'69C
kγPδε

αiγδ 	�A9F7K^;�K^:�A9TOx0693,o (#TOMO8,CLT'; 
'TO6[87/tuF7TR;[TOMO8,:75>KN:WA9TOx0693,o�KN;
∫

d4q

(2π)4
qα(2k + q − P )j

1

q2 −M2
1 + iε

× 1

(k + q − P )2 −M2
l + iε

1

(P − q)2 −M2
2 + iε
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3,:H5pAB3,Z,T';<A9F7T@q�8069C

a2g
j
α + b2kαk

j + c2k
jPα + d2P

jkα + e2P
jPα .
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tuF7TLr�69;]A�ABT'69C 57K^;93,b7b#TU3,6[;�57?7TLAB8>A9F7TLq�3,M~AB806

gjαε
αiγδ + giαε

αjγδ = 03,:H5pA9F7TRo 3,;]A An��8IA9TO69CI;<3,69T 
'TO6[8L;[K^:7M'T
P j = 0

/ tuF7T@r�:�3ho�3,CLbHo^KNA9?757T4K^;
3�q�?7:7M~ABKN80:p8,q+A9F7T

b2
3,:H5

c2
M'8�T ,IMOK^T':�AB; 	
3h:75wK1A�MU3,: (#TRT~}�b769T';9;[TO5 3,;

−itij
K∗+

2 (1430)→K+γ
= −1

2
F′

I egrG
′ (kjεαiγδ + kiεαjγδ)

×ε(γ)δ (−b2kαPγ + c2Pαkγ) ,
%jS�/ �h£�'

��K1ABF

b2 =
i

16π2

∫ 1

0

dx

∫ x

0

dy
y(y − 2)

s′

c2 =
i

16π2

∫ 1

0

dx

∫ x

0

dy
x(2 − y)

s′
%jS�/ �h¥�'
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	�� � ������� ����� ��(*���$����� ������	 ��	�� ��������� ��	 ¥0s
3,:H5

s′ = −(P 0)2x2 + 2P 0k0xy + ((P 0)2 −M2
2 +M2

1 )x

+(−2P 0k0 +M2
2 −M2

l )y −M2
1 .

%jS�/�{���'
� KN:�3,o^o1J 	�A9F7TL;[?7C 8,q A9F7TL5HK 3,x0693,CI;@K^: �+K^x7/�S�/ � 	*q�6[80C � X�;'/ % S�/ ����'�	

%jS�/ ��. '
	 % S�/ �,£�' 3,:H5 %jS�/ �h¥�'
	7oNTU3,5�A98IA9F7T�3,CIb7o^K1AB?757T �

−itij
K∗+

2 (1430)→K+γ
=

1

2
eG′(b′2kαPγ + (c′ − c′2)Pαkγ)

(kjεαiγδ + kiεαjγδ)ε
(γ)
δ ,

%jS�/�{�. '
��K1ABF

b′2 = gr F′
I b2

c′ = gr FI c

c′2 = gr F′
I c2 .

%jS�/�{ � '
mn:I806957T'6 A98RMO80CIb7?HA9T�A9F7T<57TOMO3!J ��KN5HABF 8,q�ABF7T<b7698�MOT';9;

K∗+
2 (1430) →

K+γ
	��GT�;[A9K^o^o�:7TOT'5wA98IT~Vh3,o^?�3�ABTyABFHT�;[XW?�3,69T'5>3hCLb7oNKNA9?757Ty;[?7CLCIK^:Hx 8�V,TO6

b#80o 3h69K 
O3hABKN80:7; 	�Kj/�T,/ 	 1
2J+1

∑
λf

∑
λi
tij(t

ij)∗
/ tuF7T ;9?HC 8!V0TO6@A9F7T b�80o^3,6]c

K�
U3hA9K^80:7;(8hq7ABF7T b7F78hAB80: ∑
λf
ε
(γ)
δ ε

(γ)
δ′
o^TO3,57;�AB8¡3<q�3,M~AB806 −gδδ′ /+mn:�3,5H57KNA9K^80: 	b76[8�5H?7M'A9;y8,q ABFHT 3,:�ABKN;[J�CLCIT'A969KNM

εαβγδ
80b#TO6B3�AB806[;y3,b7b#TU3h6 	�q�8,6¡��F�3hA¡80:7T

MO3,:p?7;9TRABF7TR6[?7o^T

εαβγδεα
′ γ′

β′ δ = −

∣∣∣∣∣∣∣∣∣∣∣∣

gαα
′
gαβ′ gαγ

′

gβα
′
gββ′ gβγ

′

gγα
′
gγβ′ gγγ

′

∣∣∣∣∣∣∣∣∣∣∣∣

,
%jS�/�{,{�'

��K1ABF
β, β ′ ;9b�3�ABK 3ho�K^:75HK^MOT';O/ tuFW?7; 	
��T�8 (HAa3hK^:

1

2J + 1

∑

λf

∑

λi

|t|2 =
1

2J + 1
|~k|4P 2

0 |b′2 + c′2 − c′|2(eG′)2 .
%jS�/�{h��'
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a+

2 (1320) → π+γ

�4:75�r�:�3,oNoNJ 	�ABF7T
K∗+

2 (1430) → K+γ
57TOMO3!J���KN5HABFpKN;ux0KNV,TO: (WJ

Γ(K∗+
2 (1430) → K+γ) =

1

8π

1

2J + 1
|~k|5|b′2 + c′2 − c′|2(eG′)2 .

%jS�/�{0S '

mn:p806[57TO6uAB8IK^:HMOo^?H57TR3,o^o#ABF7TRb#80;9;[K (7oNT@MaF�3,:7:HTOo^; 	
ρK∗ 	 ωK∗ 3h:75 φK∗ ��ToNK^;[AuA9F7T�57K ��TO6[TO:�A

FI
	
F′

I

q�8,6<TO3,MaF_MaF�3h:7:7TOo
r
K^:�t+3�(7o^T'; ��/1.�c-��/�£IKN:�A9F7T

�4b7b�T':757K } ��/�tuFW?7; 	

c′ =
1

16π2

∫ 1

0

dx

∫ x

0

dy (1 − x)(y − 2)
∑

r

FI(r)gr
s(r)

b′2 =
1

16π2

∫ 1

0

dx

∫ x

0

dy y(y − 2)
∑

r

F′
I(r)gr
s′(r)

c′2 =
1

16π2

∫ 1

0

dx

∫ x

0

dy x(2 − y)
∑

r

F′
I(r)gr
s′(r)

.
%jS�/�{,��'

�PT@;9F78!�
s
	
s′
	
FI
3h:75

F′
I

3,x03,K^:�q�806uM'80CIb7o^T~ABTO:HTO;9;'/

s = −(P 0)2x2 + 2P 0k0xy + ((P 0)2 −M2
2 +M2

1 )x

+(−2P 0k0 +M2
2 −m2

l )y −M2
1

s′ = −(P 0)2x2 + 2P 0k0xy + ((P 0)2 −M2
2 +M2

1 )x

+(−2P 0k0 +M2
2 −M2

l )y −M2
1

FI = +
1√
2
ABλgI

F′
I = − 1√

2
gIBDλ

%jS�/�{�s '

� 
�� � # � � � * � & ��
 � # �
a+

2 (1320) → π+γ
tuF7KN;�MO3,;9T�KN;QKN57TO:�A9K^MU3ho A98>ABF7TIq�8069CITO6�80:7TL��KNABFPABF7TL80:7oNJ�57K��lT'69T':7MOTLK^:
A9F7T MO80?7bHo^K^:Hx0;R8,q t+3�(7oNTL{�/��H/LtuF7TIMO8�T ,IMOKNTO:�AB;

FI
	
F ′
I

q�8,6RA9F7TI57K ��TO6[TO:�A
57K^3,x0693,CL;<8,q � KNx7/�S�/�{�3,6[T�;9F78!��: K^: t+3�(7oNTO; �Q/ s 	5��/�£�K^:>A9F7T2�4b7b�T':757K }
�Q/



� �)(*�#+ ����% �)( � ����� % �)( � ��� ��������	���	�()��� �
	�� � ������� ����� ��(*���$����� ������	 ��	�� ��������� ��	 ¥,¥
� 
�� � � � � � � �
mn: t+3�(7o^T'; ��/1. c ��/�£@K^:�ABFHT �¡b7b#TO:75HK1} � ��T�;9F78!� ABF7T�b�3,6]ABK^3,o���KN5HABFH; q�806
oN8�80bH;@MO80:�Aa3hK^:7KN:7xw5HK ��TO69T':�A�b�3h6[ABKNMOoNTO;O/ � TI8 (7;[TO6]V0TzA9F�3hARABF7TIAB8,AB3,o ;9?HC
8,q�3,oNo+A9F7T MO80:�A969K (H?HABKN80:7;y8,q ABFHTO;9T 57K^3,x0693,CL;4K^;yCI80;]ABoNJwMO8,:7;[A969?7M~ABKNV,T q�806
A9F7T

K∗+
2 (1430)

/�mn: M'80:�AB693,;[A 	�A9F7TpK^:�ABT'6[q�T'69TO:HMOTpK^;�V,TO6]J�57TO;]AB6[?7M'A9KNV0TpKN:
A9F7T�MU3h;9T 8,q�ABFHT

K∗0
2 (1430)

/@mn: 806[57TO6yA98�T'Vh3,oN?�3hABTQABF7T�?H:7MOT'6[Aa3hK^:�ABKNTO;yKN:
A9F7T4A9F7TO806[T'A9K^MU3ho#5HTOMU3UJI��K^5HA9F7;���T¡AB3,Z,T4TO696[8069;�K^:IABF7T4MO80?7bHo^K^:HxQM'80:7;[AB3,:�AB;
∆g

8,q�806[57TO6
15%

K^:�¤�T'q / ��£,� �G3,:75�x0T':7TO693hABTz6B3,:75H80C :�?HC (�T'69;�8hq ABF7T
M'80?7b7oNK^:7x0;

gi
��TOKNx0F�ABTO5 (�J�ABF7T �<8069CL3,o�%jv�3,?H;9;9K^3,:�'G57KN;[A969K (H?HABKN80:5�

f(x) =
1

σ
√

2π
e

(x−g)2

2σ2 ,
%jS�/�{,£�'

(�JRCITU3,:7;�8,q�ABF7T�V08,: �4T~��Cz3h:7:�6[T �[TOM~ABKN80:QCIT'A9F78�5�/+tuFW?7; 	,��T�8 (�Aa3,KN:RA9F7T
T'69698,69; K^:

Γ
/ �PTuT'Vh3,oN?�3hA9T ABF7T�3UV0T'6B3,x,T�Vh3,oN?7T�3,:75 K1AB; ;]Aa3,:7573,695I57T'V�K^3hABKN80:

q�6[80C 3 ;B3hCLb7oNT@8,q*ABF7KN6[AnJ�6[TO;[?7oNA9;O/
mn:PA9F7TLr769;[AQb7o^3,MOT �GTLT'Vh3,oN?�3hABT ;[TOb�3,693hABT'oNJ A9F7TzM'80:�AB69K�(7?HA9K^80:�8,qGA9F7T

57K^3,x0693,C ��K1ABF An�G8�V0TOM~AB806[; % � K^x7/zS�/1.z3 ' '@3,:75 ABF76[TOT V0T'M'AB8,69; % � K^xH/�S�/1.
(�' '~/ �GT'q�8,69TR;9F78!��KN:7xLA9F7TR69TO;[?7oNA9; 	
o^T~A<?7;4;[TOTRABF7T�b�3,6]ABK^3,ol��K^5�ABF7;�8,q TU3,MaF
57K��lT'69T':WA�57TOMO3!J CLT'MaF�3,:7KN;9C 3,;�K^:H57K^MO3hABT'5�K^: t+3�(7oNT S�/1.0/ � T 8 (H;9TO6]V0T
q�6[80C ABF7KN;4AB3�(7o^TRABF73hA¡A9F7T�MO8,:WA969K�(7?HABKN80:7;<8,q ABFHTQAn��8�CLT'MaF�3,:7KN;9CI;y3,6[T�8,q
A9F7T4;93,CIT4806[57TO6 8,qlCz3,x,:7KNA9?757T 	�3,:H5LABFHTO69T~q�8069T 	 (#8,A9FLC�?H;[A (�T<Aa3,ZhTO:zKN:�AB8
3,M'MO80?H:WAO/ � K^:73,o^o1J 	hA9F7T¡6[TO;[?7oNA9;�8 (�Aa3,KN:7TO5 q�6980C A9F7T<;9?7C 8,q�ABF7T�An�G8�57K ��TO6 c

DG80:�AB69K�(7?HA9K^80:
Γ(K∗+

2 (1430)→K+γ) Γ(K∗0
2 (1430)→K0γ) Γ(a+(1320)→π+γ)! ! �

46.6 0.19 65.7{h�
28.2 0.29 34.8

t+3�(7oNTpS�/1. � ! 3h6[ABK^3,o 57T'MU3UJ���KN5HABF7;�A98 b7;9T'?75780;[MU3,o^3,6]c�b7F78,A980:�8,q4A9F7T�57K1q c
q�T'69TO:�A¡MO80:�AB6[K (7?�ABK^8,:7;4;[F78!��: K^: � K^xH/<S�/N.Qq�8064;[80CITQ8,q ABF7TQ69TO;[80:�3,:HMOTO;¡K^:
t+3�(7oNTR{H/ s�KN:�?H:7KNA9;u8,q

KeV
/

T':WA�ZWKN:757; 8,q�3,CIb7oNKNAB?H57TO; 	�3,69TG;9F78!��:IK^: t+3�(7o^TuS�/ �4��FHTO69T ��T<3,o^;[8yK^:HMOo^?H57T
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Γ(K∗+
2 →K+γ) Γ(K∗0

2 →K0γ) Γ(a2(1320)→π+γ)tuFHTO806]J
150 ± 50 (1.0 ± 0.8) × 10−2 196 ± 30

� }�b#TO69KNCLT':�A
236 ± 50 < 98 281 ± 34

t+3�(7oNT@S�/ � � t*8,Aa3hol57T'MU3UJz��KN5HABFzA98 b7;9T'?75780;[MU3,o^3,6]c�b7F78,A980:zq�806�;980CITy8,q(A9F7T
6[TO;98,:�3,:7M'TO;<K^:pt 3 (7o^TR{H/�s�K^:p?7:7K1AB;u8,q

KeV
/

A9F7TRT~}�b�T'69KNCLT':WAB3,o(5�3hAB3 3!Vh3,KNo 3�(Ho^T,/ � T�;9T'T�A9F�3hA�ABF7TR6[TO;9?HoNA<8 (HAB3,K^:7T'5�q�806
A9F7TpMaF�3,69x,TO5

K∗+
2

K^; M'80CLb73hABK�(7o^Tz��K1ABF�ABF7Tp5�3�Aa3 K^:�ABF7TpTO6[69806 KN:WA9TO6]V,3ho
T';[Aa3 (7o^KN;9F7T'5�/ � T@;[TOTyA9F�3hAuABFHT@K^:�ABT'6[q�TO6[TO:7M'TR8,q�ABF7T';9T@An�G8 CITOMaF�3h:7K^;[CL; KN;
M'80:7;[A969?7M~ABK1V0T�q�806 ABF7T

K∗+
2

3h:75
a+

2

	���F7T'69TU3h;GKNA�KN;�57TO;]AB69?HM'ABK1V0T4K^: ABF7T<MU3h;9T
8,q A9F7T

K∗0
2

/RtuFW?7; 	(A9F7T�57T'MU3UJ>��KN5HABF_q�806
K∗0

2 → K0γ
KN;¡C�?7MaF ;[Cz3,oNo^T'6

A9F�3,:wA9F7T
K∗+

2 → K+γ
	�KN: (#8,ABFwABF7T�ABF7T'8069T~ABK^MO3,o+3,:75_Td}Hb#TO6[K^CITO:�Aa3ho+6[T~c

;[?7oNA9;O/�� TIF�3UV0TL:78,ABKNMOT'5�A9F�3hARABF7T'69TIK^;�3pMO80CIb7o^T~ABT MO3,:7MOT'o^o^3hABKN80: 8,qGA9F7T
3,CIb7oNKNAB?H57TO;<8,q�ABF7T

K∗0
2

��F7T': ABF7T CL3,;9;[TO;@8,q�A9F7T b7;9T'?75780;[MU3,o^3,6yCITO;[80:7;
3,6[TLCL3,57TITOXW?�3ho 3,:75 3,o^;[8wA9F780;9TL8,q A9F7Tz:78,:7T'A�8,q V0T'M'A98069;'/>tuF7KN;�69T';9?7o1A
;[TOTOCI; AB8 (�TuA9K^TO5 A98�A9F7T�:7TO?HA96B3,o�MaF73,69x0T<8,q#ABF7T

K∗0
2

	Wb76[8�V�KN57K^:7x@A9F7T�;B3,CIT
6[TO;9?HoNAR3,;¡X�?73,69ZwCL8�57TOoN;O/�24T':7MOT 	(ABF7T�;[Cz3ho^o�r�:7KNA9T�69T';9?7o1AB;@8 (�Aa3,KN:7TO5 3,6[T
57?HTpA98�A9F7Tp?7;9T�8,q<ABF7T�b7F�J�;9KNMU3,ouCL3,;9;[TO; ��KNA9F7K^:�ABFHT>��| %j{ ' C�?7oNA9K^b7oNT'AB;
3,:H5�ABF7Ty?Hb7b�T'6�(�8,?7:75�K^; q�?7oNr7o^o^T'5�/ m�AG�G80?Ho^5 (#T@K^:�ABT'69TO;]ABKN:7x�AB8 F73!V,TyABF7KN;
?7bHb�T'6�(�8,?7:75pK^CIb7698!V,TO5�T~}�b#TO6[K^CITO:�Aa3,oNoNJ 	�;[K^:7M'Ty�GT@bH69TO5HK^M'A ;9?7MaFw3�;9CL3,o^o
:W?7C (#TO6 q�8,6 ABF7T@��K^5�ABF�/

mn:>A9F7T�MO3,;9TQ8,q ABFHT
a2(1320)

A9F7T�3hx069T'TOCITO:�A4��K1ABFw5�3hAa3LMU3,: (�TQMO80:�c
;[K^57T'69TO5�X�?73,o^K1Aa3hA9KNV0T'oNJ,/�DG80:7;9KN57TO6[K^:7x TO696[8069;IABF7TwCz3�}HKNC�?7C A9F7TO806[T'A9K^MU3ho
Vh3,oN?7T>��80?7o^5 (#T

226
�RT�� 3h:75�ABF7T CIK^:7KNC�?7C T~}�b#TO6[K^CITO:�Aa3,o¡80:7T

247�@T���/ �G?HARK1q �GT o^8�80Z�3hA@A9F7T 6B3hA9K^8�8hq
Γ(K∗+

2 → K+γ)/Γ(a+
2 → π+γ)

	
��T@x0T'A

0.77± 0.30
	���F7K^MaFpK^;GK^:�x08�8�5p3hx069T'TOCITO:�A ��KNA9F�ABF7T@Td}Hb#TO6[K^CITO:�A 	

0.84±0.20
/ 
(T~A ?7;*CITO:�ABKN80:�A9F�3hA���T�F�3UV,TG:78,A+MaF�3,:Hx0TO5�ABF7T�Vh3,o^?7T';�8,qHA9F7T

M'80?7b7oNK^:7x�M'80:7;[AB3,:�AB;Q8,q ��£0� �j/���F780?7oN5P80:HTL6[TO578pABF7TIT'Vh3,oN?�3hA9K^80: 8,q ABF7T';9T
M'80?7b7oNK^:7x0; ��K1ABF�3h:�K^CIb7698!V,TO5zCL3,;[;�q�806�ABF7KN;�6[TO;[80:�3,:7M'T¡��T¡�G8,?7o^5LT~}�b�T'M'A
;[Cz3,oNo�V,3h69K 3�ABK^8,:7; 	,3,5757KN:7x¡AB8@8,?76 b76[TO;9T':�A�T'696[806 TO;]ABKNCz3hA9TO;'/ � T'A 	0ABF7Tuo^3,69x,T
CL3,;9;*57K��lT'69TO:HMOT�(#T'An��TOT': A9F7TG;]Aa3hA9TG8 (�Aa3,KN:7TO5QK^: ��£0� �H3,:75QABF7T�T~}�b�T'69KNCLT':�c
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	�� � ������� ����� ��(*���$����� ������	 ��	�� ��������� ��	 . �H.
AB3,o�80:7Tz;[F780?7oN5 (#TLAa3hZ,TO:�3h;�3,:�KN:757KNMU3hA9K^80: ABF73hA�Td}�A96B3>M'80CIb�80:HTO:�AB;�AB8
A9F780;9T¡8,q��¡�`M'80:7;9KN57TO6[TO5pK^:�A9F7Tyb76[TO;[TO:�A43,b7b76[8�3,MaF�;9FH80?7o^5 (#T@b76[TO;9T':�A�K^:
A9F7T�b7F�J�;[K^MO3,o
;[Aa3�ABT

a2(1320)
	�;98RABF7T'69T�K^;�:78�b#80K^:�A�K^: 57T'Cz3h:757K^:HxQ3@CI8069T

3,M'MO?7693hABT�3,x,69TOT'CLT':�Au��KNABFp5�3�Aa3H/
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Chapter 6
� �z�@��� �P���L�z� � �4� � � � �

ρD∗ � ωD∗
�����Q� � � ���������

�PT F�3UV0TI;[AB?H57K^T'5�A9F7T
ρρ

KN:WA9TO693,M'A9K^80: K^:_A9F7T q�6B3,CIT'��8069Zw8,q ABF7TIF7K^5H57TO:
x�3h?7x0T�q�806[Cz3,oNK^;[Cw/Qt*��8 (#80?7:H5P;]Aa3hA9TO;�F�3UV0TL3,b7b#TU3,6[TO5 q�6980C A9F7K^;@KN:�ABTO6 c
3,M~ABKN80:5�+A9F7T

f0(1370)
� 3,;uKN57TO:�A9KNr�T'5���KNABF�3�b�80oNT��[?7;]A<3hA A9F7T

ρρ
ABF76[TO;[F�c

80oN5_��KNA9F Cz3,;[; ∼ 1500
��T�� KN:_ABF7T 6[TU3,o 3�}HKN; 	�3,:H5 A9F7T
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�PT>M'80?7o^5 3,o^;[8 F�3UV0T
s
c�MaF�3,:7:HTOo

D∗ cnTd}HMaF73,:7x0T_5HK 3,x0693,C (7?HAz�GT>q�8,?7:75
KN:���£�S��<ABF�3�AzABFHK^;zoNTU3,5H;LAB8 3

p
c � 3UV,T_K^:�ABT'6B3,M~ABKN80: q�806LTOXW?�3,o<CL3,;9;[TO;�8,q

A9F7T@V0TOM~AB806[; 	#3,:75�80:7o1J�AB8I3 CLKN:7806 M'80CIb�80:HTO:�A<8,q
s
c��G3UV0T�K^:�ABFHT�MO3,;9T�8,q

57K��lT'69T':WA�CL3,;[;9TO; ��£0� �j/
tuF7T

s
c��G3UV0TRb#8,ABT':WA9K 3,o#8 (HAB3,K^:HTO5�80:7M'T@80:7T@F�3h; b7698��[TOM'A9TO5pABF7TR3hCLb7oNK1c

A9?757T�KN:WA98_;9bHK^:�3,:75 K^;98,;9b7KN:�K^;���6[KNA[ABTO: K^:�t+3�(7oNTO; �H/1. 	��H/ �>3,:H5��H/�{�q�806
A9F7Ty57K��lT'69TO:�Aub#80;[;9K (HK^o^K1ABT';=�

ρD∗ → ρD∗ 	 ρD∗ → ωD∗ 3,:75 ωD∗ → ωD∗6[TO;9b#TOM~ABK1V0TOo1J0/ � F7T'69T@ABF7T
(k1 + k3) · (k2 + k4)

3,:75
(k2 + k4) · (k2 + k3)A9TO69CI;�3,6[T�Td}�b769T';9;9T'5_K^:�A9TO69CI;u8,q*ABF7TRKN:WVh3,6[K 3,:�A

s
�

(k1 + k3) · (k2 + k4) =
3

2
s−m2

ρ −m2
D∗ −

(m2
ρ −m2

D∗)2

2s
,

(k1 + k4) · (k2 + k3) =
3

2
s−m2

ρ −m2
D∗ +

(m2
ρ −m2

D∗)2

2s
.
%��H/�{�'

tuF7T_q�3hM'AB8,6
κ
K^;LABF7T ;[?7b7b76[TO;9;[K^:7x�q�3,M~AB806�8,qRA9F7T

D∗ T~}�MaF�3,:Hx0T�A9TO6[CL; 	
κ = m2

ρ/m
2
D∗ ∼ 0.15

/ �PT�F�3UV0T�MO3,o^M'?7o 3�ABTO5�A9F�3hA�ABF7T';9T�ABTO6[CL;�6[TOb76[TO;9T':�A
M'80696[TOM'A9K^80:H;u8,q+A9F7TR80695HTO6�8,q

10%
8,q+A9F7T

ρ
Td}�MaF�3,:7x0T�80:7T';O/

��6980C¦A9F7T 3,b7b76[8U}HKNCz3�ABTQA98,Aa3ho b#8,ABT':WA9K 3,o*K^:_A9F7TO;[T�Aa3�(Ho^TO;4�GT MO3,: T~}Wc
A96B3,M~AL;[80CITwM'80:7MOoN?7;9KN80:7; �>tuF7T'69T>KN;I3hA9A96B3,M~ABK^8,: KN:�A9F7T

I = 1/2
;9TOM~AB806

��F7T'69TO3,; ABF7T
I = 3/2

;[TOM~AB806 KN;�69T'b7?7o^;[KNV,T,/���KN:7MOTLABF7T
I = 3/2

XW?�3h:�c
A9?7Ce:W?7C&(�T'69; K^;�T~}�8,ABKNM 	 ABFHK^;�KN; 3>�GT'o^M'80CLTLq�TU3hA9?769T�A9F�3hA ;[TOTOCI;�AB8 (#T
693hABF7T'6 ?7:7K1V0TO6[;B3,o�KN: 8,ABFHTO6 ;[A9?757KNTO; ��£,� 	7.0.!£ 	�.0.!¥���;9KN:7MOTuABFHTuTOo^?H;9KNV,T�T~}�8,ABKNM
;]Aa3hA9TO; 578¡:78,A ;[F78!��?Hb K^:QA9F7Tu3,bHb7698�3hMaF 57?7TGA98y5HJ�:�3,CIK^MO3,o�6[TU3,;[80:7;'/ tuF7T
ρD∗ → ωD∗ 3,:75 ωD∗ → ωD∗ b�8,A9TO:�ABK^3,o^;G3,69T469T'b7?7o^;[KNV,T@3,:75�;[Cz3ho^o / � K c:�3ho^oNJ 	H��TQMO3,:w;[TOTQK^:�ABF7T�t+3�(7o^T';uABF�3hA�A9F7T

ρ
cnT~}�MaF�3h:7x0TQA9TO6[C¦5780CIK^:�3hA9TO;'/



�
�
��	�!�
��$�


����	�
���

ρ
D

∗
�
ω
D

∗
"����&���$��"%���

.��0¥

I J

��� � � & � � ρ �* � � � & � 	* D∗ �* � � � & � 	* ∼ %� � & ) [I(JP )]

1/2 0 +5g2 −2 g2

M2
ρ

(k1 + k3) · (k2 + k4) −1
2
κ g2

M2
ρ

(k1 + k4) · (k2 + k3) −16g2[1/2(0+)]

1/2 1 +9
2
g2 −2 g2

M2
ρ

(k1 + k3) · (k2 + k4) +1
2
κ g2

M2
ρ

(k1 + k4) · (k2 + k3) −14.5g2[1/2(1+)]

1/2 2 −5
2
g2 −2 g2

M2
ρ

(k1 + k3) · (k2 + k4) −1
2
κ g2

M2
ρ

(k1 + k4) · (k2 + k3) −23.5g2[1/2(2+)]

3/2 0 −4g2 + g2

M2
ρ

(k1 + k3) · (k2 + k4) +κ g2

M2
ρ

(k1 + k4) · (k2 + k3) +8g2[3/2(0+)]

3/2 1 0 + g2

M2
ρ

(k1 + k3) · (k2 + k4) −κ g2

M2
ρ

(k1 + k4) · (k2 + k3) +8g2[3/2(1+)]

3/2 2 +2g2 + g2

M2
ρ

(k1 + k3) · (k2 + k4) +κ g2

M2
ρ

(k1 + k4) · (k2 + k3) +14g2[3/2(2+)]

%'& ()+* 
.- � 0 V (ρD∗ → ρD∗)

�� 
 � �* �� �* 
* � � �� � � � � �� � � � � � � & � �* ) � � � �) � �� � 	 � �* * � � � & � 	* � � � �*

�* & �� �* � �� 
 �* �� �- % �* & � � 
� �� � & �* %� � & ) � � � ( � & � �* � & � � �* � � 
* � �� ) � � �

ρD∗-
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I J �� � �� � � ρ� �� �	 � � 
 � D∗� �� �	 � � 
 � ∼ �� �� � [I(JP )]

1/2 0 −
√

3g2 � +
√

3
2
κg2

M2
ρ

(k1 + k4) · (k2 + k3) 0[1/2(0+)]

1/2 1 +3
√

3
2
g2 � −

√
3

2
κg2

M2
ρ

(k1 + k4) · (k2 + k3)
√

3
2
g2[1/2(1+)]

1/2 2 +
√

3
2
g2 � +

√
3

2
κg2

M2
ρ

(k1 + k4) · (k2 + k3)
3
√

3
2
g2[1/2(2+)]

� � 
 � � ��� � V (ρD∗ → ωD∗)� � � �	 � �� � � � � � �� �� � � � � � � �� � �	 � � � � �� � � � � � �� � 
 �	 � �� �	 � � 
 � � � � � �

	 � � � � � � � �� �� �� � � � � 	 � � � � �� � � � � � � �� �� � � � � 
 �� � � � � � � �	 � �	 � �� 	 � � � � � ρD∗�
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ρ
D

∗
�
ω
D

∗
"����&���$��"%���

.0.0.

I J

��� � � & � � ρ �* � � � & � 	* D∗ �* � � � & � 	* ∼ %� � & ) [I(JP )]

1/2 0 −g2 � +1
2
κ g2

M2
ρ

(k1 + k4) · (k2 + k3) 0[1/2(0+)]

1/2 1 +3
2
g2 � −1

2
κ g2

M2
ρ

(k1 + k4) · (k2 + k3)
1
2
g2[1/2(1+)]

1/2 2 +1
2
g2 � +1

2
κ g2

M2
ρ

(k1 + k4) · (k2 + k3)
3
2
g2[1/2(2+)]

%'& ()+* 
- , 0 V (ωD∗ → ωD∗)

�� 
 � �* �� �* 
* � � �� � � � � �� � � � � � � & � �* ) � � � �) � �� � 	 � �* * � � � & � 	* � � � �*

�* & �� �* � �� 
 �* �� �- % �* & � � 
� �� � & �* %� � & ) � � � ( � & � �* � & � � �* � � 
* � �� ) � � �

ρD∗-



.0. � � �&
 � � � 
 � " � ���%� � � ���
� ��� � $�� �	� � $ ����� ��$	�
+
� � $�� �	� ����$ � �
� � � 
 ��� �&���%" � � 


� 
 
 � � � � � � � 
 ) � # � # � 
 ����� ( � � * � ��� ( * ����� � * �
+

� � * � � � ��� * #������
� 
.� � � � � ) � � �
� F7T':�57TO3,o^KN:7xQ��K1ABF

D
CLT';980:7;��GT¡q�8,o^o^8!� ABF7T¡��806[Z�;G8,q* �/Hv�3,CITO6[Cz3h:7:

� .��0£��H3h:75 � .��0¥ �j/ tuFHK^;*CLTO3,:7;�ABF�3hA*��TGAa3,ZhTG;[K^CIK^o 3h6�b�3,693,CLT~ABT'69;O/ �PT�Aa3hZ,T
µ = 1500

�wT�� K^:_A9F7T�q�806[C�?7o 3L8,q ��X
/ %j{H/��WS '¡3h:75 r�:7T~c AB?7:HT
α
%���F7KNMaF

C�?H;[A (#T ∼ −2
'�AB8¡x0T'A+ABF7T�Cz3,;[; 8,q�A9F7T

D∗
2(2460)

	hABFHK^;*x0KNV,TO;
α = −1.74

/
� F7T':��GTubH?HA

α = −2
��T x0T'A ABF7Tub#80;9K1ABKN80:�8,q�A9F7Tu;9bHK^:

= 2
;[AB3hABTu3�A

2346�wT���/
tuF7TQb#80oNT�b#80;[KNABKN80:7; ��K1ABF
µ = 1500

�wT�� 3h:75
α = −1.74

MO3,: (#T
;[TOTO:LK^:It 3 (7o^T4�H/��7/ �PT<r7:75zABFH69TOT<;[AB3hABT'; 	�80:7T�q�806�TU3,MaFz;9b7KN:

= 0, 1, 2
3,:75

oNK^Z,T q�806�ABF7T
ρρ

KN:�ABTO693,M'A9K^80:��GT�3,o^;[8_8 (HAB3,K^: 3>CL8,69T (#80?7:H5�;[AB3hABTz��K1ABF
;[b7K^:

= 2
ABF�3,:Pq�806�;[b7K^:

= 0, 1
/wmn:�ABF7T !  yvEABFHTO69TzK^;�80:7T�;]Aa3hA9T�o^KN;[ABT'5 	

A9F7T
D∗(2640)

��KNA9F
I(JP ) = 1/2(??)

/�mn:�b76[K^:7M'K^b7oNT 	 ��T�5H8�:H8,A F�3UV0T
6[TU3,;[80:7;¡A98�K^57T':�ABKNq J�K1A¡��KNA9F>ABFHT�;[AB3hABT�q�8,?7:75 3hA

2611
�wT�� q�8,6¡;9bHK^:

= 1KN:7;[A9TU3,5�8,q<ABF7Tp;]Aa3hA9Tpq�8,?7:75�q�806 ;9b7KN:
= 0

/ �G?�AI��TpK^57T':�ABKNq JPABF7KN; ;[AB3hABT
8,q@A9F7T !  @v ��KNABF�8,?76z;]Aa3hA9T>��KNA9F�;9b7KN:

= 1
3,:75 A9F7T_6[TU3,;[80:7;���K^oNo (�T

x0K1V0T': o 3�ABTO6'/ mn:�t 3�(Ho^TL�H/ S��GTzx0KNV,TLABFHTzCI8�57?Ho^TO;�8,q A9F7TzM'80?7b7oNK^:7x,;
gi

I J
√
s (MeV)

1/2 0 2592

1/2 1 2611

1/2 2 2450

t+3�(7oNTR�H/�� � ! 80oNT@b�8,;9KNA9K^80:H;Gq�806 ABFHTRA9F769T'TQ5HK ��TO69T':�A�MU3,;[TO;
KN:�?H:7KNA9;�8hq�v@T�� A98�A9F7TI57K ��TO6[TO:�A�MaF73,:7:7T'o^;RABF�3hA�F�3UV,T (#TOTO:PMU3,oNMO?7o^3hABT'5
3,; A9F7Tp69TO;[K^57?HTO;I8,q¡A9F7T>3hCLb7oNKNA9?757TO; 	 ��X
/ %j{H/�S���'d/ �PT�F�3UV0Tw3,o^;[8P?7;[TO5
A9F7Tyq�8069C�?7o 3�8,q*ABFHT@MO?HA98 � q�806

G
	 � X
/ %�{H/ �,{�'
	HK^:7;]ABTU3h5�8hq+A9F7T@q�8069C�?Ho 3�8,q

57KNCLT':7;9KN80:�3,o�6[TOx0?Ho 3,6[K 
U3�ABK^8,: 	 ��X
/�%j{H/��WS '�	03,:75Q�GT F73!V,T ABT';[ABT'5�ABF7T�69T';9?7o1AB;
��K1ABF�3IM'?HAB8 � 8,q :�3�AB?7693,o(;9K�
OT

qmax = 1 − 1.2
v@T���/�tuF7T�57K��lT'69TO:HMOTO;¡3,69T

3,6[80?7:75
10%

	H��F7K^MaF�K^;<3,:pKN:757K^MO3hABKN80:�8,q*ABFHT�;]Aa3�(HK^o^K1AnJz8hq+A9F7TR69TO;[?7oNA9;O/
�uMOM'80695HK^:7x�AB8QA9F7T !  @v�	�ABF7T<��K^5HA9F7; 8,q�ABFHT

D∗
2(2460)

3,:75
D∗(2640)



� � 
��	�!�
��$ � 
 � ���	� � � �
ρD∗ � ωD∗ " ��� �&� ��$�� "%��� .0.!{

DGF�3,:7:7T'o
D∗

0(2600) D∗
1(2640) D∗

2(2460)

ρD∗ 14.32 14.04 17.89

ωD∗ 0.53 1.40 2.35

t+3�(7oNTQ��/ S � �w8�5H?7o^T';48,q ABF7T�MO80?Hb7o^KN:7x0;
gi
K^:�?7:7K1AB;<8,q v@T�� q�806�ABFHTQb#80o^T';

KN:�ABF7T
J = 0, 1, 2; I = 1/2

;9T'M'A9806u��KNABF�A9F7TRMaF�3,:7:7T'o
ρD∗ 3,:75 ωD∗ /

3,6[T
43± 4

�wT�� % q�806�A9F7T
D∗0

2

	73,:H5
37± 6

��T��`q�806�A9F7T
D∗±

2

'G3,:75
< 15�wT�� 69T';9b#TOM~ABKNV,TOo1J0/ tuF7K^;IK^; :78hAzM'80CLb73hABK�(7o^T���K1ABF A9F7Tp��K^5HA9F ABF73hAL��T

8 (�Aa3,KN:�F7TO6[T 	�
OT'698�	W3h:75 57K ��TO6[TO:�A�57TOMO3UJ CLT'MaF�3,:7KN;9CI; ��K^oNo (#T�K^:�AB6[8�57?HMOTO5l/
tuF7KN; ��K^oNo (#T�5H80:7TRK^:w��T'M'ABKN80:��H/�S�/

� 
�� � � * � � � � ) � � ) � � � � � � � � � � � � � ������� � � �
��(
) ���

|<:WA9K^o :H8�� ABF7T 6[TO;9?HoNAB;RF�3UV,T (#TOT':P8 (�Aa3,KN:7TO5 q�698,C 3�b�8,A9TO:�ABK^3,o ��F7KNMaFPKN;
b76[80b#806[A9K^80:�3ho4AB8

g2 	 (#TOKN:7x g = mρ/2fπ
/ 2<8���T'V,TO6 	R��T�F�3UV0T�F7TU3UVWJ

b�3h6[ABKNMOoNTO; 	
D∗ 	7KN:zABFHTyV0TO6]ABKNMOTO;'/ �PT@F�3UV0TR;[T'A g = mρ/2fπ

;9KN:7MOTRKNAGK^;GA9F7T
ρ
CITO;98,:�A9F�3hA�K^;@Td}HMaF73,:7x0T'5 K^: A9F7TLCI80;]ARK^CIb�806]Aa3,:�A4ABTO6[CL;'/ �G?HA 	�K1ARK^;

KNCLb#806[AB3,:�A�AB8�A9TO;[AGF78!��;[Aa3 (7o^T¡3,69T<ABF7Ty6[TO;[?7oNA)(WJIAa3hZ�KN:7x�5HK ��TO69T':�A Vh3,o^?7T';
8,q
g2 /�t*8I5H8L;[8�	7�GTRT';[ABKNCz3�ABT@?7:7M'TO6]Aa3,KN:WA9K^T'; 	7q�80oNo^8!��K^:7x�An�G8L;[A96B3hA9TOx0KNTO;=�

. ' � T Vh3,6]J
g2 Aa3,ZWK^:Hx g2 = (mρ/2fπ)

2 	 ggD
	0��KNABF

gD = mD∗/2fD =
160

�wT�� 	
3,:75
g2
D

	73,:75�Cz3,ZhTR3 ;9CL3,o^o�69TU3h5��[?7;[A9TOCITO:�A<8,q*ABF7T@;[? (�c
AB6B3hM'ABKN80:�MO80:7;]Aa3,:�A 	

α
	*K^:�80695HTO6RAB8>x,T'A�ABF7T

D∗
2

;]Aa3hA9TzCL3,;9;Q3hA�KNA9;
V,3ho^?7T ��F7TO:�?H;9K^:Hx

g = mρ/2fπ
/ptuF7KN;�80bHA9K^80:P8,quoN8�80ZWKN:7x�3hAQA9F7T

?7:7MOT'6[AB3,K^:�ABKNTO; KN;G6[TU3,oNK^;[A9K^M�K^:LABF7Ty;[TO:7;[TyABF�3�AGABFHT¡r�:7T¡A9?7:7KN:7x�8,q(A9F7T
b�3,6B3hCLT~ABTO6

α
A98zx0T~A4A9F7T�bH69TOM'K^;[T�b�8,;9KNA9K^80:p8,q�8,:7TQ6[TO;[80:�3,:7M'T�K^;43,o c

� 3UJ�;�5H80:7T,/ tuF7T�b�80oNT b#80;9K1ABK^8,:7; 3,:75 M'80?7b7oNK^:7x@M'80:7;[AB3,:�AB;�8 (HAB3,K^:HTO5
3,69TR;9FH8���:wK^:pt+3�(7o^T';��H/��I3h:75>��/ s�69T';9b#TOM~ABKNV,TOo1J0/



.0.O� � ��$ �&� � �
" ��� " � 
 � ��� � � � � � ��	 � ��� ��� �
��� ��" � �

� ' � Tp8 (7;[TO6]V0T�ABF7T�bH698 (7oNTOC q�6980Ce3 CL806[T�T~}�A969TOCIT�b#80K^:�A 8,q�V�K^T~��	
��F7K^MaF�KN;zAa3,ZWKN:7x

α = −1.53
3,:75�T~V,3ho^?�3hA9TwA9F7T_MaF�3,:Hx0TO;�KN:�ABFHT

69TO;[?7oNA9;@��F7TO: Vh3,6[J�K^:Hx
g2 → g2, ggD, g

2
D

/�tuF7T 6[TO;9?HoNAB;R3h69T ;9FH8���:
K^:pt 3 (7o^T';4��/�£ 3,:75w�H/�¥H/

DG80:H;[Aa3h:WA��
α J = 0 J = 1 J = 2

g2 � −1.74 2592 2611 2450

ggD
� −1.53 2571 2587 2450

g2
D

� −1.39 2551 2565 2450

t+3�(7oNT��H/���� ! 80o^T�b�80;[KNA9K^80:7;¡3,:75 ;9? (HAB693,M'A9K^80: M'80:7;[AB3,:�AR8 (HAB3,K^:7T'5>q�806¡A9F7T
A9F769T'T@57K ��TO6[TO:�A�MU3,;[TO; 	

g2 	 ggD
3,:75

g2
D

	H��F7T':w8,:7T@rH}�TO;uABF7TRCL3,;9;u8hq*A9F7T
b#80o^T4��KNABF

J = 2
/

� F7T':Pb#TO6]q�8069CIK^:7xLABF7T ;[A96B3hA9TOx,J�. '
	���TL8�(7;9T'6[V0TICI8�57T'6B3hA9T�MaF�3,:Hx0TO;
KN: A9F7T b�8,o^T b#80;9K1ABK^8,:7;@8,qu3h6980?7:H5

20
��T�� 3,:H5P;[Cz3,oNo Vh3,69K^3hABKN80:7;yKN: ABF7T

ρD∗ M'80?7b7oNK^:7xzMO80:7;]Aa3,:�AR8,q 8%
/QtuF7T

ωD∗ MO80?7bHo^K^:Hx0;yT~}�b#TO6[K^TO:HMOT o 3h69x0T'6Vh3,6[K 3hA9K^80:7;¡8,q
25%

(7?HA��GTLMU3,:P;9T'TLq�698,C t 3 (7o^TL�H/�s�A9F�3hA�ABF7KN;�MaF73,:7:7T'o 	
57?HTQAB8LABF7T�FHTU3UVWJWc V0T'M'AB8,6�Td}�MaF�3,:7x0T�A9TO6[CL; 	lb7o^3!J�;4TO;9;[TO:�ABK^3,o^o1J�:78�698,o^T�K^:
A9F7T@b7698�(7o^T'Cw/

tuF7T ;[A96B3hA9TOx,J � '�o^TO3,57;�AB8<o 3,6[x0TO6(MaF73,:7x0T'; K^:RABFHT�b#80o^T�b#80;9K1ABKN80:7;(;9FH8���:
KN:>t+3�(7o^TQ�H/�£H/ � T�;[TOT�A9F�3hA<ABF7KN;¡;]AB6B3�ABTOxhJwoNTU3,5H;4AB8zo 3,6[x0TO6�MaF�3,:Hx0TO;yA9F�3,:
A9F7T<q�8,69CITO6 80:7T,/ tuF7T¡MaF�3h:7x0TO;GK^:LA9F7T<Cz3,;[;G8,q�ABF7T469T';980:�3h:7MOT';u3,69T<8,q�A9F7T
806[57TO6*8,q

70−90%
�wT���/ � V0T':�ABF780?Hx0F 	hA9F7TO;[T�Vh3,6[K 3hA9K^80:7;�3h69T ?7;9?�3ho�KN:�3,:�J

F�3h576980:�CL8�57TOoW?7b#80:�6[TU3,;[80:�3�(Ho^TGMaF73,:7x0T'; K^:QA9F7T b�3h6B3,CIT'A9TO69;'/ ¤�TOx�3h6957KN:7x
A9F7T@MO80?Hb7o^KN:7x MO80:H;[Aa3h:WA9; 	
t+3�(7o^TR��/�¥ 	��GTR8 (7;[TO6]V0TQA9F�3hAuA9F780;9TR8,q*ABFHT@CL80;]A
KNCLb#806[AB3,:�A MaF73,:7:7T'o�3,69Tu693hABFHTO6 ;]Aa3�(7oNTu3,:75 ��TuMU3,: ;93UJ�ABF7T�V,3h69K 3�ABK^8,:7; 3,6[T
8,q 3,6[80?7:75

8%
	�57T~r�:7K1ABTOo1JzV,TO6[Jp;[K^CIK^o^3,6 A98IA9F780;[T�8�(HAa3,KN:7TO5�q�6[80C . 'd/

t*8z;9?HC ?7b 	#��T�F�3UV0T�;9TOT':_ABF�3�A4A9F7T�6[TO;9?HoNAB;¡3,69TQ6B3hA9F7TO6<;[AB3�(7oNT�?7b#80:
(76[TU3,ZWKN:7xQA9F7TR�H|&%���'�;[J�CLCIT'A96[JL3,:75�5H8�:78,AG57TOb#TO:75�;[8 C�?7MaF�8hq(ABF7Ty?H;9T
8,q
g
806
gD

K1q ABF7TQMO806[69T'M'Ay6[TU3,5��[?7;[A9CLT':WA¡8,q ABFHT�;9? (HAB693,M'A9K^80:_M'80:7;]Aa3,:�AyKN;
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ρ
D

∗
�
ω
D

∗
"����&���$��"%���

.0.�S

� � & � �* )

D0(2600) D∗
1(2640) D∗

2(2460)

� & �* � 0 1) 2) 3) 1) 2) 3) 1) 2) 3)

ρD∗ 14.32 15.69 17.05 14.04 15.37 16.69 17.89 19.58 21.01

ωD∗ 0.53 0.68 0.84 1.40 1.69 1.99 2.35 2.60 2.78

%'& ()+* 
.- /0 �� � �)+* � � � � �* �� � � ) � � 	 � gi

� � � �� � � � � �* � �� 
 � �* � � )+* � � � � �* J = 0 � 1 � 2 � I = 1/2

�* � � � 
 & � � � �* � � & � �* ) � ρD∗ & � �

ωD∗ �
� � � �* � & �* � � � � �� � 	 g2 & � �

α = −1.74 �
� � � �� � 	 ggD

& � �

α = −1.53 & � � , � � �� � 	 g2
D

& � �

α = −1.39-
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α = −1.53 D0(2600) D∗
1(2640) D∗

2(2460)

� � � �� � g2 ggD g2
D g2 ggD g2

D g2 ggD g2
D√

s (MeV ) 2645 2571 2502 2661 2587 2517 2539 2450 2370

� � 
 � � � � � � �� � � �� � � �� � �� � � � �	 � �	 � � � � �� � �� �� � � 
 α = −1.53� � �	 � �� � � � � � � � � � �� g2

� ggD � � �

g2
D�
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ρ
D

∗
�
ω
D

∗
"����&���$��"%���

.0.�s

� � & � �* )

D0(2600) D∗
1(2640) D∗

2(2460)

α = −1.53 g2 ggD g2
D g2 ggD g2

D g2 ggD g2
D

ρD∗ 14.51 15.69 16.32 14.08 15.37 16.06 18.15 19.58 20.67

ωD∗ 0.37 0.68 1.12 1.19 1.69 2.28 2.20 2.60 3.03

%'& ()+* 
.- � 0 �� � �)+* � � � � �* �� � � ) � � 	 � gi

� � � �� � � � � �* � �� 
 � �* � � )+* � � � � �* J = 0 � 1 � 2 � I = 1/2

�* � � � 
 & � � � �* � � & � �* ) � ρD∗ & � �

ωD∗-
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G
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πD

� � $�� ������� �

578,:7T,/&� V,TO:�rH}�K^:7x
α
	�3,:75_Vh3,6[J�KN:7x

g2 A9F7T MaF�3,:Hx0TO;�3,6[T :78,A@V0T'6[J o^3,69x,T3,:H5�A9F7Tp69T';9?7o1AB; 69T'Cz3,KN:�XW?�3,o^K1Aa3hA9KNV,TOoNJ�ABFHT�;93,CIT,/�tuF7KN; K^; 3 �GT'o^o^M'80CIT
q�TO3hAB?76[T_ABF�3�AwCL3,ZhTO;�ABF7T ;]AB6B3�ABTOxhJ���F7TO:\57TU3,oNK^:7x���K1ABF F7TO3!VWJ CITO;[80:7;
CI8069T<69T'o^K^3�(7o^Th/+mn:LABF7T<q�80o^oN8���KN:7x�	0��T¡Aa3hZ,T¡A9F7T

g2 80b�ABK^8,: 	�(7?HA ZhTOT'b7K^:7x�K^:CIK^:75�A9F7TR?7:7M'TO6[AB3,K^:�A9K^TO;u8�(HAa3,KN:7TO5l/

� 
�� " ��� � � � ��� ) ��� � 
 � # �
G

 ��� * � ) ��� ����� � # �

πD
� � * � & ! �%� �

2<TO69TI�GTz;[AB?H5HJ 5HK ��TO69T':�A�CITOMaF�3,:HK^;9CI;RABF�3hA�3,o^oN8!� ABFHT�;[AB3hABT';�8 (HAB3,K^:HTO5
A98 57TOMO3!J�KN:�AB8 b7;[TO?7578,;9MU3ho 3,6 CITO;98,:7;O/� 4?7T�AB8 ABF7Tpo^3,69x0TL��K^5HA9F�8hq<A9F7T
ρ
CITO;98,:7; 	 ABFHT�;]Aa3hA9TO; 57T'MU3UJ�AB8

D∗ππ
/�tuF7KN; MU3,: (#T�K^CIb7o^T'CLT':�ABTO5 K^:

A9F7T_MU3ho^MO?Ho 3hA9K^80:7; V�K 3 A9F7T_MO8,:WV,80o^?�ABK^8,: 8,qRABF7T
G
q�?7:7M~ABKN80:���KNA9F ABF7T

ρCL3,;9;G57K^;]AB69K�(7?HA9K^80: 	�ABF�3�A 	HKN:�ABF7T@MO3,;9T@��F7T'69T@�GTRF�3UV,T�8,:7oNJz80:7T
ρ
c�CLT';980:

M'80696[TO;9b#80:75pAB8 ?7;[T�A9F7Tyq�806[C�?7o 3h;=�

G̃(s) =
1

N

∫ (mρ+2Γρ)2

(mρ−2Γρ)2
dm̃2

1(−
1

π
)Im 1

m̃2
1 −m2

ρ + iΓm̃1

×G(s, m̃2
1, m

2
D∗) ,

%��H/���'
��K1ABF

N =

∫ (mρ+2Γρ)2

(mρ−2Γρ)2
dm̃2

1(−
1

π
)Im 1

m̃2
1 −m2

ρ + iΓm̃1

,
%��H/�S '

��F7T'69T
Γρ = 146.2

�wT��`3,:H5Lq�806
Γ ≡ Γ(m̃)

��T¡AB3,Z,T�ABF7T
ρ
��K^5�ABFLq�8,6�A9F7T

57T'MU3UJ�KN:WA98 ABF7TRb7KN80:7;uK^:
p
c��G3!V,T

Γ(m̃) = Γρ(
m̃2 − 4m2

π

m2
ρ − 4m2

π

)3/2θ(m̃− 2mπ) .
%��H/���'

�<8���	0A9F7T�;[AB3hABT';�3hb7b�TO3,6�3hA�CL3,;9;[TO;
2602

	
2620

3,:H5
2465

��K1ABF ��K^5HA9F7; ∼
5, 4

3,:75
0
q�806 ;9bHK^:

= 0, 1
3,:H5

2
69T';9b#TOM'A9KNV,TOoNJ,/�tuF7T@��K^5HA9F7; 8 (HAB3,K^:HTO5p3,6[T

;[Cz3,oNo0MO8,CLb�3h69TO5�AB8<ABF7T�5�3hAa3<K^:RABF7T !  @v�3,:75�8,A9F7TO6*CITOMaF�3,:HK^;9CI;*;9F780?Ho^5
(#TLKN:7MOoN?757T'5�/ptuF7T (#8U}�c�57K 3hx06B3,CI;yq�806�57TOMO3UJ�KN:7x_KN:WA98

πD
3,6[Tz;9FH8���: K^:
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 � ���	� � � �
ρD∗ � ωD∗ " ��� �&� ��$�� "%��� .0.!¥

D∗0(k4)D∗0(k2)

D0(P − q)

π+(q)

ρ+(k3)ρ+(k1) ρ0

D∗+

ρ0

D0

π+

D∗+

π0(k1 − q) π−π0(k3 − q) π−

π+

ρ+ρ0

π0π−

D0

D∗+

π+

π0

ρ0ρ+

D∗0 D∗0

D∗+ρ+

π0

D+

π+π+

D∗0 D∗+

D0

π−

ρ∗0

� KNx0?76[T@�H/�{��
πD

c (�8U}�5HK 3,x0693,CI;

� KNx7/ ��/�{H/ tuFHT�T~Vh3,o^?�3�ABK^8,:�8,q*ABF780;[TR3,CIb7o^K1AB?757T'; K^;G;9K^CIK^o^3,6�AB8�ABF73hA�Cz3h57T
q�806 A9F7T

ππ
c (�8U}pKN:wDGF�3,bHA9TO6<{ 3,:75p�GTR;9KNCLbHoNJL;9F78!�YA9F7T@r�:�3,o�q�806[C�?7o^3H/

t(2π,I=1/2,J=0) = 20 Ṽ (πD) ,

t(2π,I=1/2,J=2) = 8 Ṽ (πD) ,
%��H/�s '

��F7T'69T
Ṽ (πD) KN;ux0KNV,TO: (�J

Ṽ (πD) =
8 g4

15π2

∫ qmax

0

dq ~q 6

(
1

2ω

)3(
1

k0
1 + 2ω

)2
1

2ωD
f(P 0)

× 1

k0
4 − ω − ωD + iε

1

k0
1 − 2ω + iε

1

k0
3 − 2ω + iε

× 1

P 0 − ω − ωD + iε

1

P 0 + ω + ωD

×
(

1

k0
2 + ω + ωD

)2
1

k0
2 − ω − ωD + iε

%��H/�£�'
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πD

� � $�� ������� �

��F7T'69T

f(P 0) = 4{−32k0
3P

0ω2ωD((P 0)2 − 2ω2 − 3ωωD − ω2
D)

%��H/�¥�'
+2(k0

3)
3P 0ωD((P 0)2 − 5ω2

D − 2ωωD − ω2
D)

+(k0
3)

4(2ω3 − (P 0)2ωD + 3ω2ωD + 2ωω2
D + ω3

D)

+4ω2(8ω5 + 33ω4ωD + 54ω3ω2
D + 3ωD((P 0)2 − ω2

D)2

+18ωω2
D(−(P 0)2 + ω2

D) + ω2(−12 (P 0)2ωD + 44ω3
D))

−(k0
3)

2(16ω5 + 63ω4ωD + 74ω3ω2
D + ωD((P 0)2 − ω2

D)2

+ 32ω2ωD(−(P 0)2 + ω2
D) + ω(−6(P 0)2 ω2

D + 6ω4
D))}

3,:H5
ω =

√
~q 2 +m2

π

	
ωD =

√
~q 2 +m2

D

	
P 0 = k0

1+k
0
2

/  ¡?7T AB8uA9F7T�b769T';]c
T':7MOT@8,q*F7TO3UV�J�b�3,6[A9K^M'o^TO; 	���T@F�3UV0TRCI8069T4?7:7MOT'6[AB3,K^:�ABKNTO; ��F7T':p?7;9KN:7x�q�8069C
q�3,M~AB806[;O/YDG80:7MO6[T'A9TOoNJ 	uABF7TwCLTO3,;9?76[TOCITO:�A�8,q¡ABF7T D 
 � � DG80o^o^3�(#806B3hA9K^80:
� . ������x,KNV0T'; 3�;[AB6[80:7xQMO80?7bHo^K^:Hx�q�806�ABFHT

D∗Dπ
V,TO6[A9T~}�/ tuF7T¡Td}Hb#TO6[K^CITO:�Aa3ho

Vh3,oN?7T�AB?H69:7;R80?HA@A98 (�TI3,oNCL8,;[A@3�q�3,M~AB8064An�G8�o 3,6[x0TO64ABF�3,: A9F7T V,3ho^?7T�8�(�c
AB3,K^:7T'5�q�6[80C ;98,CLT ABF7T'8069T~ABKNMU3,o�b76[TO57KNM'ABKN80:7;�?7;9KN:7x>5HK ��TO69T':�A 3,b7bH698�3,MaFHTO;
8,qlABF7TR=RD  Y;[?7C 6[?7o^T��1. ��. 	#. � � �j/ mn:�ABFHT@24KN5757TO:�v�3,?Hx0T4q�806[Cz3ho^K^;[C�	0��T
F�3UV,T��

〈D∗+(p)π−(q)|D0(p+ q)〉 = −2 g′D∗Dπqµε
µ ,

%��H/N. ��'
��K1ABF

g′D∗Dπ = mD∗/2fD = 6.3
/\tuF7K^;LK^;z3,o^;[8 ;9CL3,oNo^TO6 A9F�3,:�A9F7T>Td}�c

b#TO6[K^CITO:�Aa3,o�Vh3,o^?HT 	
gexpD∗Dπ = 8.95 ± 0.15 ± 0.95

/Pmn:�V�K^T~� 8hq<A9F7K^; 	 �GT
KNCLb7oNTOCITO:�AuAn��8�57K ��TO6[TO:�A¡q�806[C q�3,M'A98069;4K^:w806957T'64A98z8 (HAB3,K^:�ABF7T�r�:�3,o*69Tdc
;[?7oNA9;=�
. ' � T�?7;[Tp3>q�8069C q�3,M~AB806�q�8,6 3,:�8 �
cn;[F7TOoNo

π
K^:�TO3,MaF�V0T'6[ABTd}�o^KNZ,TLK^:

DGF�3,bHA9TO64{ 	H��F7KNMaFwKN;

F (q) =
Λ2 −m2

π

Λ2 + ~q 2
,

%��H/N.,. '
��KNABF

Λ = 1400, 1500
�wT�� 3,:75 ��T b7?HA

g = mρ/2fπ
KN:_ABF7T q�806 c

C�?7o 3 ��X
/ %j�H/�£�'~/ tuF7T�6[TO;[?7oNA9;�q�806�ABFHT�69TU3ho 3,:75�KNCz3hx0K^:�3h6[J b�3,6]A
8,q�ABF7T (#8U}�57K^3,x0693,C 8,q � K^xH/ �H/�{_MU3,: (#T�;9T'TO:�K^: � K^x0;'/ �H/�� 3,:75
�H/ Spq�806�57K��lT'69T':WA

Λ
Vh3,oN?7TO;�3,:75�M'80CLb73,69T'5 AB8>A9F7T�M'80:�Aa3,M~A

+
T~}Wc

MaF�3,:7x0T4ABTO6[CL;'/ �PTy8 (7;[TO6[V,T¡ABF73hAGA9F7T¡6[TU3,o#b�3,6]AB; 3h69T<C�?7MaF�;9CL3,oNo^TO6
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ABF�3,:_A9F�3hA¡8,q ABF7T�MO80:�Aa3hM'A
+
Td}HMaF73,:7x0T�A9TO69CI;@3,:H5>�GT ;[K^CIb7oNJp:HT~c

x0o^T'M'AuABFHTOC KN:�ABF7TRMU3ho^MO?Ho 3hA9K^80:7;'/ tuF7TRKNCz3,x,K^:�3,6]JIb�3,6[A�8�(HAa3,KN:7TO5�KN;
o 3,6[x0TO6�q�806Q;[b7K^:

= 2
ABF�3,:�q�8,6�;9bHK^:

= 0
	 ��FHK^MaF�K^;QMO80:H;9K^;]ABT':WA���KNABF

ABF7T@q�806[C�?7o 3�8hq � X
/ %j�H/�s '¡/
� ' � Tw?7;9T 3 q�8069C q�3hM'AB8,6Iq�806 ABFHT

D∗Dπ
V0T'6[ABTd}�A9F�3hALMO80CITO;Iq�6980C

=�D   ;9?7C 69?7oNTO; �1. �,{ �(q�806�3
π
8 ��;9F7T'o^o 	H��F7K^MaF�K^; �

F ′(q2) = gD∗Dπe
q2/Λ2

with Λ = 1GeV ,
%j�H/1. � '

AB80x0T~ABF7T'6Q��K1ABF ABF7TL?7;9TL8,qGA9F7TzTd}Hb#TO6[K^CITO:�Aa3ho�Vh3,oN?7T 8,q A9F7T
D∗DπMO80?7bHo^K^:HxICITU3h;9?76[TO5 (�JpABFHT�D 
 � � DG80o^o^3�(#806B3hA9K^80: 	

gexp
D∗Dπ = 8.95

/
mn: � X
/ %j�H/1. � '�	 �GT�C�?7;[A MaF�3h:7x0T

q → k1 − q
	 ��KNA9F

q0 ∼ 769.4�wT��Y3h:75
k1− q0 ∼ 6

�wT�����F7KNMaFzo^TO3,57; AB8
(k0− q0)2/Λ2 ∼ 10−5 /tuF7TO6[T'q�806[T 	 ABFHT 
'TO698 MO80CIb�8,:7TO:�AIK^:�ABF7Twb7K^8,: M'?�3,576[K^CI80CLT':�AB?7C

MU3,:�(�T :HTOx0oNTOM'A9TO5�/�tuF�?H; 	��GT 69T'b7o 3hMOT�ABFHT q�3hM'AB8,6
g4 KN:,� X#/ %��H/�£�'

(WJ
g2
ρππ (gexpD∗Dπ)

2 (e−~q
2/Λ2

)4 ,
%��H/N.U{�'

��KNABF
gρππ = mρ/2 fπ = 4.2

3,:75
gexpD∗Dπ = 8.95

�wT�� % ABF7TRTd}Hb#TO6[K1c
CLT':WAB3,o�Vh3,o^?HT�'
	

Λ ∼ 1
v@T�� 3,:75
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6[?7:7:7KN:7x K^:�ABFHT�KN:�ABTOx,6B3,oj/

tuF7TQ69TO3,o*3,:75_KNCz3,x,K^:�3,6]Jzb73,6[A48,q A9F7T�b#8,ABT':�ABK 3ho+3h69T�;9F78!��: K^: � KNx0;O/��H/��
3,:H5 ��/ s_69T';9b#TOM~ABKNV,TOo1J0/ �¡x�3,KN: 	 ABF7Tp6[TU3,oub�3h6[A 8,q4ABF7T

πD
(#8!}�57K 3,x,6B3,C

KN;yC�?7MaF ;9CL3,oNo^TO6�ABF73,: ABF7T M'80:�Aa3,M~A
+
Td}�MaF�3,:7x0T A9TO69CI;R3,:75 MO3,:,(�T :HT~c

x0oNTOM~ABTO5l/
tuF7T r�:�3hoy;9XW?�3,6[TO5\3,CIb7o^K1AB?757T';Lq�806�;[b7K^:

= 0
3,:75

2
3h69T ;9FH8���:�K^:

� KNx0;O/��H/�£z3,:H5>�H/�¥ 	�q�806uABFHT�An��8�ZWK^:75H;48,q+q�8069C q�3,M'A98069; 	 � XW;O/ %��H/N.,. 'u3,:75
%��H/N. � 'G69T';9b#TOM'A9KNV,TOoNJ,/umn:>t+3�(7oNT��H/1.�� ABF7T�CL3,;9;[TO;43,:75w��KN5HABFH;<AB3,Z,T':>q�6980C
A9F7TO;[T4b7oN8,AB; 3,6[T�;9F78!��:�/ �PT<8�(7;9T'6[V0T<ABF�3�A A9F7T�An�G8�q�8069C q�3hM'AB8,69; 	Wb76[8!V�KN57T
��KN5HABF7;�8,q*ABFHTQ;93,CLTR806[57TO6�8,q Cz3hx0:7KNA9?757T 	 (7?HA 	7ABF7T�MOoN80;9T';[A�Vh3,o^?7T@A98 A9F7T
!  @v 573hAa3 x0KNV,TO;ub76[T'q�T'69TO:HMOTQA98 ABF7TR;9T'MO80:H5>80bHA9K^80:l/

�y:7T 6[TOCL3,69Z�3�(7oNT�b#80KN:WA K^; A9F�3hA :78!� ��Tu3,6[Tu3�(7oNT�AB8@bH69TO5HK^M'A+ABF7TuXW?�3h:�c
A9?7C :W?7C (#TO69; 8,q�ABF7T

D∗(2640)
AB8 (�T

1++ ;9KN:7MOT�ABFHT (#8U}I57K 3,x,6B3,CI; F�3UV0T
80:HoNJ

J = 0
3,:75

2
	�3,:75

J = 1
K^;�q�806 (7K^575HTO: 	���F�3hAGCz3hZ,TO; ABF7T<;[AB3hABT<��KNA9F

1++ AB8�(#Ty:�3,6[698!�Y3h:75�ABF7T@8,:7TO; ��K1ABF
0++ 3h:75

2++ 	HA9F7T D0(2600)
3,:H5
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I[JP (C)] � � � � � � ΓA[MeV] ΓB[MeV] � � � 
 � � � � � � � � Γ[MeV] I[JP (C)]

(1/2, 0) 2602 50 61 � D∗
0(2600) � � �

(1/2, 1) 2620 4 4 � D∗(2640) � 2637 ± 6 < 15 1/2[??]

(1/2, 2) 2465 20 40 � D∗(2460) � 2464.4 ± 1.9 37 ± 6 1/2[2+]

� � 
 � � � �	 
 � � �� � �� � 
 �� � � � � � �� � �	 � ρD∗� � � � �� � �� � � � � � � �� �� � � �� � � � �� � �� � � � � � � � � � � � �	 � � � � � �

ΓA � � � � �� � � �� �	 �� � � �	 � � � � � �� � � � �� � � 
 �	 � � � �� � � � �� �	 
 � � � � � �� 	 	 
 � � � � ΓB �	 � � � �� � � � �� �

� 
 � � � � � � � 	 � 
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2(2460)

	W69TO;[b�T'M'A9KNV0T'oNJ 	 (769803,57TO6 	H3�q�TU3hA9?769T¡��FHK^MaFz�G3,; :78hA T~}�b#TOM~ABTO5�3hA
A9F7T (�T'x0K^:H:7K^:7x ;[K^:7M'T@ABF7KN;<;]Aa3hA9TRK^;uF7KNx0F7TO6uKN:�Cz3h;9;uABF�3h:pA9F7T

D2(2460)
/

mn:�;9?7CICz3h6[J 	U��T F�3UV0T�;9T'TO:�KN:@ABF7KN;*DGF�3,bHA9TO6(ABF�3�A(ABF7T
ρD∗ K^:�ABT'6B3,M~ABKN80:oNTU3,5zA98�ABF76[TOT@;]Aa3hA9TO;uq�806

J = 0, 1
3h:75

2
3,:75���T�F73!V,T@Cz3h57Tyb76[TO57KNM'ABKN80:7;

q�806QABF7TpXW?�3,:�AB?HC :W?7C (#TO69; 8,q<ABFHT
D∗(2640)

;[AB3hABT�KN:�A9F7T !  @v�	 ABF�3hA
;[F780?7oN5 (�T

JPC = 1++ 3,M'MO806[57K^:7xQAB8 80?76GMU3,oNMO?7o^3hABKN80:7;O/ � F7TO6[TU3,; 	
3�:7T'�
;]Aa3hA9T�69T'o 3hA9KNV0T'oNJ (76[8�3,5_��K1ABF_CL3,;9;y3,6980?H:75 ∼ 2600

�wT�� q�806
J = 0

F73,;
(#TOT':wb76[TO57KNM'A9TO5�/



Chapter 7
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C = 0, S = 0
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charm = 0, strangeness = 0
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∗
s
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 �"! Tl&�+�#$�
�.>C�,�-&�b:�7!
9^����� t(>cu�>��Q#"����!��C������� >
TU�����������L��9,�	����������� � ���-&:���7�M�"�O�	�����"!�{#�3���#$ xU��+����7�����7
 +3� �����

P���#"#$�U�7��#$#�&�+K���	&_�	�"��!5&��a&*!�&�������/ )(�7&�b]!��7&��
3872 ; �=< �$!'����� π+π−J/ψ�$!N�:&�����&�!3�[�Z&�����
��$���	���"+��.�	�"��! >lTU���J�Z&����a��9������%�&!j{#�3���#$}�"���������Z�7#"�������	�

�����
DD̄∗ ��������������#"
X/����"�-�5����%�%������l�$� �7����#"
*+(��&0+K����!�
X���	&:�	���V&:
��a�:9 D&�!�

D̄∗ > ; &�!3�2�	���7�������	�$�Y&�# ������
��$�7�J���7�����"!�%Z�	���$�J�3��)(�������7���"�Q��&I���]+(���7!�Z&�
��'� ��x �.x(��x}�*)#+.x}�I���.x}�I�#,�x}�I��-.x}�I��+.x}�I������>5TU���]
����Y&Y�

X(3872) →
π+π−π0J/ψ

�F&��Q+K�7��!�&�#"���L��+����7�����7
�&�!�
 P���#"#$�B1N�������7
 �$�0�	�M�F&Y���5�	���
��&��Z�J�	&:���"�5�	��&�!M�	�

π+π−J/ψ
x�/��������,�	���

3π
���

2π
�7���Z�Q9^�����

ω
���
ρ
x

/����$�-� �"! )����"!��7�")�#"��/�����#"
 �$�Z)�#C�W&L�Z� }��	�����B��9
I = 0

&�!�

I = 1

� ������� >
d0��/a�����7��x}&�!�&�#$���7��!F&:�	�C���5�d}.)�#�&�!�&:�	�$��! �"�,%��C���7!��"!.� ����+�� >'z}����!8�	������%��
�����/�"!�{#�3���#$B��&��O�Z�����	#C�

I = 0
xa&�!�
 +K���	�R�7���Z)K��!���!N���7x

D0D̄∗0 &�!�

D+D̄∗+ &����V!����7
���
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ρ
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π+π−J/ψ
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ρ
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• TU�����W&:�����7#$�����Q���'����� D∗D̄∗ ��� D∗D̄s
��������������#$
��

• TU�����
��&I���5w��=)F&����$� � = +

• TU�����W&:��������#�&:���$����#$�Z!F&������I/

• TU���'�7�����"�Z&:�	��
 )F&�������&�#�
��7�7&I� /��$
��	������� ωJ/ψ ��� φJ/ψ �����F&�#"#C�&�����&�+K�I���
1 ; �=<5x�/����$�-�
�"��1N���C�	�,#"&���%����a���F&�!L�	���,�Z�7&��������7
M)F&:����	��&:#�
����Y&Y� /��"
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• TU�����O��&I����+K�7��!Z��+�����������
V�$! B 
����Y&Y���a�����"!]
�����+�#"�U�-�F&:���'��!��"���)�����
����@�	�"��!W���Y&��@�	�$��!
e+e− → J/ψ +X

|��7%3&���
��"!�%5�	���2�"!�{#+��3)#$@x./a�*�Y&�!
�	&Y�M���F&:�U/��������Y&:�0�����
X(3940) →

DD̄∗ ���7&������"��!M�F&:�`+(���7!
��+����7�����7
�xc�����7���,�"�a!��]���$%�!F&�#K9^�����C�	�`
����Y&Y�L�$!3�	�
DD̄
���
ωJ/ψ

> TU���"� #"�7&�
X���J����!����$
��7�l�$����&������$%�!��'�7!3�l/��C�	�B&
JPC = 0−+ x
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C

=
0,S

=
0
���)(����

������
��	�

�����
�� ����+

� � & �* M

� �* � �

Γ

� �* � �

JPC

�* � & � � � �* � � 
� �	� � � � � � �� ��
 �
Ys(2175) 2175 ± 8 58 ± 26 1−− φf0(980) e+e−

�� 
� �
� J/ψ

�
 �� �
X(3872) 3871.4 ± 0.6 < 2.3 1++ π+π−J/ψ �γJ/ψ B → KX(3872) � pp̄

X(3875) 3875.5 ± 1.5 3.0+2.1
−1.7 D0D̄0π0 B → KX(3875)

Z(3940) 3929 ± 5 29 ± 10 2++ DD̄ γγ

X(3940) 3942 ± 9 37 ± 17 JP+ DD̄∗ e+e− → J/ψX(3940)

Y (3940) 3943 ± 17 87 ± 34 JP+ ωJ/ψ B → KY (3940)

Y (4008) 4008+82
−49 226+97

−80 1−− π+π−J/ψ e+e−

�� 
� �

X(4160) 4156 ± 29 139+113
−65 JP+ D∗D̄∗ e+e− → J/ψX(4160)

Y (4260) 4264 ± 12 83 ± 22 1−− π+π−J/ψ e+e−

�� 
� �

Y (4350) 4361 ± 13 74 ± 18 1−− π+π−ψ′ e+e−

�� 
� �

Z(4430) 4433 ± 5 45+35
−18

�

π±ψ′ B → KZ±(4430)

Y (4660) 4664 ± 12 48 ± 15 1−− π+π−ψ′ e+e−

�� 
� �

Yb ∼ 10, 870

�

1−− π+π−Υ(nS) e+e−

�� �� 
 ��� ��� � �� � � � 
� � � � ��
 � 
� � 
 
 � � 
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31S1
�-�F&����'��!��$��� ���	&:�	� !

η′′c
���	&:�	�*$@x3+��.�}�	����!5�	�����V&�����������#"
]+K� ∼ 4050

; �=< ���U�@����!2���$%����7� � �!{#)�� >w���!����7��!��"!�%Q����� �"!j{#+��#)3$@x�&�#$��������%��*�	�������U&:���`�����Z�a���Z&�#"#N!N���'�7���"�Y&:#

��$�������7)�&�!��7�$�7�*+(�@� /����7!E�	���VP���#"#$��� �B&�!�
DP`&�+�&���� �B���7!3�	��&�#��:&�#$���7��9^�����$���
�Z&�����&�!�
'/��$
��	� x3�������Z�7&��������7�'�7!3�	������%�%��7���`&��	&:
���&�#$#$�*�~}.���$�	��
L���=/�&Y���
�-�F&:���'��!��"��� ���	&:�	�:xc���I/��@���7��x(�C9��C�U/������*�	�����Y&:����xF�����

χc1(2P ) → DD̄∗
����Y&Y���Z��
���xr/����$�-�E�F&��B!����B+K�7��!E��+����7�����7
 x}/a����#$
D+K�Z�	���V
����'�"!�&�!3�

����Y&Y�]�'�.
���>�TU���"�[�7!��������������F&:�[
�����)��C�	����9K�	������#"�������:&�#$���7���:9(�������V&����
&�!�
�/��"
.�	�����6����� �&!j{#+��#)3$@xr/��V&����Z
��Y&:#"�"!�%
/��C�	�8&6
����������7!3�B)F&������"��#"��>
� ���,�C�	�X&������"%�!��'�7!3���	�2&W�-��&����'��!��$��� ���	&:�	�O/��$���

JPC = 0−+(ηc)
�����

�Z&������$�}�	����#"�I/ /����7���7&��[9^���}�	���
JPC = 0++(χ′

c0)
xN�������V&:���[�"�}���.�����$%��

� �!{�� � >�� ! &�
�
��$���"��! x[��!��W�d}.)(�����	�'�	�F&_�'�����
��)K�7! �-��&���� 
��7�Y&Y� �'�.
����
&����V�	���L
����'�"!F&:!N�B��!����59^���

cc̄
���-&:���7��xa&:!�
E�	���$�B���	&:�	�M�����I/��]#�&���%��V�����

���"�Z&:�	��
 )F&�������&�#�
��7�7&I� /��$
��	���*���
ωJ/ψ

�:9
1 ; �=<�����#�&���%��7��xr/����"�-���"����7���
��!������F&�# 9^���`�	�	&:!����C�	�"��!��U+(�@� /����7!6�-�F&����'��!��$��� ���-&:���7��>

TU���4�&!6���7-�)3$a�F&���+(���7!
��+����7�����7
2&��U&]�V&:���`)K�Y&�bZ�"!V�����
D∗D̄∗ ����������7� �"! �����

e+e− → J/ψD∗D̄∗ ���Y&:���	�$��! > TU��� bN!��I/�! �-�F&����Z��!��"������-&:���7�L���7�7! �$!
e+e− → J/ψD∗D̄∗ �F&Y��� J = 0

x�/����"�-�s����%�%��7���	�M�C�	�
�$
��7!3�	� �F�Y&_�	�"��!�/��C�	�E&

3′S0(η
′′
c )
���

4′S0(η
′′′
c )
�-��&����'��!��$��� ���	&:�	���7x[���I/`�

�@���7��x��������V&:����)����7
��$���	��
V�$!5�	��� �F�������Y&����0�$�[���Z&�#"#$�7�7x ∼ 4050 ; �=<5x�&�!�
���$%������
4400 ; �=< �"!M�	�������7�7��!�
2�7&����5� �!{#)���>

� �$!F&�#"#C��x������2�8!�{#+0{#)#$���&���+K�7��!M��+����������7
M�"!'�	���
DD̄
��)(����������� 9^�����

γγ
����#"#$�"���$��!���> TU��� )�����
����@�	�$��! �'�7�-�F&:!��"��� ��!��������7�

JPC = 0++ xU���
2++ +����BP���#"#"�]9S&Y�������X����� 2++ �3��)(�:�	�������"�*9^�����4�	���Z���	��
�����9U&�!�%���#�&:�
��$�������"+����	�$��!��7x��Z&�bN�"!�%��$���V&������$%�!��'�7!3�Z���������

23P2(χ
′
c2)
�-�F&����Z��!��"���

���-&:���,)(�������$+�#"�"� ������x��!{3����>
TU���6w	� � �7��#$#�&�+K����&:�	�$��!���&��O�Z�7&��������7
 & )(�7&�b8���7���D!F&������I/ !��7&��

�����
J/ψφ

�	�����7������#$
 x}�$�B�F&��5+K�7��!E�Y&�#$#"��
��	��� �5!����*�3)3$ >2v�#$�	������%����	���
�:&�#$���O��9������Z�Z&����*�$�*���7������#"�����]�	�6�����'��!��O��9`�����5�&!6���*-#)3$@xr�C�	�����Z&�#"#
/��$
��	�
#"�7&�
M�	�O�7��!����$
��7���$�U&��0&O
��
�(�7����!3�����-&:����>
TU�������E&����D�����Z���	���������@�	�"�7&�#X&�)�)����3&��-�����7>�� ! � �!{0{���x*�����E&��.�	�������

����#$���7
 �	���'t��-���
��
��"!�%��7�Q��1N�F&:�	�$��! 9^�����4&M)(�:�	�7!3����&�# �	�F&:�Q�"!���#"��
����Q�����@�
�����7x*)��"��! &�!�


σ
�d}��-��&�!�%�� &�!�
H������� �F!�
 �'��#"���7�F&�#"&��
����#$���	�$��!��W9^���

�����/�5!j{�+0{#)3$5&�!�
 �"!6���:�3)3$X/��$���
JP = 0+, 2+ x��7��!���#"��
��"!�% �	��&:�O�	���@�



���������	��

���������	��

��������

��������
�����������
����
C = 0, S = 0 � �	��

������� ��!"��#����$��% �!{.�

&����Z�'��#$�7�7��#�&��,)F&:���	!��7����> � ! �C�U{����[�	���V
����Y&Y�8��&:�	���X�:9`�	���
Y (3940) →

J/ψω
&�!�


Y (4140) → J/ψφ
&:���*�Y&�#$�7��#"&:�	��
2��!�
��7�������5&:�������Z)����"��!W��9

�F&:
�����!��"�V�'��#$�7�7���7#"�*/��$���
JPC = 0++ &:!�
D�	���@�8������!E���.�5�	� +K�L�7��!.����"�����7!3�
/��$��� ����� �~}.)K�7���$�Z��!3�-&�#Q
�&:�-&�x0/����"�-� ����)�)(�����	�M����� �Z��#$�7����#�&��

&��������')����"��! >�TU���5������)�#$�"!�%Z�7��!����-&�!3���,&����B�Y&�#$�7��#"&:�	��
2+3�2�'�Y&:!��J��9������
�����Z)K�����$�	��!��7���,�7��!�
��$���"��! �:9�\��7�$!N+(����%�> � ! � �!{3,7���$�Q�"�,&���%�����
 ���F&:�Q�����
)K�Y&�b�&:�

4140 ; �=< !F&��'�7
E&:�X�	��� �5!����*�3)3$,�"�'&������O&
φJ/ψ

�	�����7������#$

� �������Y>

� ! �����
9^��#"#$��/��$!�% /��6�Y&�#$�7��#"&:�	�L�����6���7�@�	���O�X���7�@�	���V&��Z)�#"�$����
����]�"!
�����O���"
�
��7!��-�F&���� ���7�@�	���*&�������!�


4000 ; �=<5> t��7� �C�!{�-���9^����&

����	&��"#$�7
�d}�)�#�&�!F&_�	�"��! >

( f ) * k�p,+�h]prq�-/.

\��J&:���J�$!3�	�7���7���	�7
V�"!Z�����J���7�@�	���a�-�F&����
= 0
x.���	��&�!�%���!��7���

= 0
>�TU���7���@9^�����

�����,)(�������$+�#"�,�-��&�!�!���#"��9^���
isospin = 0

&����
D∗D̄∗(4017)

x
D∗
sD̄

∗
s(4225)

x
K∗K̄∗(1783)

x
ρρ(1551)

x
ωω(1565)

φφ(2039)
x
J/ψJ/ψ(6194)

x
ωJ/ψ(3880)

x
φJ/ψ(4116)

x
ωφ(1802)

/��������O�	���O�Z&�%�!��C�	��
��]+(�@� /����7!D)F&:���7!3�����7���"�*�"�Q�	���'����� ��9a�	���O�Z&������7�
��9 �	����� /a�'�Z������!
�"!3����#$���7
 xc&�!�
W9^���

isospin = 1
/����F&Y���

D∗D̄∗(4017)
x
K∗K̄∗(1783)

x
ρρ(1551)

x
ρω(1558)

x
ρJψ(3872)

x
ρφ(1795)

>
TU���2�Y&���� ��9

I = 2
���F&:�V�"!3����#C�����V��!�#C�R�	���

ρρ
�-��&�!�!���#�/�&��M&�#$���Y&:
��

����!����$
��7���7
��"! � �#-�� >Z\ �$�	� �	���Z�$������)��"!�
�����+�#"�����:9/! −D∗0 x D∗+ $@x ! D∗− x
D̄∗0 $@x�! −K∗− x K̄∗0 $@x�! K∗0 x K∗+ $B&�!�
D�	���L�����")�#"���/! ρ− x ρ0 x −ρ+ $@x}/a�+����"#"
L�����,9^��#"#$�I/��"!�%X�"������)��$!W�����5+��$!F&:���"��!��a9^���

D∗D̄∗ 9

|D∗D̄∗, I = 0, I3 = 0〉 =
1√
2
|D∗+D∗−〉 +

1√
2
|D∗0D̄∗0〉,

|D∗D̄∗, I = 1, I3 = 0〉 =
1√
2
|D∗+D∗−〉 − 1√

2
|D∗0D̄∗0〉. !��.>C��$



�!{�� �8	 ��� ���������

D
∗+(k3)

D
∗−(k4)

D
∗+(k1)

D
∗−(k2)

� �$%��������.>C�#9aw���!3�-&��@�0���7��� ��9 �	���
D∗+D∗− �$!3�	�7��&������"��!�>

ρ0, ω, J/ψ (k3 − k1)

D∗+(k1) D∗+(k3)

D∗−(k2) D∗−(k4) D̄∗0

D∗+ D∗0

ρ+

D∗−

+

D̄∗0 D̄∗0

D∗0D∗0

ρ0, ω, J/ψ+

� �$%��������.> ��9}<[�7�@�	�����~}.�-�F&:!�%��*
���&�%��	&��'��9^���
D∗D̄∗ → D∗D̄∗ >

&�!�
����"�'�"#�&:��#$�
9^���,�����
K∗K̄∗ &�!�
 ρρ �-�F&�!�!��7#$�7>
Pa� �'�Y&�!��X��9a�	���Vur&_�%���&�!�%��"&�!��W%��$���7!H9^���6�	���89^������� ���7�@�	���~� ����!3�-&��@� �	�7���6xXz�1c> !�{�> ��$@xB&�!�


���������@�=���7�@�	���~� �7��!N�	&����M���7���6x�z�1c> !�{�> ,#$@x`/a� +����$#"
 ����� &��')�#"�C�	��
��7�O9^���

��"&�%���&��Z��#$�"b��'�"! � �"%��7>6�.>C�L&�!�
E�.> ��x}�����I/�!D9^�����	���

D∗+D∗− �"!3�	���	&�� ����"��! x3�$!'������&�)�)����!}.�$�V&:���"��!O��9�!��7%�#"�7�@�	�$!�%*�����0�Z���'�7!3�	&��:9 �	���0�~}����7��!�&�#
)F&:���	�$�7#$�7�[�7���')F&����7
'�	�B�������Z&����`&��a
���!����"!O�	����)����@�.�$�����a�-�F&�)����7����> � !
Tl&�+�#$�7��PJ>C�5��PJ> -M��9[�����OvJ)�)K�7!�
��1}�PH/a�'%��$���5�����'&��')�#"�C�	��
����J9^���J�����
D∗D̄∗ → channel

&�!�

D∗
sD̄

∗
s → channel

���Y&��@�	�$��!��7>U\��5&�#$���Z!��7��
2�	���
&��')�#$�$�	��
��7��9^��� �	�������7&������"��!��j�$!3����#C�.�$!�%���!�#C�J�	���a!���!���� ��9��������	���l�'�7����!��
/����$�-�B&:�����"!,�����[T�&�+�#"�7�j<0� � !S����!3�-&��@�r�	�7���/$ &:!�
2�J< � �
� � � � � !S�d}��-��&�!�%��
���7��� $}�"!�� �#-�� >�t����Z�0��9 �����7���Q&��')�#$�$�	��
��7�[
��X!����U&:)�)(�7&������"!��7���	���@�L&����
0��7����>�TU���@�5&����

J/ψJ/ψ
x
ωJ/ψ

x
φJ/ψ → K∗K̄∗ x ρρ x ωω x φφ x J/ψJ/ψ x

ωJ/ψ
x
φJψ
x
ωφ
9^���

I = 0
&�!�


ρJ/ψ → K∗K̄∗ x ρρ x ρω x ρJ/ψ x ρφ 9^���
I = 1

>]?0�I/ /a�O
��Y&�#}/��C�	� )F&��$���Q�:9a� /a�:� ���Y&Y�N�N� �������	���X�'�7����!��7xr���7&Y���3�
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��������
�����������
����
C = 0, S = 0 � �	��

������� ��!"��#����$��% �!{,{

#$�"%��3�����,� /a�:� #$�"%��3��� �������	���X�'�7����!��X&�!�
�/a�V�����Z�����Z9^��#"#"�I/��$!�%M�7���	�	&_�	�7%:�
/�����!O�������	�$!�%J�	���U)F&��	&:�Z�@�	�7���7x

g2 &�!�
 α �"!]z�1N�7>�!�{�> ��$@x !�{�> ,#$l&�!�
 !j{�> ��,#$ >\��X�	&�b�� √
g2
i

9^���0�Y&��-� �d}.���7��!F&�#�)�&������"�7#$��xc+K�7�"!�%
g = Mρ/(2fπ) = 4.17/��C�	�

fπ = 93 ; �=<49^���Z#$�"%��3�O�'�7����!��V&:!�
 gD = MD∗/(2fD) = 6.9
x

gDs = MD∗
s
/(2fDs) = 5.47

x
gηc = MJ/ψ/(2fηc) = 5.2

/��$���
fD =

206/
√

2 = 145.66 ; �=< � ������x fDs = 273/
√

2 = 193.04 ; �=< � ������&:!�

fηc = 420/

√
2 ; �=<5x��	&�b���! 9^����� �C�U{3����> TU�N���7x`�����
�~}.�-�F&�!�%��2��9J��!��

���7&Y���6�������	���,�Z������! �$�J����)�)����������7
8+3�6�	���B9S&:���	���
κ = m2

ρ/m
2
H ∼ 0.159^���

ml = mρ
&�!�


mH = mD∗
>{\���&:#"���R��&I/ �	�F&:�M����� ��������!�% &:���

���	&��@�	�"��!2�7���Z���J9^����� �	���B�������	���,�~}.�-�F&�!�%��]
���&�%��	&��'�7xK���L�����]�Z�����Q�$�O�
)K�����	&�!3�]�7��!N�����$+����	�$��!D/��"#$#a�����'�V9^����� �	���M#$�"%��3���=�����������5�~}.�-�F&:!�%��

���&��
%���&��'�7> � �������	���������-&�+�#"�7�`/a�*�Y&�!W��+����7�����X���F&:�U�	���*�$!3�	�7��&������"��!W&:�U�����
D∗D̄∗(D∗

sD̄
∗
s)
�	�����7������#$
��[+(���7���'�7�[�������'&:���	�	&:���	�C���U9^���

D∗D̄∗ → D∗D̄∗ x
D∗D̄∗(D∗

sD̄
∗
s) → D∗

sD̄
∗
s

x��"!
isospin = 0; spin = 0, 1, 2

> � ���
isospin = 1

x
/a�V���7�Z���F&:�*�	���Z)(�:�	�7!3����&�#}9^����� �	���V&��')�#"�C�	��
����

D∗D̄∗ → D∗D̄∗ &�!�

D∗D̄∗ → ρJ/ψ

�"���	&:�����7�U&_���	��&������$���09^���
spin = 2

>�t.�$!��7�0/��Q&�����
��Y&�#$�"!�%
/��C�	� 
�����������!N��bN�$!�
 ��9��-�F&�!�!��7#"��xj#�&���%��B�����Z�'�������6+����7&�bN�"!�%M� �������	�*&����
�d}�)K�7�@�	��
 &�!�

/a�*�@�:&�#"�F&_�	�Q�	���*��!��7�����-&:�"!3�	�$�7���"!Wt.�������"��!2�.> ��>
w���!����7��!��"!�% �����

α
)F&���&��Z�@�	���7x��	���/�������O�����"!�% ��� 
�� �"�]���7)����.
����7�

�����5��������#C�	�Q�:9`w���&�)��	���R{�>,TU�N���7xr�$! z�1K> !�{�> �3,#$0/a� �H}
µ = 1000 ; �=<9^���O&:#"#a�����W�-�F&�!�!���#"��x`&�!�
 ���@�

αL = −1.65
! 9^��#"#$�I/��"!�%2�����
)������7��
������

��92� �#-�� $,9^���*�����M&��')�#$�$�	��
��7���"!3����#$���"!�%6�	���L!���!��@�5��9U���7�@�	���5�'�7����!��X�"!
����
��7�*�	� ���7)����.
����7�V�����M)(�����$���"��!���9��	���

f2(1275)
&��B/�&��]
���!��Z�	��������>

� ���U�	���/!^���Y&Y�N� $0�������	����� !^���Y&Y�N� $0�����������J�-�F&:!�!��7#$��/a�B)��.�
αH = −2.07

x
�$!M����
����`�	�O%��@�0�����,)K�����C�	�"��!M��9l�����,)K��#"�Q9^����!�

�"!

I = 0; J = 0
&�������!�


3940 ; �=<5> � �$!F&�#"#C��x�/a�Q)��.� αL = −1.65
�$!Z�	���

ωJ/ψ
x
φJ/ψ

&�!�

ρJ/ψ�-�F&:!�!��7#$�7> � ! t.�7�@�	�"��! �.> ��/a�2/��"#$#�&:#"�����7��!����"
��7�L
�����������!N�V��)����"��!��'��9

���������"!�%]�����
α
)F&��	&:�Z�@�	�7��>

( f�� � +��rn . p��

\��5���:&�#$�F&:���B�	���5���	&�!����$���"��!2�V&:����� }
T
+K��� /a�7�7!��-�F&�!�!��7#"�5!Sz�1K>'!j{�> ���#$ $

&�!�
�#$�.��bW9^���Q�����O)(��#"�7�J�"! �	���O���7�7��!�
8|��"���V&:!�! ���������X��9��	���]�����Z)�#"�~}



�!{�� � ���*
 � ���

)�#"&�!��/!S�����]�~}.)�#"&�!F&:���"��!2&�������!�
 z�1K> !�{�> �#+3$����LbN!��I/ ���I/ �	�M%��V�	�V�����
���7�7��!�
 |��"���V&:!�! ���������
$ > �=9*�	���7����)K��#"���
&���� �7#$����� ���R����� ���7&�#�&�}.�"��x
�������
���7�������$! √

sp = (M ± iΓ/2)
>`TU���*�'�Y&�!��$!�%�9^��#j)��N�����"�Y&:# 1N�F&:!N���$� �

�$�*�����Z�:&�#$���V��9��	���M&:�Z)�#$�$����
��]9^���*���Y&:# √
s
x��	�������@9^�����:x}��!�#C�������V)K��#$�7�

���F&:�0&����,!����U�������M9S&���&Y/�&Y�L9^�������	�������Y&�#j&�}��$�U�Y&�!W+K�,�Y&����"#$�V�"
���!3�	� ���7

�d}�)K�7���"�'�7!3�-&:#"#$�L&���&'���7����!F&�!�����>�TU���X&��Z)�#"�$����
����

T
!�z�1c> !j{�> ���#$ $U��#"�����

���Z&])K��#"�,#$�.��bZ#$�"b��
Tij ≈

gigj
s− sp

,
!��.> �#$

TU���V�7��!����-&�!3���
gi
!
i = channel

$ x[/����"�-�D)����I�.�$
��V�����L�7����)�#"�$!�%W��9U�	���
���7����!F&�!����'���6��!��Z)F&:���	�$�7��#"&��,�-�F&�!�!��7#a&����O�7&�#"����#�&:���7
 +3���Z�7&�!�����9������
���7���$
������,��9��	���O&:�Z)�#$�$����
��7��> TU���])(��#$�B)K�����C�	�$��!��Q&:!�
 �7����)�#"�$!�%L�7��!.�

√
spole = 3943 + i7.4

x
IG[JPC ] = 0+[0++]

D∗D̄∗ D∗
sD̄

∗
s K∗K̄∗ ρρ ωω

18810 − i682 8426 + i1933 10 − i11 −22 + i47 1348 + i234

φφ J/ψJ/ψ ωJ/ψ φJ/ψ ωφ

−1000 − i150 417 + i64 −1429 − i216 889 + i196 −215 − i107

T�&:+�#"�*�.> ��9�w�����)�#"�$!�%��
gi
�"!
��!��C�	�U��9 ; �=< 9^��� I = 0

x
J = 0

>
���-&�!3�	��&����X%��C����!2�"!WTl&�+�#"���Q��> �5���.> -�> � !6�	���

isospin = 0
�������	���0/a� �F!�


9^�����0)K��#$�7�7xF���������B��9l�	�����4&:���*&�������!�
 ∼ 3940 ; �=<5xc��!��*9^�����Y&��-�2��)��$!
J = 0, 1, 2

>R\��
��+����7�����6���F&:�O�	�������W���	&:�	���Z������)�#$�W�'�����O���	����!�%�#C�D�	�
D∗D̄∗ >ETU���
/��"
������O&���� 14.8

x
0
&�!�


52 ; �=< ������)K�7�����$���7#$��xa�����7����9^������������L&����,���7#�&_�	�$���7#C�Z!�&�������/ &�!�
M�����,!���! 0��7���O/��$
��	���`9^�����	���
J = 0

&�!�

2
���-&:���7�O�7���Z�L9^����� �����

��7�7&I���'�"!3�	� )�&��"���]��90#"�"%��N���=���7�������5�'�7����!��O���
�$!N���

ω(φ)J/ψ
> � ���

I = 0
&�!�


J = 2
&�!��������7��)K��#"���$��9^����!�
6&�+(�I���*�����

D∗D̄∗ �	�����7������#"
L/��C�	�L�Z&���� M = 4169 ; �=< &�!�
L/��"
���� Γ = 132 ; �=<B>
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��������
�����������
����
C = 0, S = 0 � �	��

������� ��!"��#����$��% �!{#,

√
spole = 3945 + i0

x
IG[JPC ] = 0−[1+−]

�J�	�������-�F&�!�!���#"� 9
ρρ
x
ωω
x

D∗D̄∗ D∗
sD̄

∗
s K∗K̄∗ φφ

x
J/ψJ/ψ

x
ωJ/ψ

x
φJ/ψ

x
ωφ

18489 − i0.78 8763 + i2 11 − i38 0

T�&:+�#"�*�.>�{ 9�w�����)�#"�$!�%��
gi
�"!
��!��C�	�U��9 ; �=< 9^��� I = 0

x
J = 1

>

√
spole = 3922 + i26

x
IG[JPC ] = 0+[2++]

D∗D̄∗ D∗
sD̄

∗
s K∗K̄∗ ρρ ωω

21100 − i1802 1633 + i6797 42 + i14 −75 + i37 1558 + i1821

φφ J/ψJ/ψ ωJ/ψ φJ/ψ ωφ

−904 − i1783 1783 + i197 −2558 − i2289 918 + i2921 91 − i784

T�&:+�#"�*�.> � 9�w�����)�#"�$!�%��
gi
�"!
��!��C�	�U��9 ; �=< 9^��� I = 0

x
J = 2

>



�!{�- � ���*
 � ���

√
spole = 4169 + i66

x
IG[JPC ] = 0+[2++]

D∗D̄∗ D∗
sD̄

∗
s K∗K̄∗ ρρ ωω

1225 − i490 18927 − i5524 −82 + i30 70 + i20 3 − i2441

φφ J/ψJ/ψ ωJ/ψ φJ/ψ ωφ

1257 + i2866 2681 + i940 −866 + i2752 −2617 − i5151 1012 + i1522

Tl&�+�#$�M�.> ,�9'w�����)�#"�"!�%��
gi
�$!D��!��C�	�B�:9 ; �=< 9^��� I = 0

x
J = 2

!S�����7��!�

)K��#"�*$@>

√
spole = 3919 + i74

x
IG[JPC ] = 1−[2++]

D∗D̄∗ K∗K̄∗ ρρ ρω ρJ/ψ ρφ

20267 − i4975 148 − i33 0 −1150 − i3470 2105 + i5978 −1067 − i2514

T�&:+�#"�*�.> - 9�w�����)�#"�$!�%��
gi
�"!
��!��C�	�U��9 ; �=< 9^��� I = 1

x
J = 2

>
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C = 0, S = 0 � �	��

������� ��!"��#����$��% �!{��

� ����� �	���X�7����)�#"�$!�%��7x�/a�B�7&�! ���7�X���F&:��!��I/ �	���$�����-&_�	�B������)�#$�7�0��������!�%��7�
���
D∗
sD̄

∗
s

>
� !D�	���

I = 1
���7�������B/a�/�F!�
E��!�#$����!��L)K��#$�Z9^���

J = 2
+(��#"�I/ �	���

D∗D̄∗ ��������������#"

/��$�	�W�Z&���� M = 3919 ; �=< &�!�

/��"
���� Γ = 148 ; �=<���F&:�Q������)�#$�7���Z�����	#C�W���
D∗D̄∗ > � ! Tl&�+�#$�]�.>C��x(�����5�d}�)K�7���"�'�7!3�-&:#l���-&:���7�
��$���������7���7
�&�������!�
������"�J�V&�����&����O#$�"�����7
 >XTU���O�"
���!3�	� ���Y&:���"��! �$�Q����+.�	#"�:>

\��M�����W���F&:�]�	���7���W&����L�	�����7�
�~}.)K�7���"�'�7!3�-&�#����-&_�	�7�'&�������!�
R�	���"�]�Z&�����>
?0�������������7#$�7����xj��!��5��&��J�	�V+(�5�7&����@9^��#��$! ����
��7��!����Q���L
��L/�����!�%L�"
��7!3�	� �
�F�7&:�	�$��!���>6TU���V���-&_�	�Z���F&:�X/��L��&I���V9^����!�
D�F&��5w�� )F&����$� ��!���%3&:�	�C���V&�!�

&�#$#[��9��	���L�d}.)(�����"�'�7!3�	&�#����-&:���7�5�F&Y���Ww�� )F&����$� ��)(�����$���$����> TU��� �8!�{#+0{#)#$
�F&:��+K�7��!2�����7! �$!W�����B��)(����������� ��9

DD̄
�$!
γγ
����#"#$�"���"��!��a/����"�-� ��!��������7�

J = 0++ ��� 2++ 9^���Q�����"�,���-&:���7��>'TU���VP���#"#$�Ow���#"#"&�+K���	&:���"��!W9S&Y�������������
2++ �3��)(�������7���"�09^����� �����X&�!F&�#C�.���"����9}&�!�%���#"&���
��"���	���"+������"��!��7>�TU�����7x(/a��$
��7!3�	�C9 �B�����}���	&:�	����/��$�	�

I = 0
&�!�


J = 2
&_�

3940 ; �=<s/��$���]�	���$�}���	&:�	�:>
� !]�	���U�Y&����U��9c�	��� �5!�{#+��3)#$r/a� ��!�
]�	�F&:��������P���#"#"� � �l��&:#"������9^���}�	���U�V&����
&�!�
B/��"
����O&�����#�&���%��7�r�	�F&:!5�	���UP�&�+F&�� � ���:&�#$���7� !^�	���UP��7#$#"��w���#"#"&�+K���	&:���"��!
���7)K�������

m = (3943 ± 17) ; �=< &�!�
 Γ = (87 ± 34) ; �=< &�!�
DP`&�+F&��
m = 3914.3+4.1

−3.8

&�!�

Γ = 33 ; �=<B>(TU�N����x /��B�F&Y���]�����Z�X��!��7�����	&��"!3�	�$�7��$!8�	���Z/��"
����E�Z�7&��������7�'�7!3�59^���X�	���$�B���	&:�	�:>�P`&�+F&��5&�!�
RP���#"#"�V&�#"��� ��� �

)K�������'�Y&:�������7�'�7!3�	�*9^���Q�	���')����.
������	�*��9�+��	&�!��-���"!�%W9^�	&��@�	�$��!��
B(B →

KY (3940))B(Y (3940) → ωJ/ψ) = (7.1 ± 3.4) × 10−5 ���7)K�������7
 +3�P���#"#$��&:!�

(4.9± 1.1)× 10−5 &:�7�7����
��$!�%X���5P`&�+�&��7>}TU���7���J�Z�7&��������7�'�7!3�����%��������7�j/��C�	�X�����a&��������Z).�	�"��!*���F&:�

B(B → KY ) ≤ 1×10−3 x_�	����������&�#�:&�#$���Q9^���
B → K+

�-�F&����Z��!��"���A
��7�7&I����x(#$�Y&�

�	�
Γ(Y (3940) → ωJ/ψ)#"&���%����J�	��&�!

1 ; �=<B>j\8�'�Y&�!�&�#$���
)�����
��"�@���	���$�*
��7�Y&Y� /��"
.�	�������$!�%M�	���9^�����5��#"&
Γ((3943, 0+[0++]) → ωJ/ψ) =

p |gY ωJ/ψ|2
8πM2

Y

!��.>�{3$
&�!�
W�	&�bN�"!�%

gY ωJ/ψ = (−1429 − i216) ; �=< 9^����� Tl&�+�#$�X�.> ��>`TU�N���7xK/���F!�

Γ((3943, 0+(0++)) → ωJ/ψ) = 1.52 ; �=<5x /����"�-�D�$�B�����Z)�&:�	�$+�#"�/��C�	�6�����5#"&���%��*
����Y&Y�6/��$
��	�6�	�

ωJ/ψ
�7���	�"�Z&:���7
69^�����	��� �5!�{#+��3)#$@>�\8�

&��������7�"&:�	��
 �����
0+(0++)

���-&:��� /��C�	�s�	��� �"!j{#+��3)3$@> TU�������7����!�
 )K��#$�
9^����!�
s�"!

I = 0; J = 2
/��C�	� �V&:���

m = 4169 ; �=<G&:!�
 Γ = 132
; �=< �$�Q�"
��7!3�	� �F�7
 /��$��� �	���&�&!6���7-�)3$�+3�2�����O)����U}.�"�'�$� �W��9��	���]�Z&������7��x



�!{�� � ��� � �:� ��� ����� ���

/��$
��	���B&�!�
D1N�F&:!N����� !����5+(������> TU���V���-&:���7�B/��C�	�
I = 0; JPC = 1+−&�!�


I = 1; JPC = 2++ &:���')�����
��"�@�	�"��!��X�:9��	���V�'�.
���#[&�!�
��Y&�!�!����B+K�&��������7�"&:�	��/��$���*&�!3�X�:9.�����a���-&:���7�l�"!�T�&:+�#"�a�.>C�4! �	��� �F�����l��!��[�F&���w�� )F&:���$� �
!���%3&:���$���X&�!�
W�	���*/��"
����2��9��	���*�����7��!�
 ���-&:���B�$�����.�Z#�&���%��7$ >	�=���"��/������	�
���2�'�7!3�	�$��!����F&:�5�$! � �!{#����x������L&��.�	�������B)����7
��$���5&�#"��� &

D∗D̄∗ �'�7����!���'�7����!Z�'��#$�7�7��#"�`/��$���O1���&�!3�	��� !N���5+K�7���
I = 1; JPC = 2++ +3�O�����"!�%X&���7#$9��=�7��!����"���	��!N��1N�F&:��b�� �'�.
��7#}+F&:���7
�������
�� �:9a9^������� 1N�F&:��b2�-��&����'��!��$���O�

#$�"b��:x.+���� &������0&�+(�I���Q�	�����7������#"
L/��C�	�M&5�Z&�������9
4030 ; �=<5x./����"�-�M������#"
�F&Y���M�����'�M�~}.)K�7���$�Z��!3�-&�#a�7����!3���7��)�&����7x������/�"!��3)3,�)3$ x[&��]�Y&:#"#"��
D�"!D�����

� � e � ������>
TU�����~}.)K�7���"�'�7!3�-&�#����-&_�	�2�"!�{#+��3)3$��"!MTl&�+�#"�*��>$��
����7��!�����
��7�Y&Y�M�$!3�	�

ωJ/ψ
&:!�
������7����9^�����Z�7&�!�!��:�X+K�'&������.����&:���7
 /��$���8&:!N� ��9������

J = 0
���

J = 2
���	&:�	���,9^���

isospin = 0
> �=���*!�&:�	�����]�5�����X+K�O
��
�(�7���7!3�,9^�����4�	���

���7��������� �������	���B���������@�	������> � !�T�&:+�#"�V�.>C�'/a�Z���7�'�	�F&:�������/�8!�{#+��3)#$J���-&_�	�

����Y&Y���`�"!3���

DD̄
> � !Mt.�7�@�	�"��!
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( f�� � h
o +`i p�-*q�hOprq�+��
� !5����
����l�	�J%����l�	���`)K��#$�a)K�����C�	�$��!�� ��9FTl&�+�#"�����.> ���r�.> -.> /a�`�F&Y����&:
�&��������7

�����

α
)�&��	&��'�����7�*�	� %��@�5�	���V)(�����$���"��!���9U�	���

I = 0; J = 0
���	&:�	�:> � !

&�
�
��$���"��! xK/��'�F&Y���O�-�������7!��	�
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α
)F&���&��'���	���B���*�	� �����5�����

�
g
� ��&:#"���L�$!Ez�1c> !��.>�{#$@> � !E�	���$�B���7�����"��!E/a�M�����L�����"�*9^�����7
����G�"!��	���

α
&�!�


g2 )F&���&��Z�@�	�������	�V�@�:&�#"�F&_�	���	���X��!��7�����	&��"!3�	�$�7��>�\��*)������7���7
 �$! &���7���6���$�Z�$#�&��a/`&Y�2&��J�$!6�	���B)��������"�����,w��F&�).�	�7��>�\��B�-���������X�	���7���X�	�����7�
��).�	�"��!����	�'���:&�#$�F&:���Q�	������!����7���-&��$!N���"���:9
��$�|����

gL = Mρ/(2 fπ) ≡ g
9^���B&�#$#}�	���'�Y&:���7��>6TU���"�*�"���	���Z��)��	�$��!

9^��#"#$��/a�7

�$! � �!{0{�� >
�#$�|����X&]��!��$1����X&Y���7�	&:%��

g′ = (4gD + 2gDs + gηc + 9g)/16
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C = 0, S = 0 � �	��

������� ��!"��#����$��% �!{�+

{3$�|����a��9 √
gi
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i = π,D,Ds, ηc
9^���r�Y&��-�5�d}��	�7��!F&�#N�������	���}�Z������!�>
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� �$�����Yx�/a�'�H}D�����
α
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α = −2.07
x�9^���'!^���Y&Y�N� $5���7�@�	���5�5!^���Y&Y�N� $

���7�������`�-�F&:!�!��7#$�a�:&���� �
g2
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L���	&:�	�0/��$��� I = 1
x
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�����a��!��7�����-&:�"!3�	�$�7�r�"�r�	�0���@�l�����

α
)F&���&��'���	���j�	�0%���� �	����)K�����C�	�"��!*�:9���!�����9
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I = 0; J = 1
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DD̄

� �:� �����'	 � �

αH = −2.07 g2 g′2 gV 1gV 2

I = 0, J = 0 3980 + i 6 3967 + i 12 3943 + i 7.4

I = 0, J = 1 3981 + i 0 3969 + i 0 3945 + i 0

I = 0, J = 2 3971 + i 35 3930 + i 38 3922 + i 26

I = 0, J = 2 4198 + i 86 4163 + i 56 4169 + i 66

I = 1, J = 2 3992 + i 133 3926 + i 89 3919 + i 74

Tl&�+�#$�J��> ��9��l��#$��)(�����$���"��!����$!Z��!��$�����:9 ; �=< 9^�����	���0
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αH = −2.07
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t(DD̄,I=0,J=0)
π = 45 Ṽ (DD̄)

t(DD̄,I=0,J=2)
π = 18 Ṽ (DD̄) ,
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t(DD̄,I=1,J=0)
π = 5 Ṽ (DD̄)

t(DD̄,I=1,J=2)
π = 2 Ṽ (DD̄) ,
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(DD̄,I=0,J=0)
K = 40 Ṽ
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K

t
(DD̄,I=0,J=2)
K = 16 Ṽ
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0,S
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� � + �% � +% �

αH I = 0, J = 0 I = 0, J = 1 I = 0, J = 2 I = 0, J = 2 I = 1, J = 2

� �

g2

� −2.195 3943 + i 6.5 3946 + i 0 3936 + i 37 4169 + i113 3965 + i 164

� �

g′2

� −2.145 3943 + i 12 3946 + i 0 3907 + i 45 4141 + i 67 3904 + i 104

� �

gV 1gV 2

� −2.07 3943 + i7.4 3945 + i0 3922 + i26 4169 + i66 3919 + i 74
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D
D̄
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	�

�

�� �� � �� I = 0, J = 0 I = 0, J = 2 I = 0, J = 2 ��� �	 
 � � � 
 � � 


� � � � � � 1) 2) 3) 1) 2) 3) 1) 2) 3)

D∗D̄∗ 18230 18370 18822 19905 22283 21177 2470 1441 1319

D∗
sD̄

∗
s 9906 10487 8645 10832 9308 6990 21125 21048 19717

K∗K̄∗ 3 8 15 13 41 44 104 65 87

ρρ 52 46 52 49 76 84 95 48 73

ωω 1377 1790 1368 3143 3218 2397 3199 2313 2441

φφ 731 1173 1011 1892 2580 1999 3905 3133 3130

J/ψJ/ψ 401 475 422 2485 2250 1794 2629 2896 2841

ωJ/ψ 1608 1970 1445 4934 4719 3433 3864 2847 2885

φJ/ψ 512 983 910 2327 3943 3062 7116 5929 5778

ωφ 51 180 240 237 1065 789 2201 1985 1828

� �� � � �� � � � 
 �� � � � 
� �� � 	 
� � �� � � � gi� � � � � � � 
� � � � � 
� �� � � 
 � � � � �� � I = 0, J = 0 �� �

I = 0, J = 2 � �	 � 
� � � � �� � �� � �� �� � 	 � � � � � 
 � �� � � g2 � αH = −2.195 � 
 g′2 � αH = −2.145 �� �

! 
 gV 1gV 2 � αH = −2.07�
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C = 0, S = 0 � �	��

������� ��!"��#����$��% �*���

w��F&�!�!���#
I = 0, J = 1w`&������:9

1) 2) 3)

D∗D̄∗ 17914 17990 18489

D∗
sD̄

∗
s 9716 10210 8763

K∗K̄∗ 42 43 40

Tl&�+�#$�8��>$�7)�9 ; ��
���#$�7�
��9X�	�����7����)�#"�"!�%�� gi �"! ��!��$�	�W��9 ; �=< 9^���
�����)K��#"�]�$! �	���
I = 0, J = 1

���7�@�	�����$!������O
��
�(�7���7!3�*�Y&����7�V�7$J�����$!�%
g2 �

αH = −2.195
x ��$

g′2 � αH = −2.145
&�!�
��#$

gV 1gV 2
� αH = −2.07

>
TU���U������)�#$�"!�%��}��9c�	���U���7����!F&�!����U�	�Q�	���U�-�F&�!�!���#"� 9

ρρ
x
ωω
x
φφ
x
J/ψJ/ψ

x
ωJ/ψ

x
φJ/ψ

x
ωφ
x�&�������1���&�# �	�507������>

w��F&�!�!���#
I = 1, J = 2w`&������:9

1) 2) 3)

D∗D̄∗ 20881 21625 20869

K∗K̄∗ 200 118 152

ρρ 0 0 0

ρω 5093 4197 3656

ρJ/ψ 8874 7258 6338

ρφ 3784 3126 2731

Tl&�+�#$�*�.>$���#9 ; ��
���#"���U��9 �	�����7����)�#"�$!�%�� gi �"!
��!��C�	�U��9 ; �=< 9^���`�	���*)K��#$��$! �����
I = 1, J = 2

�������	���W9^���L������
��
�(�7���7!3�W�Y&����7�8�7$V�����$!�%
g2 �

αH = −2.195
xc�#$

g′2 � αH = −2.145
&�!�
��3$

gV 1gV 2
� αH = −2.07
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DD̄

� �:� �����'	 � �

I = 0, J = 0 I = 0, J = 1 I = 0, J = 2 I = 0, J = 2
√
sp
! ; �=< $ 3950 + i 7.5 3952 + i 0 3929 + i 25 4174 + i 62�-��&�!�!���# |gi|

! ; �=<2$
D∗D̄∗ 18302 17961 20739 1302

D∗
sD̄

∗
s 8437 8556 6654 19359

K∗K̄∗ 16 55 44 86

ρρ 51 0 81 71

ωω 1368 0 2328 2380

φφ 1024 0 1963 3061

J/ψJ/ψ 425 0 1765 2818

ωJ/ψ 1446 0 3331 2816

φJ/ψ 936 0 3028 5660

ωφ 252 0 794 1795

Tl&�+�#$�*�.>$�I��9[�l�����$���"��!
��9 �	����)K��#"���0&�!�
W�Z��
���#$�7�`��9l�	����������)�#$�"!�%]�$!
�����
I = 0, J = 0, 1, 2

���7�@�	�����'�C9������
αH
�"�O&:
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�V&:���]��9

����� �8! �#+��#)#$U�$!6�����
I = 0, J = 2
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−2.048
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C = 0, S = 0 � �	��

������� ��!"��#����$��% �*�3,

√
sp
! ; �=< $ 3926 + i 70�-�F&:!�!��7# |gi|

! ; �=< $
D∗D̄∗ 20588

K∗K̄∗ 148

ρρ 0

ρω 3579

ρJ/ψ 6210

ρφ 2674

Tl&�+�#$�]�.>C� � 90�l�����$���"��!2��9��	���B)(��#$�5&�!�
 �Z��
���#$�7�J�:9��	���5������)�#$�"!�%Z�"!2�����
I = 1, J = 2

���7�@�	���Z�$9Q�����
αH
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�&������	��
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�8! �#+��#)3$*�"!R�	���
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Ṽ (DD̄) =
2 g4

H

15π2

∫ qmax

0

dq ~q 6
(
ω3
l + ω3

D + 4ωlω
2
D + 4ω2

l ωD − k0
3ωD

)

× 1

k0
3 − ωl − ωD + iε

1

P 0 − 2ωD + iε

1

P 0 + 2ωD

× 1

k0
1 − ωl − ωD + iε

(
1

ωl

)3
1

ωD

(
1

k0
3 + ωl + ωD

)2 !��.> �#$
/��������

ωl =
√
~q 2 +m2

π

x
ωD =

√
~q 2 +m2

D

x
P 0 = k0

1 + k0
2

x0&�!�

tπ���������7��)K��!�
������������ �F������
���&�%���&�� /��$�	�

gH = gD
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l = π
�"!Zz�1K> ! �.> �#$

&�!�
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l = K
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t
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Kπ

t
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Kπ =

6√
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Ṽ
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Kπ
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D̄∗(k4)D̄∗(k2)

D̄(P − q)

D(q)

D∗(k3)D∗(k1) D∗

s

D̄∗

s

D∗

s

D̄

D

D̄∗

s

π(k1 − q) Kπ(k3 − q) K

D̄∗

s D̄∗

D∗D∗

s

D

D̄

πK

� �$%��������.> � 9
DD̄
�=+(�

�

���&�%���&��'��9^���`�	���

D∗D̄∗ &�!�
 D∗
sD̄

∗
s

�-�F&�!�!��7#$�7>

/��C�	�

Ṽ
(DD̄)
Kπ = g2

Dsg
2
D

8

15π2

∫ qmax

0

dq ~q 6 1

ω ωK ωD

1

ω + ωK

× 1

k0
1 + ωK + ωD

1

k1 − ωK − ωD + iε

1

P 0 − 2ωD + iε

× 1

P 0 + 2ωD

1

k0
3 − ω − ωD + iε

1

k0
3 + ω + ωD

×(2ωD(ωD + ωK)2 + ω2(2ωD + ωK)

+ω(2ωD + ωK)2 − 2k0 2
3 ωD) .

!��.> +3$
\��U����%���#�&:��� 0��a������&�+K�������"!3�	��%��	&�#$�l/��C�	�O&,�7�������M��9K!F&_�	����&�#���� 07�:x

qmax =
1.2
e �=<5x�+�����/��,!��:�	�"�������F&:�`�����Q�"�Z&�%��$!F&����])F&����	��
��.���U!����`
��7)K�7!�

��!

�C�Y>}v��0�$!Ww��F&�)����7��-5/��������B&:!W�
�
)(��!��7!3�	�"&�#�9^�����A9S&��@�	���`9^����&:!W� �������7#$#

π(K)
�"!
�7&��-�W���7���	�

�
xc/����"�-�W�"�

F (q) = e−~q
2/Λ2 !��.>$�*)3$

/��C�	�
Λ = 1.2

e �=<5> � ! � �"%���>[�.> �O&�!�
6�.> ,5�����,���7&�#j&�!�
M�"�Z&�%��"!�&����O)F&:���	�
��9U�����L)K���	��!3�	��&:#�&����V�����I/�! > \8�L�7&�!E�����L�	�F&_�B�	���L���7&�#�)F&:���	�B�Y&�!D+K�
!���%�#"�������7
 �$! �����Z)�&����$����! �	�������2)K�����7!3�	�"&�#��7���'�"!�% 9^����� �	���6�7��!3�-&:���
+
�

�
�-�F&�!�%�� ���7���Z��> \�� &�#$�������7�6�	�F&:�'�	��� �7��!3�����"+����	�$��! �:9

DD̄(ππ)+K�
�
�"�,�	���'#"&���%��7���*��!���x +(���"!�%M�	���

DD̄(KK)
����!3�	���$+������"��! �����������Z&�#$#

&�!�
2�	���
DD̄(Kπ)

+(�
�
!��7%�#"�"%��"+�#$��x�/����$�-� �Z�7&�!��0�	�F&:���	�������B� /a�M#�&_���	���



���������	��

���������	��

��������

��������
�����������
����
C = 0, S = 0 � �	��

������� ��!"��#����$��% �*�3�

3600 3700 3800 3900 4000

-2000

-1500

-1000

-500

0

�!!!!
s @MeVD

Re
HtL

Real part of the potential for I=0 and J=0

contact + exch.
DD

���
box

3600 3700 3800 3900 4000

-2500
-2000
-1500
-1000

-500
0

�!!!!
s @MeVD

Re
HtL

Real part of the potential for I=0 and J=2

contact + exch.
DD

���
box

� �"%��������.> � 9[|��Y&�#j)F&:���	�U�:9��	���*)K�����7!3�	�"&�#(9^���`�����
D∗D̄∗ �-�F&�!�!��7#�>

����!3�	���$+������"��!��l)��	&:���	�$�Y&�#$#$��
���!��:�[& �(�7�����	�Q�	���U���7����!�
')(��#"�a9^����!�
O�"!B�����
I = 0; J = 2

���7�������7xr���7�'�7�5+K�7�J���F&:��&:#"���L�����5/��"
.�	� 9^����!�
 �����7���]/`&��
1N���C�	�,#�&:��%�� ∼ 100 ; �=< �"!M�����Z)�&����$����!M/��$���M�	�����������7���7>TU�������7����#$���a/�����!L�	��������)(�����7!3�	�"&�#"��&����J�$!��7#$��
��7
V&����0������/�!M�$! � �$%��7>
�.> -�x��.> �B&�!�
W�.> ��x.&�!�
L�����Q�Z&������7�U&�!�
V/��"
������`�$!V�	���J���Y&:#�&

�
�$����+��	&��"!��7


9^�����H�	�������a)�#"������&:����%��$���7!5�$!XTl&�+�#$�`�.>C�*���"!*�7���')F&����"����!X/��$���*�������
�
)(�����

�$�Z��!N�7>j\8��&�#"���J������/R������� �������}�:9F�	���
DD̄

��"&�%���&��H�"!*�	���

I = 0; J = 0���-&:���B+K��9^�����5&�!�
2&:9 �	���J�$!��7#$��
��"!�%'�����
DD̄
+(�

�

���&:%��	&��Wx � �$%�>0�.> +�>0\��

�7&�!
���7���	���7�"�U���V&:#"# � �������Yx�/����"�-�W�Z�7&�!��U�	�F&_�U�	��������� ��9}&:#"#����������	�����
#$�"%��3�B���7�@�	���5��#$�"%��3�5���7�������'&�!�
R#"�$%��3�B���7�������5�

J/ψ
�-�F&�!�!��7#$�'�$�5�5���-�

�'�����J�"�')(�����-&�!3�7>
TU���
��������#C�	�]�����I/�! �������W&����M)��	&��@�	�"�7&�#"#C� �	���M��&��Z�L���F&�!E�	�������
��� �

)K�������7
D�$!Et.�������"��!R��> ��>
\��L�����'�Z&���� 07�]�	����� �$!8Tl&�+�#$�M�.>C�*�2/��C�	�������
&������$%�!��'�7!3�U�	�]�	���*�

�
)(�����"�'�7!3�	&�# ���	&:�	���7>



�*�#� ��� �
DD̄

� �:� �����'	 � �

3600 3700 3800 3900 4000
-60
-50
-40
-30
-20
-10

0

�!!!!
s @MeVD

Im
HtL

Imaginary part of the DD
���

box for I=0 and J=0

DD
���HKΠL box

DD
���HKKL box

DD
���HΠΠL box

3600 3700 3800 3900 4000

-20

-15

-10

-5

0

�!!!!
s @MeVD

Im
HtL

Imaginary part of the DD
���

box for I=0 and J=2

DD
���HKΠL box

DD
���HKKL box

DD
���HΠΠL box

� �"%������*�.> ,�9 � �Z&�%��$!F&����Z)F&����	����9 �	���
DD̄
+K�

�

��"&�%��	&:�Z�`�:9 � �$%�>[�.> ��>

3900 3920 3940 3960 3980
0

5. ´ 106
1. ´ 107

1.5 ´ 107
2. ´ 107

2.5 ´ 107
3. ´ 107

�!!!!
s @MeVD

ÈTÈ2

D* D
���*H4017L

3940 3942 3944 3946 3948 3950
0

1. ´ 1013

2. ´ 1013

3. ´ 1013

4. ´ 1013

�!!!!
s @MeVD

ÈTÈ2

D* D
���*H4017L

� �$%������0�.> -�9 |T |2 9^��� I = 0
&�!�


J = 0
!S#$��9 �
$ x

J = 1
!S���"%��3�
$ x3�"!O�	�����Z&��"!

�-�F&:!�!��7#
D∗D̄∗ >



���������	��

���������	��

��������

��������
�����������
����
C = 0, S = 0 � �	��

������� ��!"��#����$��% �*�#+

3800 3850 3900 3950 4000 4050
0

1. ´ 106

2. ´ 106

3. ´ 106

4. ´ 106

�!!!!
s @MeVD

ÈTÈ2

D* D
���*H4017L

4100 4150 4200 4250 4300
0

100 000

200 000

300 000

400 000

�!!!!
s @MeVD

ÈTÈ2

Ds
* D

���
s

*H4225L

� �$%������M�.> ��9 |T |2 9^��� I = 0
&�!�


J = 2
�"!D�����M�V&:�"!8�-��&�!�!���#"�

D∗D̄∗
! �F������)(��#$��x�#$��9 � $`&�!�


D∗
sD̄

∗
s

!S���7����!�
2)K��#$��x����"%��3�
$ >

3800 3850 3900 3950 4000 4050 4100
0

100 000

200 000

300 000

400 000

500 000

�!!!!
s @MeVD

ÈTÈ2

D* D
���*H4017L

� �"%��������.> � 9 |T |2 9^��� I = 1
&�!�


J = 2
�$!
�������V&:�"!L�-�F&:!�!��7#

D∗D̄∗ >



��,�)
���

�
D
D̄
��:
���
��
�'
	�

�

IG[JPC ] � � � 
� � �� � �� � � �� �

� � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � JPC

0+[0++] 3943 17 Y (3940) 3943 ± 17 87 ± 34 JP+

3914.3+4.1
−3.8 33+12

−8

0−[1+−] 3945 0 � Yp(3945) �

0+[2++] 3922 55 Z(3930) 3929 ± 5 29 ± 10 2++

0+[2++] 4157 102 X(4160) 4156 ± 29 139+113
−65 JP+

1−[2++] 3912 120 � Yp(3912) �
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sD̄
∗
s

l����
�}@CTQU q @C>��!BCD�UQGRD�@CGSa��rU���^�D q �	J d U q F]D�MOGR^�D�PRP q s ��F���BCD�@	��U B��7�EJ�F]D�FQ^��7� V�q^�JKTQNQPIGRF s @C>�� Nh>QJ�@CJ�F axGRDcGRF�@���BEM'��UhG[D�@��ra���^�@EJKB5MZ���EJKF��5D��bU���NQGR^�@	��UjGRF
� G s l �hl$��ljt?>�� D�MrNhPRGI@ETQU��rJ d @E>�� V γ @CBED�F��EGS@CGIJKFjG"� s GIa���F V�q @E>��Wu D�y

V

V







R
gjP

(S) (j)

� G s TQB��2�hlC�#9[�k>QJ�@EJKF ^�JKTQNQPIGRF s a#GRD���� �

s BED�F s GRD�F J d zkipl%!��Ql +#$mW�>QGR^`> P"��D�U���@CJ
tV γ = t̃V γεµ(V )εµ(γ)

!��hl �#$
W�GS@C>

t̃V γ = CV γ
e

g
M2

V

!6�hl �3$
D�FhU

CV γ
s GSa���F7GRF;t|D V P"� �hl$��l���� � � g V�q g = mρ

2fπ

W�GS@C>
fπ = 93

�W�	�bl �XF

ρ0 ω φ J/ψ

1√
2

1
3
√

2
−1

3
2
3

tuD V P$� �hlC�#9�w�J.��
O^�G"��F�@ CV γ GRF
zki�l !��hl �3$�l
^�D����?J d @C>�� ^`>QD�BEMOJKFQGITQM6x�G{l ��l J/ψ xKWa� ^�JKF��HGRU���B SU(4) V B���D
��GRF s � ����^�@��
V�q T��EGIF s g ≡ gηc = MJ/ψ/(2fηc)

x|W�>���B��
fηc = 420/

√
2
�6�	�Bxu@`D�����F



��,�-]� � ��� ��� � ��� 	���� � 	 ��	�� � �:� � �	�8�6��� � � 	�
�� � ����
���������������
���������� ��� � �!
��#"�$����
d BHJKM � � �3�7�{l~t?>��,a���BH@��

�
J d zki���l4!6�hl �#$�D�FQU !��xl �3$�� ����^�@EGIa���P q B���NQPRD�^7�v@E>��a���^�@EJKBvNpJKP[D�BEG 0�D�@CGIJKF !

εν(V )
$ V�q @E>��bNQ>hJ�@CJKFcN�JKPRD�BEG 0nD�@EGRJKF ! εν(γ) $�l,t?>��D�MONQPIGI@CThU��7� d JKB)@E>��oJKF���y_D�FhU @XW�J�y�NQ>QJ�@EJKFjU���^nD q �rD�B��!@E>���B�� d JKB�� s GIa���F

V�q
T (R)(γγ) ∝

∑

V1,V2

g
(R)
V1V2

P(J)
γγ

( 1

−M2
V1

)
t̃V1γ

( 1

−M2
V2

)
t̃V2γ × I

!��hl ��$

T (R)(V1γ) ∝
∑

V2

g
(R)
V1V2

P(J)
V1γ

( 1

−M2
V2

)
t̃V2γ × I ,

!��hl ,#$
W�>���B��

gV1V2

G"�,@C>��O^�J�TQNQPRGIF s J d @E>��OB��7�HJKF]D�Fh^7� R @CJg@C>��
V1V2

^`>]D�FQF���P
!^���7�ct|D V P"�7�M�xl ��yO�xl -3$�l P(J)

γγ
x P(J)

V1γ

�H@CD�FQU d JKBr@E>�� NQBHJ�&���^�@CGIJKF JKNK��BCD�y@EJKB��,J d zki�l�! �hlC� �3$ W�GS@C>�@C>��	NpJKP[D�BEG 0�D�@CGIJKF��\J d @E>��b@XWmJcNQ>QJ�@CJKF��,J�B,JKF��NQ>hJ�@CJKFgD�FQUgJKF��va���^�@EJKB7x]D�FQU
I
B���NQB��7����F�@	��@C>��,B��7�ENK��^�@CGSa��_G"�HJ��ENQGIFWw�P"� V y�H^`>��,JKBEUQD�FZ^�J.��
O^�G"��F�@	�_J d @E>�� V1V2

^�JKMONpJKF���F�@ d JKB_Do^7��BH@CD�GRFAG"�HJ��ENhGRF�}@`D�@���l � JKPIPRJ W�GRF s JKTQB NQ>]D�����^�J�F�a���F�@CGIJKF x (−D∗ 0, D∗+)
x
(D∗−, D̄∗ 0)

D�FQU
(−ρ+, ρ0, ρ−)

xx@C>��_G"�HJ��ENhGRF
�H@CD�@	���\D�B�� s GIa���F V�q
∣∣D∗D̄∗, I = 0, I3 = 0

〉
=

1√
2

(∣∣D∗+D∗−〉+
∣∣D∗ 0D̄∗ 0

〉)

∣∣D∗D̄∗, I = 1, I3 = 0
〉

=
1√
2

(∣∣D∗+D∗−〉−
∣∣D∗ 0D̄∗ 0

〉)

∣∣ρρ, I = 0, I3 = 0
〉

= − 1√
3

(∣∣ρ+ρ−
〉

+
∣∣ρ−ρ+

〉
+
∣∣ρ0ρ0

〉)

∣∣ρρ, I = 1, I3 = 0
〉

= − 1√
2

(∣∣ρ+ρ−
〉
−
∣∣ρ−ρ+

〉)
,

!6�hl -3$
v d @	��B
�HTQMrMOGRF s J a���Bg@C>���GRF�@	��BEM'��UQGRD�@	� a���^�@CJKB N�JKPRD�BEG 0nD�@EGRJKF�� GRF zkiN��l!6�hl �3$�D�FQU !��hl ,#$@xx@C>��;D�MONQPRGS@CTQU��7� d JKB�@E>�� R → γγ

D�FQU
R → V γ

U���^nD q �D�B�� s GIa���F V�q
T (R)
γγ = (

e

g
)2

∑

V1,V2=ρ0,ω,φ,J/ψ

g
(R)
V1V2

P(J)
γγ CV1γCV2γ × I × Fγγ

!6�hl �#$

T
(R)
V1γ

=
e

g

∑

V2=ρ0,ω,φ,J/ψ

g
(R)
V1V2

P(J)
V1γ

CV2γ × I × FV γ ,
!6�hl �3$
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 � � �O�v
��K������������
���������� �����r�!
��#"�$K��� ��,��
t?>��?T�����J d @C>���TQFhGI@`D�BEGI@ q B���FQJKBHM!D�PRG 0�D�@CGIJKF7GIF�@CBEJ#UQTQ^��?D�FO� �

@EBCD d D�^�@EJKB 1√
2GIF!^nD:���,J d GIU���F�@CGI^nD�PpN]D�B}@CGI^�P"���7x�W��,F��7��U @EJ5^�JKBHB���^�@�@E>QG"� d D�^�@EJKBmW�>���Fg^nD�P y^�TQP[D�@EGRF s J V ����B}a�D V P"����lkt?>���TQFQGI@CD�BEGS@ q FQJKBHM!D�PRG 0�D�@CGIJKF5D�FhU!@C>���� q MOMZ��@CB q

d D�^�@CJKB���D�B��_^�JKM V GIF���UgGRF Fγγ D�FhU FV γ W�GI@E>

Fγγ =

{ √
2 pair of identical particles, e.g : ρ0ρ0

2 pair of differentparticles, e.g : ρ0ω

!6�hl +3$

FV γ =

{ √
2 pair of identical particles, e.g : ρ0ρ0

1 pair of different particles, e.g : ρ0ω

!6�hl$�*)3$
t?>��~BED�UQG[D�@CGIa��kU���^�D q W�GIUh@C>_^�D�F V �[�nD��HGRP q ^nD�PI^�TQPRD�@	��U d BEJKM @E>��k@CBED�F��EGS@CGIJKFD�MONQPIGI@CThU��7�

T V�q
Γγγ =

1

2J + 1

1

16πMR

1

2
×
∑

spins

∣∣T (R)
γγ

∣∣2 , !6�hl$����$

ΓV γ =
1

2J + 1

1

8πMR

∣∣~pγ|
MR

×
∑

spins

∣∣T (R)
V γ

∣∣2 , !6�hl$�I�#$

W�>���B��w@C>����ETQMOMrD�@CGIJKF_J�a���B|D�PRP��HNQGRFX�H@CD�@	���|^�J�F�@EBEG V Th@	��� @E>�� d D�^�@CJ�B�� s GIa���FGIFot|D V P"� �hl �xl

J
∑
spins

P(J)
γγ P∗(J)

γγ

∑
spins

P(J)
V γP

∗(J)
V γ

0 2
3

2
3

1 1 2

2 7
3

10
3

t|D V P"� �hl ��9�w�JKF�@CBHG V Tx@CGRJ�FoJ d @E>����ETQMOMrD�@CGIJKFoJ a���B D�PIP �ENhGRF
�H@CD�@	���
�XF	@C>�� d JKBHMZ��B9U���BHGIa�D�@EGRJKFbWa�\>QD a���D:���EThMZ��UO@E>���MrJKM'��F�@CDvJ d @E>���� �

y
@���BEFQD�PhN]D�BH@CGI^�P$�7�}�HM!D�PIPx^�JKMON]D�B���Ub@CJv@E>���a���^�@CJ�BwMrD������7��xKW�>QGR^`>	G$�9^�JKBHB���^�@
d JKBv@E>��	a���^�@CJKBzy�a���^�@EJKBbGIFQGI@EG[D�P �H@CD�@	��l t?>QG"�;G"� V D:����UZJKFZ@E>��rD�NQNQBHJ �

GIM!D�y
@EGRJKF��wUQJKF��vGRF��C� ��-�� x#W�>QGR^`>!F�� s P$��^�@�@C>�� @C>QB��7�vMOJKM'��F�@`D;J d @C>��vN]D�B}@CGR^�P"���



��,��]� � ��� ��� � ��� 	���� � 	 ��	�� � �:� � �	�8�6��� � � 	�
�� � ����
���������������
���������� ��� � �!
��#"�$����
W�GS@C>5B����ENK��^�@w@EJ,@C>���a���^�@EJKB~M!D:���7x |~p|/MD∗ ' 0

l|t?>QG$�kG"�9GIFQU�����U	@C>��?^�D����
d JKB;MrD����HGIa��'�H@CD�@	��� V Th@7FQJ�@)G d Wa� U���D�P~W�GI@C>�@XW�JcNQ>QJ�@EJKF��7GIFZ@E>�� �]F]D�P�}@`D�@��X�HGRFQ^�� |~pγ| ' MD∗

l�����Fh^7��xpGRMONQBHJ�a���M'��F�@	� JKF @C>��;MrJ#U���P D�B��_F���^�y
�����CD�B q l � JKB~@C>hG"�wNQTQBENpJ�����W��\B���UQJ7@C>���^nD�PR^�ThP[D�@EGRJKF��9@CD
��GRF s GRF�@CJ7D�^�^�JKTQF�@@E>�� �]FQGS@	�bMOJKM'��F�@`Dhl;t?>QG$�_D ����^�@��,JKFQP q @C>�� �]F]D�P}��P"��^�@CBHJKMrD s F���@CGR^;a���B}y@��

�
GIF�@C>��	B����EJKFQD�FQ^7�	U���^nD q l	t?>�T��,Wa�r^�D�F ��a�D�PRTQD�@	� ∑ |tV V→γγ|2

D�FQU
∑ |tV V→V ′γ |2

W�GS@C>/�]FQGS@	�vMOJKM'��F�@`D7D�FQUgMbTQPS@CGRNhP q @C>��vW�GRUh@E>���J V @CD�GRF���UD�@ ~k = 0 V�q @E>��_BCD�@EGRJ5J d @C>��7���_@	��BEM'� d JKB�D s ��F���BCD�P ~k D�FQU ~k = 0
9

Γ(k) = Γ0

∑̄
in

∑
fin |t|2(k)∑̄

in

∑
fin |t|2(k = 0)

!6�hl$� �3$

W�GS@C>
t = tV V→γγ

JKB
tV V→V ′γ

x
Γ0 = Γ(k = 0)

!�@E>QG"�5^�JKBEB��7�ENpJKFQU��O@EJ
@E>��)W�GIUh@C> GIF @E>��bD�NhNQBEJ

�
GRMrD�@CGIJKF J d |~p|/mD∗ ∼ 0

$ D�FQU
k = |~k| xpW�>���B��

t
G"�,@C>��	@CB��7�OP"��a���PwD�MONQPIGI@CThU��5^�JKF�@CD�GRFQGIF s @C>�� d JKTQBzy�a���^�@EJKB;^�JKF�@`D�^�@7D�FQUM'�7�HJKF �

�
^`>]D�F s �O@���BHMZ�vJ d � G s ��l/!��xl$�7$vD�FQU.! �#l �#$ B��7�HN(��^�@EGIa���P q lbt?>QG"�,G$�UQJ�F���JKFhP q_d JKBu@E>���UQJ�MrGIF]D�F�@u@���BHMZ�9GIF�aKJKPSaxGIF s V V = D∗D̄∗ x D∗

sD̄
∗
s

lut?>��
U���@`D�GIP"��Uo^nD�PI^�TQPRD�@CGIJKF G"�U�H>QJ W�FcGIFg@E>���v�NQNK��FhUQG

�
w�l

�������	� 
���
�������


�XF_JKBHU���B @EJ?^�JKMONQTh@��9@C>��kU���^nD q W�GRUx@C>,J d @C>�� �"! �#+��3)3$@x��8! �#+��#)#$@x*�"!����7-#)#$D�FhU	@E>����EJ d D�BkFQJ�@~J V ����BHa���U ′Yp(3912)′
Wa� @CD
���?@E>���^�JKTQNhPRGRF s �9J d @C>�� �Bx�5x��
�}@`D�@��7� d BEJKM t|D V P"�����#l �.x��#l ��x��#l ,,D�FQUV�xl -hl � JKB9@E>���J�@C>���B��H@CD�@	�?W�GS@C>i�T]D�F�@ETQM.F�TQM V ��B�� IG(JPC) = 0− (1+−)
!S�����)tuD V P$�*�xl �3$@xhD�PRP ^�JKTQNQPIGRF s �@EJ�a���^�@CJKB M'�7�HJKF�� W�GI@E>;>hGRUQU���F���DnaKJKB D�B��807��BEJ UQT��k@CJ

C
yXN]D�BEGI@ q a#GRJKPRD�@CGIJKF lt?>���B�� d JKB��_BCD�UQG[D�@EGIa��vU���^�D q � a#G[D � � � D�B�� d J�B V GIUQU���FgGIFg@E>QG"�?^�D�����lt?>��)B��7�HTQPI@�� d JKB�@C>��7BCD�UQG[D�@EGIa��)U���^nD q W�GRUh@E> D�B��B�EThMrMrD�BEG 07��U GIFctuD�y

V P$� �hl �hl t?>��ZU���^nD q W�GIUh@C>�� J d @C>�� �"! �#+��#)3$ D�B��AGIF s ��F���BCD�P��EMrD�PIP"��B^�JKMrNQD�B���U	@EJ,@C>�� J�@C>���BkB����EJKFQD�FQ^7����l[v s ��F���BCD�P d �nD�@ETQB���J V ����B}a���U!G"�9@C>QD�@GIF @E>��cB��7�HTQPI@��O@E>��
ργ

D�FQU
γγ

U���^�D q MOJxU��7�rD�B��
�EThNQNQB���������U'GRF ^�JKM5yN]D�BEG"�HJKF�@CJg@C>��
ωγ

D�FQU
φγ

U���^�D q �X� �
^7��Nh@ d J�B_@E>��ONQB���UQGR^�@	��U Yp(3912)B��7�EJ�F]D�FQ^���x�W�>QGR^`>*�E>QJ W��uD?BCD�@E>���Bj�}@CBEJ�F s ^�JKTQNQPIGRF s @CJ?@C>�� ργ U���^�D q ^`>]D�FxyF���P{lZz

�
NK��BHGRM'��F�@`D�PkJ V ����BHa�D�@EGRJKF��_^�JKFQ^7��BEFQGIF s @E>��	BCD�UhG[D�@EGIa��	U���^nD q �bD�B��
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�O�v
��K������������
����������
�����r�!
��#"�$K���

��,�+

" � � 
 � � 
 � �

IG JPC ! 
 � � + Γργ Γωγ Γφγ ΓJ/ψγ Γγγ

(3943,+i7.4) 0+ (0++) Y (3940) 0.036 2.37 32.71 0.94 0.031

(3922,+i26) 0+ (2++) Z(3930) 0.016 6.06 38.26 11.16 0.059

(4169,+i66) 0+ (2++) X(4160) 0.012 4.26 107.54 100.42 0.254

(3919,+i74) 1− (2++) ′Yp(3912)′ 80.58 45.82 24.84 108.38 0.54
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 " � �  %  � + � � + )� � )  $� %  �
 )�
 # � & �  )% ' � � � '�
 )�
 # � & �  )% ' � � � 
 �  �
 +  + � +  % � � * � 
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�7-�)]� � ��� ��� � ��� 	���� � 	 ��	�� � �:� � �	�8�6��� � � 	�
�� � ����
���������������
���������� ��� � �!
��#"�$����
BED�B���l��\J Wa��a���B7xp@C>��)f`z[ururz w�JKPRPRD V J�BCD�@EGRJKFL���nD�BH^`>���U d J�B ^`>QD�BEMOJKFQGITQM	yPIG ���\B����EJKF]D�FQ^7���\GIF @C>��

γγ → ωJ/ψ
NhBEJ#^7�7��� �C�*�3��� W�>QGI^`> B��7�HTQPI@���UgGRFgD�F

��FQ>]D�FQ^���M'��F�@wJ d @C>���^�BHJ���������^�@EGRJKFOD�BHJKTQFQU M = 3915±3±2
�6�	�7l�t?>��

NK�nD
�AW�D��5D����EJ#^�G[D�@	��U @EJ�DcB��7�EJ�F]D�FQ^��oU���FQJ�@	��U V�q �"! ��+���,#$�l�f�Th@5GS@7G$�@E>QJKT s >�@�@E>]D�@?GS@�^�JKTQPRU V �v@C>��%�5! �#+��3)3$wB��7�HJKF]D�Fh^7��x]J�B`��a���Fo@C>�� �8! �#+��#)#$W�>QGI^`> Wa�!>]Dna�� D����HJx^�G[D�@���U @EJcJKTQB
JP = 2+ B����EJKF]D�FQ^7�oD�@

3922
�6�	�bl

�XF � �*�N�7� xh@E>�� �&! �#+��7,#$w>]D:�?TQF ��FQJ W�F6�HNQGRFgD�FQUoN]D�BHGI@ q x V Th@ 0+ JKB 2+ D�B��NQB�� d ��BEB���U l �XF @E>�� d JKPRPIJ W�GRF s Wa�_^�JKMON]D�B��v@C>��_BED�@CGIJ��7x

Γγγ(X(3915))B(X(3915) → ωJ/ψ) =

{
(61 ± 17 ± 8)eV JP = 0+

(18 ± 5 ± 2)eV JP = 2+

i�TQJ�@���U GIF � �*�N����x?W�GI@C> @C>�� B��7�HTQPI@�� J d @E>�� NQB��7����F�@ D�NQNQBHJ�D�^`> l uj��@oT����a�D�PRT]D�@��Lzki�l !6�hlC�*��$ d JKB;@C>�� @XWmJ�@C>���JKB���@CGI^nD�Pa�H@`D�@	�7� 0+ D�@
3943

�6�	�
D�FhU

2+ D�@ 3922
�6�	�1GRF	tuD V P$� �hl �xlkf q T��HGRF s @C>�� d J�BEMbTQPRD d JKB9@C>�� U���^nD qW�GIUh@C>o@CJ

ωJ/ψ
9

ΓωJ/ψ =
1

8π

kg2
ωJ/ψ

M2
R

,
!6�hl$�:��$

W�GS@C>
k
@E>��5MrJ�MZ��F�@ETQM/J d @E>�� �]F]D�P|M'�7�EJ�F x D�FQU�@`D��#GIF s @C>��5^�JKTQNhPRGRF s �

gωJ/ψ d BHJKM tuD V P$�7���xl �5D�FQU2�xl ��xhW��_J V @`D�GIF
ΓωJ/ψ(0+,3943) = 1.52MeV

ΓωJ/ψ(2+,3922) = 8.66MeV ,
!��hlC��,#$

@EJ s ��@E>���B�W�GS@C>o@C>��_@XWmJ!Nh>QJ�@CJ�F U���^nD q W�GIUh@C>���J d tuD V P"� �xl �bWa� �]FhU
ΓγγB((0+, 3943) → ωJ/ψ) = 1.46 eV

ΓγγB((2+, 3922) → ωJ/ψ) = 17.6 eV ,
!��hlC�7-3$

W�>���B���GIF @C>�� ��a�D�PRT]D�@CGRJ�F J d @E>�� V BCD�FQ^`>QGRF s BCD�@EGRJ��OW���>]Dna���T�����U'@E>���
�
NK��BHGRM'��F�@`D�P#^���F�@CBED�P�a�D�PRT����uJ d @C>��wW�GRUh@E>��|J d @C>��8�5! �#+��3)3$ D�FQU �8! �#+ �#)3$@x

Γ = 33+12
−8

�6�	� D�FQU
29± 10

�W�	� �C������x �*����� B��7�HN(��^�@CGSa���P q law�JKMON]D�BHGRF szki�l !6�hlC�7-3$�W�GI@E> zki�l !6�hl$�:��$@x�@C>��)B����ETQPS@	� J d zkipl !��xl$�7-#$�D�B��7^�JKMON]D�@CG V P"�
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��#"�$K��� �7-��
W�GS@C>Z@E>�� D:���EThMrNh@EGRJKF�@C>]D�@)@E>�� �&! �#+��7,#$vG"�)@E>��!B��7�HJKF]D�FQ^�� !

2+ x 3922
$ x

^�JKF��EGIU���B���U D��?@C>�� �8! �#+��#)3$wGRFotuD V P"� �hl �hl�vFr@E>��\J�@C>���Bm>]D�FQU x#G d Wa�vD:���EThMZ��@C>]D�@m@E>����&! �#+.��,#$9^�JKBHB����ENpJKFQU��w@CJJKThB !
0+ x 3943

$9B��7�EJ�F]D�FQ^���x�@C>�� UQG"�H^�B���N]D�Fh^�G"���wD�B���a���B q P[D�B s �:x�MrJKB��?@C>]D�FD d D�^�@EJKB�J dkd J�BH@ q l2�,ThBJ�H@ETQU q x�@C>�T���x d DnaKJKB���@C>��bD����HJx^�G[D�@EGRJKF J d JKTQB ! 2+ x
3922

$wB��7�HJKF]D�Fh^7�_@CJ5@C>��2�&! �#+��7,#$�J d �C�*�3��� l

��������� ���������
	�� 

������������� ������	����
	���


�XF � � ������x7@C>�� D�Th@C>QJ�B��AD����ETQM'�j@C>]D�@�@E>��
Y (3940)

D�FhU @E>��
Y (4140)D�B��!>]D�UQBEJKFhGR^ MOJKP"��^�TQP$�7�_W�GI@E>ji#TQD�F�@CTQM F#ThM V ��B�� JPC = 0++ JKB

2++W�>QJ����,^�J�F��H@EGI@CT���F�@	��D�B���@C>��v^`>]D�BHM a���^�@EJKB��
D∗D̄∗ d JKB�@C>�� Y (3940)

D�FhU
D∗+
s D̄∗−

s d JKB_@C>�� Y (4140)
D�FQU @C>�� q ^nD�PI^�TQPRD�@	�	@C>��!U���^�D q BCD�@	�7�7J d @C>��J V ����B}a���U�MOJ#U��7� Y (3940) → J/ψω

D�FQU
Y (4140) → J/ψ d JKB @C>��7^nD����

JPC = 0++ lkt?>��_^�JKTQNQPIGRF s ^�JKF��H@CD�F�@	� D�B��,U���@���BEMOGRF���U V�q M'�nD�F��?J d @E>��^�JKMrNpJ��HGI@	��F��7���\^�JKFQUQGS@CGIJKF��C� �����uD�FQU @C>��;B����ETQPS@	� d JKB?@C>������7U���^nD q MOJxU�����HTQNQNpJKBH@ @C>��wMOJKP"��^�TQPRD�B GRF�@	��BENQB���@CD�@CGIJKF_J d @C>�� Y (3930)
D�FhU)@C>��

Y (4140)
l

� J�@	� @C>]D�@mW�GI@E>!@C>���B��7�HTQPI@���J d � � ������@E>��vJKNQNpJ��HGI@	��D����HG s FhMZ��F�@mW�J�TQPRU V �
d DnaKJ�TQB���U xvD��
���7��FLGRF tuD V P$� �hl � W�>���B���Wa�AM!D
�:�ADE�ETQMOM!D�B q J d J�TQBB��7�EThPI@	��D�FQUcD5^�JKMrNQD�BEG$�EJKFoW�GI@E>o@C>QJ����_J d � � �����{lt?>��?B���P[D�@CGIa���P q �HM!D�PIP#@XWmJ�y�NQ>QJ�@EJKF	U���^�D q W�GRUh@E> Γ(Y (3940) → γγ) =
0.031

y��	� TQFQU���B����H@EGRMrD�@	���)@C>��r^�JKBEB��7�ENpJKFQUhGRF s B����ETQPS@7GIF�@E>��r>QD�UQBEJ�FQGR^MOJKP"��^�TQP$��GIF�@���BHNQB���@`D�@EGRJKF ! D:�~D
D∗D̄∗ MrJKP$��^�TQP"�*$uJ d Γ(Y (3940) → γγ) =

0.33
y,�	� d JKB JPC = 0++ GRF � � ����� V�q D V JKTh@�JKF��5JKBHU���B�J d M!D s FQGI@ETQU���l� J�Wa��a���B�xK@C>��m^�JKTQNhP"��U7^`>]D�FQF���PQD�FQD�P q �EG$� @E>]D�@ W���M!D
�:��x�D�PI@E>QJKT s >;GI@u^�J�Fxy�HGRU���B���MrD�F q ^`>]D�FQF���P"��x D�P"�HJ �]FQU���@C>�� D∗D̄∗ ^�JKMrNpJKF���F�@,D��vUhJKMrGIF]D�F�@nl

��T���@CJ7@E>��vGIFQ^�PIT��EGIJKFrJ d @C>���@E>QB�����y�MrJKM'��F�@CD7J d @E>��vNQ>QJ�@CJKF���xh@C>���U���^nD qW�GIUh@C>��~TQFhU���B s J)^`>QD�F s ����D�FhUO@E>��\^�JKBEB���^�@CGRJ�F d D�^�@CJ�B��~^nD�F V �����7��FrGRF	tuD�y
V P$�Zw�l$� GIFZ@E>��Vv\NQN(��FQUQG �

w�l t?>��rP[D�B s �7�}@7^�JKBEB���^�@CGRJ�F D�NQNK�nD�B�� d JKB;@E>���"! �#+��#)3$ �H@`D�@	��x�W�>���B��m@C>���D V FhJKBEMrD�PRP q �HM!D�PIP d JKBEM'��B Γγγ
W�GRUx@C> V ��^�JKM'�7�D d D�^�@EJKB J d 2.4 PRD�B s ��B�l �����E>hJKTQPRU)FQJ�@��w@E>]D�@kD�NQN]D�B}@ d BHJKMY@C>��mUQG
�(��B���FQ^��7�GIFb@C>���GRFhNQTh@~GRF5@E>��?@XW�J)D�NQNQBHJ�D�^`>����mM'��F�@EGRJKF���UOD V J a���x�@C>���NQB��7�H^�BEGINh@CGIJKFJ d @C>��r^�JKTQNQPIGRF s J d NQ>QJ�@EJKF��,@CJga���^�@CJ�B7M'�7�EJ�F��_G"�_UQG
�(��B���F�@nl �8� d JKPIPRJ W@E>��,BETQP$�7��J d @E>��_PRJ#^nD�Pp>QGIUQU���F s D�T s �,D�NhNQBEJ�D�^`> xhW�>���B��,@C>�� γ ^�J�TQNQP"����@CJ



�7-��Q� � ��� ��� � ��� 	���� � 	 ��	�� � �:� � �	�8�6��� � � 	�
�� � ����
���������������
���������� ��� � �!
��#"�$����

|�� d l��C� ����� �kB�������F�@\W�JKB �
�}@`D�@��

D∗D̄∗ D∗
sD̄

∗
s D∗D̄∗ D∗

sD̄
∗
s

JPC 0++ 2++ 2++ 0++ 2++ 2++

Γγγ
� y,�	� �

0.33 0.27 0.50 0.031 0.059 0.25

ΓωJ/ψ
� �6�	�%�

5.47 7.48
y
1.52 8.66 12.02

ΓγγB(X → ωJ/ψ) 54.7 69.6 1.46 17.6

[eV]

Γexp
γγ B(X → ωJ/ψ) 61 18 61 18

[eV]

tuD V P$� �xl � 9lw�JKMON]D�BHG"�HJKF;W�GS@C>;@C>��wW�JKB �_J d � � �����hD�FQU;@C>��a� �
NK��BEGIMZ��F�@nl|t J

��a�D�PRT]D�@��v@C>�� V BED�FQ^`>QGIF s BED�@CGIJ���Wa�)>]Dna��)T�����U @C>��*� �
NK��BEGIMZ��F�@`D�P ^���F�@CBED�P

a�D�PIT��7�kJ d @C>��?W�GIUh@C>��wJ d @C>�� �5! �#+��3)#$9D�FQU �8! �#+���)3$@x Γ = 33+12
−8

�6�	� D�FQU
29 ± 10

�6�	� � ������xj�:� ��� B��7�ENK��^�@CGSa���P q l
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@E>��_PRG s >�@�a���^�@CJKB\MZ���EJKF��\D�FQU @E>��7���7^�JKTQNQP$�_@EJ5@C>��;J�@C>���B?a���^�@CJ�B\M'�7�HJKF��W�GS@C>A@C>��	@C>QB��7�	a���^�@CJ�B7^�J�TQNQPRGIF s ��l �XF �C� �����mD MOGRFhGRMrD�P��HT V �H@EGI@ETh@CGIJKFAGRF@E>�� d B��7�*u D s BED�F s GRD�FoJ d @C>��,a���^�@EJKB MZ���EJKF���G$�?UQJKF���l�v��\GIF�a��7�}@CG s D�@	��UgGRFU���@`D�GIP~GRF � ���:��x9@C>��r@XW�J�NQB��7�H^�BEGINh@CGIJKF��)^nD�FjP$�nD�U @EJ �EG 07��D V P"�!UQG
�(��B���FQ^��7�GIFZ@C>��!BCD�UQG[D�@EGIa��rU���^nD q W�GIUh@C>��7xkD�FhU W�� M7T��H@)@CTQBHF @CJc@E>QG"� d �nD�@ETQB��!D��@E>��_M!D�GIFgB��7�HN�J�F��EG V P"� d D�^�@CJKB d JKB?@C>��)UQG�����B���FQ^7��� d JKTQFhU W�GS@C> B��7�HN(��^�@\@CJ� � �����{l

��@vG$�\ThF d JKBH@ETQF]D�@��)@E>]D�@\FQJ�@,DOTQFQGIi#T��7NQB��7�E^�BEGINh@CGIJKF ^nD�F V � s GSa���F d JKB@E>��b^�J�TQNQPRGIF s J d @E>��bNQ>QJ�@CJKF��v@EJ a���^�@CJ�B,MZ���EJKF���l �XF.� �*�#���|@C>��5MrGIFQGRMrD�P^�JKTQNQPIGRF s NQB��7�H^�BEGINh@CGIJKF5W�D:�wT�����UO@CJ;^�JKThNQP"�?NQ>hJ�@CJKF��~@EJ;a���^�@CJKB~M'�7�EJ�F��~GRF@E>��	BCD�UQGRD�@CGSa��bU���^nD q J d D �
G[D�Pua���^�@CJKB_M'�7�HJKF��_@CJ DoN�����TQUQJ��H^nD�PRD�B)M'�7�HJKF

D�FhU�DrNQ>hJ�@CJKF�l�����@7x��HGRFQ^��)@C>��bD
�
G[D�P a���^�@CJKBvM'�7�HJKF��v^�JKTQPIU V �7J V @CD�GRF���UD��rU q F]D�MOGR^�D�PRP q s ��F���BED�@	��U B��7�HJKF]D�Fh^7�7�!T��EGIF s @C>��c>QGIUQU���F PRJ#^nD�P s D�T s �D�NhNQBEJ�D�^`> x�GI@�W�D:� d JKThFQUcMOJ��H@\D�NhNQBEJKNhG[D�@��_@EJrT����)@E>��;NQB����E^�BHGRNh@EGRJKF NQBHJ�ya#GRU���U V�q @C>��M�ED�M'�oPRJ#^nD�Pm>QGRUQU���F s D�T s �oD�NQNQBHJ�D�^`> @CJ�^�JKTQNQP$�oNQ>QJ�@EJKF��@EJ a���^�@CJKB���ljt?>QG$�bW�D:�OUhJKF��oGRF � ���:��x V Th@5@E>�� D s B�����M'��F�@5W�GI@E>E� �

NK��BEG y
M'��F�@ V ��^�D�M'��W�J�B����v@E>]D�F T��EGRF s @C>��,MOGRFhGRMrD�PQ^�J�TQNQPRGIF s lut?>QG"��W�D��?PRD�@	��BJKFcGRF�@	��BENQB���@	��U�GRF � �*��,��9D��vD�F�GRFQUhGR^nD�@CGRJ�F @E>]D�@�@E>��

a1(1260)
B��7�HJKF]D�FQ^��

MOG s >�@w>]Dna��,FhJ�@�JKFhP q a���^�@EJKB}y�N�����TQUQJ��H^nD�PRD�B?^�JKMONpJKF���F�@�� V Th@?D�P"�HJbDB�HG 07��yD V P"� d BCD�^�@CGIJKF�J d D s ��F�TQGRF�� qq̄ ^�JKMrNpJKF���F�@nlOt?>QJ����rD�B��OG$���HT��7�_@C>]D�@7D�B��NQB��7����F�@CP q D�@��H@`D����vD�FQUr@E>]D�@wMrG s >�@~U��7����B}a�� d TQB}@C>���B~^�JKF��HGRU���BCD�@EGRJKF�l ����@7x@E>�� d JKBHMZ��B�� �
D�MONQP"�rP"�nDna��7�7BHJxJ�M d J�BX�HJKMZ�OGRF�@���BENhB���@CD�@CGIJKF J d @C>��rUQG"�zyD s B��7��MZ��F�@kJ d JKTQB9B��7�HTQPI@��9W�GI@C>)@C>QJ����?J d �C� �����]D�FQU]��a���F�@CT]D�PRP q W�GI@E>5U]D�@`Dxlt?>��,GIFQ^�PIT��EGIJKF!J d @E>��,NQ>QJ�@CJKF!@E>QB�����y�MrJKM'��F�@CDbD�P"�HJbP"��D�U���@EJb^`>]D�F s �7�J d @C>�� γV U���^nD q W�GRUh@E>�� D�FhU @C>�� ^�JKBHB���^�@CGIJKF d D�^�@CJ�B��O^nD�F V �2���7��F GRFtuD V P$�*w�l$�Kl �vFQ^7�)D s D�GIFo@C>��;P[D�B s �7�}@ ^`>]D�F s �;G"� d J�B�@E>�� V γ U���^nD q J d @C>���"! �#+��#)3$wW�>���B��_@C>��_BCD�@	�,G"�?GIFQ^�B��nD�����U V�q D d D�^�@CJ�B 2.4

l
� JKB�@C>��;@XW�J�y�NQ>QJ�@EJKFcW�GIUh@C> J d @C>�� �"!����7-#)3$�Wa�bJ V @CD�GRF Γγγ = 0.254

�:�	�bl �XFA@C>��	NQB��7����F�@7^�JKTQNQP$��UA^`>]D�FQF���PwD�NQNQBHJ�D�^`>A@C>�� �&!6���*-#)3$�G"� d J�TQFQU@EJ V �7UQJKMOGRF]D�F�@EP q D D∗
sD̄

∗
s

�H@`D�@	��l_t?>QG$�vG"�\@C>��5�ED�M'�bTQFQU���BEP q GIF s �}@CBETh^�y@ETQB�� D��	@C>��
D∗
sD̄

∗
s V JKTQFQU �H@CD�@	�
�H@ETQUQG$��U GIF �C� �����{l �XF B�� d ��B���Fh^7�1� � �����@E>��

D∗
sD̄

∗
s

MOJKP"��^�TQPRD�B��H@`D�@	�rW�D��5D:���EJ#^�GRD�@	��U W�GI@E>Z@E>�� F]D�BHBEJ W �5!����*�3)#$
UQG$�E^�J�a���B���U V�q @E>��Zw	� � � �*�3-�� V ��^nD�T����OGI@,W�D��)NpJ����EG V P"�b@CJ
� �

NhP[D�GIFA@E>��
�HG 0nD V P"�_J V ����B}a���U J/ψφ U���^nD q W�GRUx@C>cJ d @C>QG$���}@`D�@���l%�vTQB\D����HJx^�G[D�@EGRJKFg@CJ
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��K���������p��
��K������� ��� �!�!
��#"�$K����� ����	
D∗

(s)D̄(s)γ

@E>�� V BEJ�D�U���B �&!6���*-#)3$9G"���ET s�s �7�}@	��U V�q @C>��\P[D�B s �?@CJ�@CD�P]@C>���JKB���@CGI^nD�P]W�GRUx@C>W�>QGI^`> W�D���FQJ�@0��a�D�PRT]D�@���UgGRF�� � �����{l ��@ G"� d D�GIB�@CJ	^�JKMrNQD�B��v@E>��_B��7�HTQPI@���GRF
V J�@C> D�NQNQBHJ�D�^`>����_W�GS@C> @E>��b^nDna��nD�@;J d @C>��bUQG
�(��B���F�@_GRFhNQTh@,T�����U x D:�vUQG"�zy^�T�������U D V J a���l �XFo@C>QG$��^�D����v@E>��va�D�PRT��\J V @CD�GRF���U d JKBm@E>��,BCD�UQG[D�@EGIa��\W�GRUx@C>GIF�@EJb@XW�JONQ>QJ�@CJKF�����a�D�PRT]D�@���U GRF � � ����� G"�

Γγγ = 0.5
y��	�7l

3���� � +�o'-
���;(Op�
 + 0 2 �;3 �b4b6987:'2 �;3 �;4b6 -��
m < 2 �	� =;4b6
q
�]p��

D∗
(s)D̄

∗
(s)γ

v��?JKF��,^nD�FW���7� d BEJ�M tuD V P$�7�0�xl �.xc�xl �	D�FQU6�xl ,.x#@C>��,�}@`D�@��7��J V @CD�GRF���Uo^�JKBzyB��7�ENpJKFQU�@CJ V D��EGI^nD�PIP qcV JKThFQU D∗D̄∗ JKB D∗
sD̄

∗
s

�H@CD�@	���7x|>���FQ^��!@C>��OU���^nD qGIF�@EJ @E>��7����N]D�GIB�� J d M'�7�HJKF��uG"� d JKB V GIUQU���F x�W�>���B���D��|@E>���PIG s >�@ a���^�@EJKBuy�PRG s >�@a���^�@EJKBk^`>]D�FhF���P$�9NQBEJ a#GRU���@C>���W�GIUh@C>5J d @C>��U�}@`D�@��7��l �\J W���a���B7x�G d JKF���PRJ#J �N�D�@\@C>��7U���^�D q ^`>]D�FQF���P9J d @C>�� D̄∗ GRF�@EJ D̄γ x�@E>��bNQBHJx^��7��� X → D∗D̄γ
G"�

D�PIPRJ Wa��U x.�EGRFh^7�v@C>��;MrD����?J d @E>��,B����EJKFQD�FQ^7� �5x d JKB?D�PIP�@C>��;^�D�������PRG"�}@	��UoGRFtuD V P$�B�#l$�*��xK� �
^7�7��U���@E>��X�HTQM J d MrD������7� J d @E>�� �QF]D�Pr�H@CD�@	��l �XF � G s l �hl �@E>��\^�JKBEB��7�HN�JKFhUQGRF s � � q FQMrD�F!UhG[D s BED�M @EJ)@E>�� X → D∗+D−γ

NQBEJ#^7�����mG"�
�H>QJ W�F l?t?>��

D∗− NQBHJKN]D s D�@	�7��a#GRB}@CT]D�PIP q!V ��@XW�����F @C>��)NQBHJxUhTQ^�@EGRJKF N�JKGIF�@J d X → D∗+D∗− D�FQUO@C>��\U���^�D q NpJKGRF�@wJ d D∗− → D−γ
l9t?>QG$��NQBHJKN]D s D�y@EJKB�G$�\@C>��bB���P"��a�D�F�@,^`>QD�BCD�^�@	��BEG"�}@CGI^7J d @E>�� X → D∗+D−γ
U���^�D q l_t?>�T��7x@E>QG"� UQGRD s BCD�M G"� NK��^�ThPRG[D�B @CJ\@E>��mD����HTQMZ��U7F]D�@CTQB��mJ d @C>��wB����EJKF]D�FQ^7� � D��uDMOJKP"��^�TQP$�mJ d D∗D̄∗ D�FQUO�H>QJKTQPIU V ��PRD�B s ��P q UQJ�MrGIF]D�F�@9J a���BkJ�@C>���B9NpJ����HG V P$�NQBHJx^��7�����7� � +3��� l5v�PIP9JKF��5F��7��U��;@EJW��a�D�PRT]D�@	�7@E>��7��� � � q FhM!D�FhF�UhG[D s BED�M'�G$�w@E>��v^�J�TQNQPRGIF s J d @C>��vB��7�HJKF]D�FQ^��v@CJ D∗+D∗− x#@CJ s ��@C>���BmW�GS@C>!@E>��v^�J�BEB���y�HN�JKFhUQGRF s �ENQGIF NQBHJ�&���^�@CGRJ�F JKNK��BCD�@CJKB�xhD�FhU!@C>�� a���BH@	� �

D�^�^�JKThF�@EGRF s d JKBw@E>��U���^nD q J d D∗− GRF�@CJ D−γ
l

tuD
��� d JKB,� �
D�MONQP$�b@C>��O^nD����	J d @E>�� �5! ��+��3)3$ x W�GI@C> J = 0

x @C>��&�]B��H@
a���BH@��

�
GRFc@E>��bUQGRD s BCD�M J d � G s l4�hl �rG"� 1√

3
ε
(1)
i ε

(2)
i gD∗D̄∗ I

x�W�>���B��
I
G"�\@E>��

G$�EJ��HNQGRF d D�^�@CJ�B F��7��U���U'@CJj^`>QD�F s � d BHJKM @E>�� G$�EJ��HNQGRF V D:�EG"��x W�>���B�� @E>��^�JKTQNQPIGRF s �vD�B��]��a�D�PRT]D�@���U�GIF �C� ��-�� x @EJo@C>��5^`>]D�B s � V D��HG"��l �XF�@C>��5^�D����	J d
D∗+D∗− xKWa�\>]Dna�� I = 1√

2

l �XF	W�>]D�@ d JKPIPRJ W��7xKWa��W�GRPRPx^nD�PIP g̃ @C>���^�J�TQNQPRGIF sJ d @C>��;B��7�HJKF]D�FQ^��,@CJ	@C>�� V V �}@`D�@��;GIFgG"�EJ��ENQGIF V D��EG$��l�vF @C>��!J�@E>���B)>]D�FQU @E>�� D�FQJKMrD�PRJKT��_a���B}@	�
� d JKB_@C>�� D̄∗ U���^nD q GIF�@CJ
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X(P )

D−(p − k)

D∗−(p)

D∗+(p∗)

γ(k)

� G s TQB�� �xl ��9 ����^nD q J d @C>�� � B��7�EJ�F]D�FQ^��;@EJ D∗+D−γ
l

D̄γ
G"� s GIa���F V�q

−itD̄∗→D̄γ = −igPV γ εµναβ pµ εν(D̄∗) kα εβ(γ),
!6�hlC���#$

W�>���B��
p
x
k
D�B�� @E>�� MOJKM'��F�@`DAJ d @C>�� D∗− D�FhU

γ
B��7�HN(��^�@CGSa���P q l t?>hG"�D�MONQPIGI@CThU�� s GSa���� BHG"���v@CJrD5W�GIUh@C>

ΓD̄∗→D̄γ =
1

48π
g2
PV γ

k

M2
D̄∗

(M2
D̄∗ −m2

D̄)2.
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� F d JKBH@ETQF]D�@���P q x�JKFQP q @C>��ka�D�PIT�� d JKB @C>��kBCD�UQGRD�@CGSa��kU���^nD q J d @C>�� D∗− →
D−γ

D�FQU J d GS@	�mN�J��HGI@EGIa��0�H@CD�@	��N]D�BH@EF���B�D�B�� �#FhJ�W�F�l �XFr@C>QG$��^nD:���vWa��W�GRPIP
V �,D V P$�\@EJ5NQBEJ a#GRU��_D�FgD V �EJ�PRTh@���a�D�PRT�� d JKB�@E>��,BCD�UhG[D�@EGIa��\U���^�D q W�GRUx@C>oJ d@E>�� ��� �AB��7�HJKF]D�Fh^7�7��l �XF @C>��)J�@E>���B ^nD:���7� W��;W�GRPIP s GIa��;@E>��;BCD�@EGRJ	J d @E>��BED�UQG[D�@CGIa���U���^nD q J d @C>���B����EJKFQD�FQ^7��@CJ_@C>QD�@~J d @C>�� D̄∗ lut?>�� a�D�PIT��?J d gPV γd JKB�@E>�� D∗− → D−γ

U���^nD q G"� s GIa���F V�q
gPV γ = 1.53 × 10−4MeV −1,

!6�hl$�*+3$
W�>QGI^`>g^nD�F V ����D��EGIP q U���UQTh^7��U T��EGIF s zkipl%!6�hl$�*�3$ d BEJKM @C>����

�
NK��BHGRM'��F�@`D�P

a�D�PIT��vJ d @C>��vW�GIUh@C> Γ = 1.54
y��	�7l

t?>�T��7xK@E>���^�JKTQNQPIGRF s �|J d � � �#-�� d JKB D∗D̄∗ MbT��}@ V ��MbTQPS@CGRNhPRG"��U V�q 1/
√

2@EJ s ��@,@E>��	D�NQNQBHJKNQBHG[D�@��b^�JKThNQPRGIF s d JKB�@E>��	^`>]D�B s ��UAJKB,F���Th@CBED�P}�H@CD�@	��� ! D
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�HG s F�G$�,GRBEB���P$��a�D�F�@ d JKB�@E>��5W�GRUh@E> $@x D�FQUAUQJgFQJ�@)B���i�TQGIB��	D�F � �
@EBCD d D�^�@EJKB

d JKB�@E>��,^nD:���;J d D∗
sD̄

∗
s

l
�'GI@E>,@C>��wNQB���a#GRJKT�� GRF d JKBEMrD�@CGIJKF�Wa�m^�D�F)D�PRB��nD�U q W�BEGI@��k@C>��mD�MONQPRGS@CTQU��

d JKB�@E>��,U���^nD q J d @C>��4�5! �#+��3)#$�GRF�@CJ D∗+D−γ
xQW�>QGI^`> G$� s GIa���F V�q

−it = −i 1√
2
g̃

1√
3
ε
(1)
i ε

(2)
i

i

p2 −M2
D∗ + iMD∗ΓD∗

×(−i) gPV γ εµναβ pµεν(2) kα εβ(γ),
!6�hl ��)3$

W�>���B�� @C>��\GRFQUQGI^7���4!~��$@x ! �#$kGRFhUQGR^�D�@	�?@C>��
D∗+ D�FQU!@E>�� D∗− B����ENK��^�@EGIa���P q lt?>��U�HTQM J a���B9@C>��?GRF�@	��BEM'��UQGRD�@	�

D∗− N�JKPRD�BEG 0nD�@EGRJKF�� ^�D�F V ��B��nD�UQGRP q UhJKF��D��
∑

λ

ε
(2)
i εν(2) = −gνi = −δiν ,

!6�hl ����$
W�>���B�� W��\>]Dna��vF�� s P"��^�@���Ur@E>��\@E>QB�����MOJKM'��F�@`D_J d @E>���GIF�@	��BHMZ��UQG[D�@	� D∗−W�>QGI^`>rG$�~GRFODna���BED s � a���B q �EMrD�PRPh^�JKMON]D�B���U	W�GI@C>	@C>�� D∗− MrD�����x#NQD�BH@EGR^�T#yPRD�BEP q D�@wPRD�B s �?GIF�a�D�BEG[D�F�@9M!D��������mJ d @C>�� D−γ

� q �}@	��M W�>QGI^`>!^�JKFQ^7��F�@CBCD�@	�7�
MOJ��H@bJ d @C>��M�}@CB���F s @E> x�D:�bW��M�H>]D�PRP����7��l t?>��
�EThM J d |t|2 J�a���B5@C>��/�hyF]D�PwNpJKPRD�BEG 0nD�@EGRJKF���J d @C>��Oa���^�@EJKBbD�FQU @C>��rNQ>hJ�@CJKFZG"�;B���D�UQGRP q UQJKF�� D�FQU�xF�� s P"��^�@EGRF s D s D�GRF @���BEM'��J d JKBEU���B ~p 2/M2

D∗

xQWa� s ��@�@C>��;B��7�HTQPI@
∑

|t|2 =
1

3

1

2
g̃2g2

PV γ

∣∣∣∣
1

p2 −M2
D∗ + iMD∗ΓD∗

∣∣∣∣
2

2(p · k)2

=
1

6

1

2
g̃2g2

PV γ

∣∣∣∣
p2 −m2

D

p2 −M2
D∗ + iMD∗ΓD∗

∣∣∣∣
2

.
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t?>�� UQG
�(��B���F�@CGRD�P�MrD����	UQG$�H@EBEG V Th@CGIJKFjW�GI@C> B��7�ENK��^�@!@EJ�@E>��gGRF�a�D�BEGRD�F�@MrD����?J d @E>�� D−γ
� q �H@���MWx Minv

xQW�GI@E>
M2

inv = p2 x]G$� �]F]D�PIP q s GIa���F V�q
dΓR
dMinv

=
1

4M2
R

1

(2π)3
p∗p̃D

∑
|t|2, !6�hl � �3$

W�>���B��
p∗
G$�?@C>��;MrJ�MZ��F�@ETQM.J d @C>�� D∗+ GRFg@C>��;B����H@ d BCD�M'�_J d @E>��)B��7�HJ�yF]D�FQ^7� �YD�FQU

p̃D
G"�m@E>��vMOJKM'��F�@CTQM J d @E>�� D− GRF!@E>��vB����H@ d BED�M'�\J d @E>��
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D−γ
� q �H@���M s GSa���F V�q

p∗ =
λ1/2(M2

R,M
2
D∗,M2

inv)

2MR
,

p̃D =
M2

inv −m2
D

2Minv

.
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�XF @C>�� ^nD���� J d @E>��!@	��F��EJ�B5D�FQUD�HNQGRFjJ�F��V�}@`D�@��7�bWa� MbT��}@5UQJ � �
@EBCD

WmJKB �]�HGRFQ^�� @E>���NQBEJ &���^�@EJKBwJKN(��BCD�@EJKB��wD�B��\UhG
�(��B���F�@nl �XFO@C>QG$�w^�D�����Wa��MbT��}@
�:�7��N @E>��7GIFQUQGI^7�7�

i, j
GIF
t
D�FhU�MbTQPI@EGRNQP q W�GS@C> t∗ W�GS@C>c@E>��B�ED�MZ�)GRFQUhGR^7���

i, j
D�FQU5@C>���FrNK��B d JKBEM @C>��U�HTQM J a���B~@E>��?GRFhUQGR^��7�

i, j
l|t?>QG$���ETQM'�~J�a���BwD�PIP

NpJ����HG V P$�2�]F]D�P NpJKP[D�BHG 0�D�@CGIJKF�� V Tx@vD�P$�EJ	@C>��;GRFhGI@CGRD�P � NpJKP[D�BHG 0�D�@CGIJKF��7x.�EJrGRFJKBHU���B9@EJ,@`D
�:��@E>����ETQM D�FQUODna���BED s � J a���B8�]FQD�P�D�FQU	GRFhGI@CGRD�P#N�JKPRD�BEG 0nD�@EGRJKF��7xB��7�ENK��^�@CGSa���P q x�JKF��;MbT��}@�UhGIa#GRU��,@E>��)B��7�HTQPI@��\J d @C>�� ∑i,j tt
∗ V�q (2J + 1)

x
W�>���B��

J
G$�,@C>��Z�ENQGIFZJ d @C>��rB����EJKF]D�FQ^7�5�bl t?>��'� �

NQPRGI^�GS@���a�D�PRTQD�@CGIJKF d JKB@E>�� ^nD:���gJ d @C>�� @���F��HJKB]�H@CD�@	���7x J = 2
x~J d D∗D̄∗ NhBEJ#^7�7��U��	D�� d JKPIPRJ W��:9t?>��

t
M!D�@EBEG

�
G$�?FQJ W W�BEGS@E@���F D��

t =
1√
2
g̃ gPV γ

{
1

2

(
ε
(1)
i ε

(2)
j + ε

(1)
j ε

(2)
i

)
− 1

3
ε
(1)
l ε

(2)
l δij

}

× 1

p2 −M2
D∗ + iMD∗ΓD∗

εµναβ p
µεν(2)kαεβ(γ).
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vJ�,M'��F�@EGRJKF���UAD V J�a���x Wa�5MbT��}@_MbTQPI@EGRNQP q ti,j V�q t∗i,j x B���^nD�PIPRGRF s @C>QD�@@E>��	GRFQUQGI^7���
i, j

D�B��O�EN]D�@EG[D�P|GRFQUQGI^7���)D�FQUZUhGIa#GRU�� V�q (2J + 1)
!�,gGIFA@E>QG"�

^�D����*$_GIFZJKBHU���B,@EJcJ V @CD�GRF�@E>��rMOJ#UQTQPRT��,�Ei�T]D�B���U J d @C>��	@CBED�F��HGI@CGIJKFAM!D�y@EBEG
�
x}�HTQMOMZ��U D�FQU Dna���BED s ��U J a���B5@C>�� �]F]D�P?D�FQUjGRFQGS@CGRD�P~N�JKPRD�BEG 0nD�@EGRJKF���l

� � s P$��^�@EGRF s D s D�GIFc@	��BEM'�v@C>]D�@ s JoPRG �:� ~p 2/m∗2
D

Wa�OJ V @`D�GIF @C>��]�ED�M'�5� �
y

NQB��7���EGRJ�FcD���GIF6zki�l2!6�hl ���#$�l ��@ G"��D�P"�EJO��D�� q @EJZ���7�_@C>]D�@�@E>QG"�?G$�\D s D�GRF @E>��^�D���� d JKB\@C>�� J = 1
�H@CD�@	����l7t?>��OFhJKBEMrD�PRG 0nD�@EGRJKF J d @C>��]�ENQGIF�NQBEJ�&���^�@EGRJKFJKNK��BED�@CJ�B���GIF zkipl ! �hl$� �3$ MrD
�����v@C>QG$�vMrD s FQGS@CTQU��_@CJ V �7@E>��]�CD�M'�bGIF�D�PRP^�D�������l
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txJ�MZ��J d @E>���U q FQD�MrGI^nD�PIP q s ��F���BCD�@���U ��� �6�}@`D�@��7�m>]Dna��vD;FQJKF F�� s G s PRG V P"�W�GIUh@C>gD�FhU xQD���Db^�JKF�����i�T���Fh^7��x�DbMrD�����UhG"�H@EBEG V Th@CGIJKF lut?>]D�@�M'�nD�F��m@C>���B��G$��DbNQBHJ V D V GRPRGS@ q J d @E>��7���Q�H@CD�@	����@CJb>]Dna��,D7MrD�����J a���B�@E>��vFQJKMOGRFQD�P�M!D����D�FhU G d J�F��b^�J�F��EGIU���B @C>QG$� d D�^�@Yx�@E>�� PV γ U���^nD q W�GIUh@C>2�E>QJKThPRU GIFQ^�B��nD�����l
�XFZJKBEU���B;@EJc^�JKF��EGIU���B_@C>hG"�7x Wa�!^�J�F�a�JKPRTx@	�r@E>��

dΓ/dMinv d TQFh^�@CGIJKF J a���B@E>��vMrD�����UhG"�H@EBEG V Th@CGIJKFOJ d @C>��vB��7�HJKF]D�FQ^�� R l �8�\@`D
�:� Γ/2
@EJ V J�@E>L�EGIU��7�J d @C>��ONK�nD
��J d @C>��OB����EJKFQD�FQ^7�rUQG"�}@CBHG V Th@EGRJKF�W�>QGI^`> D�^�^�JKThF�@ d JKB;D PRD�B s �

d BED�^�@EGRJKF	J d @E>��0�H@CB���F s @C>oD�FhU!NQBHJxUQTh^7�7�mUQG"�}@CGIFQ^�@��E>QD�N(����GIFO@E>�� γD̄ M!D����
UQG$�H@EBEG V Th@CGIJKF l����2�]FQU(9

dΓconv(Γ/2)

dMinv

=
1

N

∫ (MR+Γ/2)2

(MR−Γ/2)2
dM̃2 (− 1

π
) Im

1

M̃2 −M2
R + iΓMR

×dΓ/dMinv(M̃)
!6�hl ��-3$

W�GS@C>

N =

∫ (MR+Γ/2)2

(MR−Γ/2)2
dM̃2 (− 1

π
) Im

1

M̃2 −M2
R + iΓMR

,

t?>��6�
�
NQB��7���HGRJKF d JKB dΓ/dMinv(M̃)

G"� s GSa���F V�q zki�l !6�hl � �3$b^`>]D�F s GRF s
MR

@CJ
M̃
l,v���W��bW�GIPRPr�����5GRFc@E>��5F��

�
@Q����^�@CGIJKF x�@E>��bT����5J d zkipl !6�hl ��-3$P$�nD�U��?@EJ!D�F GRFQ^�B���D����;J d Γ(R → PV γ)
W�GI@C> B����ENK��^�@�@CJ	@C>��)B��7�EThPI@ W�GI@C>

@E>���FQJ�MrGIF]D�PQMrD����
MR

l��8���E>]D�PIP�D�P"�EJ*�E>hJ�WLB��7�EThPI@	�wW�GI@E> D)^�JKF�aKJKPITh@CGIJKF
d BHJKM MR − Γ

@CJ
MR + Γ

l
����� ��� 
���
�������


���,�E>QJ W >���B��,@E>��_B��7�HTQPI@�� d JKB?UQG
�(��B���F�@ ^nD����7� 9
����������������� �"!$#%�'&)(+*-,/.10��

D∗+D−γ
t?>��_B��7�EThPI@	� D�B��v@C>����ED�MZ�_B���a���B��HGRF s @C>����HG s F���J d @C>��;^`>QD�B s ����l
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Q
Qconv HG�2LdG�dMinv

dGconv HG�2L�dMinv

� G s TQB��2�hl � 9kt?>�� Y (3940) → D∗+D−γ
9aw�JKMrNQD�BEG$�EJKFoJ d dΓ/dMinv

D�FQU
dΓconv(Γ/2)/dMinv

x
Q
D�FQU

Qconv(Γ/2) D:�9D d TQFh^�@CGIJKFbJ d @C>�� D−γ
GRF�a�D�BEGRD�F�@

MrD�����l

�XF � G s l �hl �bW��*�E>hJ�W @E>��_UQG"�}@CBHG V Th@EGRJKFoJ d zki�l4!6�hl � �3$@xQ@EJ s ��@E>���B?W�GS@C>zki�l !6�hl ���#$@x V ��@XW�����F @E>��OPRGRMOGI@���J d Minv
9
mD

D�FQU
MR − mD∗

lVv\P"�EJ�x
GIFoJKBEU���B?@CJO�����;@E>���� �(��^�@��\NhBEJ#UQTQ^7��U W�>���F J�F��_^�JKF��HGRU���B���@C>��,W�GIUh@C>gJ d@E>��Z�}@`D�@���x W��rNQPRJ�@;GIFZ@C>��Z�ED�MZ�"� s ThB�� dΓconv/dMinv

xu@`D�����F d BEJKM zki�l!6�hl ��-3$�l ���,^nD�FM���7�;D7a���B q UQG"�}@CGRFh^�@?NQGI^�@ETQB��:xxW�GI@E>oMrJ��H@?J d @E>��,�H@EB���F s @C>D�^�^�TQM7TQP[D�@���U D�@ @C>���MrD
�
GRM7TQM a�D�PRT���� J d Minv

l t?>���NhBEJKN]D s D�@CJ�B!J d@E>��	GRF�@	��BEM'��UQGRD�@	�
D∗− D�FQUA@C>�� d D�^�@CJKB (p.k)2 D�B��	B��7�HN�J�F��EG V P"� d JKB,@C>QD�@�H>]D�NK��l �XF d D�^�@oWa� �E>QJ W �ETQNK��BHN�J�����U1GRF @C>����ED�M'� � s TQB�� @C>��AB����ETQPS@J V @`D�GIF���U ! FQJKBHM!D�PIG 0���Ur@EJ7@C>��Q�CD�M'�vD�B��nD#$a�ET V �H@CGS@CTh@EGRF s @C>��vNhBEJKN]D s D�@CJ�B

V�q D ^�JKF��H@`D�F�@oD�FQU B���MrJ a#GRF s @C>�� d D�^�@EJKB (p.k)2 !�JKBV��i#ThGIa�D�P"��F�@CP q @E>��
d D�^�@CJKB (p2 − m2

D)2 $�l ���o^nD�PRP
Q
@C>��!B��7�HTQPI@EGRF s UhG"�H@EBEG V Th@CGIJKF !�JKB QconvW�>���F JKF�� ^�JKF�aKJKPITh@	� @E>QG"� d ThFQ^�@EGRJKF @CD
��GRF s GIF�@CJAD�^�^�JKTQF�@5@E>��!W�GRUx@C>jJ d@E>��

R
�H@CD�@	�*$�l ���	^nD�F������O@E>]D�@_@C>��ONQGI^�@CThB��7�;J d dΓ/dMinv

D�FQU
Q
!�JKB

��i#ThGIa�D�P"��F�@CP q dΓconv/dMinv
D�FQU

Qconv $ D�B��)BCD�UQGI^nD�PIP q UhG
�(��B���F�@_D�FQUc@E>��B��nD��HJKFjG"�bMOJ��}@CP q UQT��!@CJ @E>��oNQB�������FQ^7�gJ d @C>�� D∗− NQBHJKN]D s D�@CJKB;W�>QGR^`>^�D�BEBHG"�7�,@E>��rM'��MOJKB q @C>QD�@)@E>��OB��7�HJKF]D�Fh^7�&�5! ��+��3)3$vG"�;D����ETQM'��U�@CJ V �rD
D∗D̄∗ MOJKP$��^�ThP"��l5t?>��'� ����^�@��7J d ^�JKF��EGRU���BEGIF s @C>��O^�J�F�a�JKPRTx@CGRJ�FZD�B��OD�P"�HJ
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D∗

(s)D̄(s)γ

a#G"�HG V P$�mGIF7@C>hG"�|NhGR^�@ETQB���l � J�W�x dΓconv/dMinv
�HNQB���D�U�� V � q JKFQU MR−mD∗

x
D�FhU @E>���B��7G"���HJKMZ�;NQBHJ V D V GIPRGS@ qrd JKB?@E>��B�}@`D�@��;@EJrU���^nD q GRF�@CJ PV γ TQN @CJ
Minv = MR + Γ/2 − mD∗

x|W�>���B��
Γ
G$�;@E>��rW�GIUh@C>ZJ d @E>��V�}@`D�@���l
v�P$�EJGIFr@C>hG"��^�D����:xx@E>��vUQG�����B���Fh^7� V ��@XWa�7��F dΓconv/dMinv

D�FQU
Qconv G$��^�P$�nD�BHP qa#G"�HG V P$��l

� JKB~@C>��\^nD����vJ d U���^nD q GRF�@CJ D∗0D̄0γ
@E>��vMrD�@CBHG

�
��P"��MZ��F�@mG"� d JKBEMrD�PIP q@E>����CD�M'�U�

�
^7��Nh@w@C>]D�@wFQJ W W�� UQJ_FQJ�@ ��FQJ W @E>����

�
N(��BEGIMZ��F�@CD�P]BCD�UQG[D�@EGIa��

U���^nD q W�GIUh@C>gJ d @C>�� D̄∗0 l �XF @E>QG"�?^�D����,Wa�;UhGIa#GRU��v@E>��_M!D:���?UQG$�H@CBHG V Tx@CGRJ�FJ d @C>�� D∗0D̄0γ
U���^�D q�V�q @E>��5W�GRUh@E>ZJ d @C>�� D̄∗0 → D̄0γ

D�FQU�NQPRJ�@�@C>��
MrD s FQGS@CTQU��

1

ΓD∗→Dγ

dΓR
dMinv

=
1

2

1

6
g̃2g2

PV γ

∣∣∣∣
p2 −m2

D

p2 −M2
D∗ + iMD∗ΓD∗

∣∣∣∣
2

× 48πM2
D∗

k(M2
D∗ −m2

D)2

1

4M2
R

1

(2π)3
p∗p̃D,

!6�hl ���#$

W�GS@C>
k =

M2
D∗ −m2

D

2MD∗
.

�XF � G s l �hl ��W��
�H>QJ W @C>��oB��7�HTQPI@��	J d @C>�� dΓR/dMinvΓD∗Dγ
UQG$�H@EBEGSy

V Tx@CGRJ�FjD�FQU D�P$�EJcWa�g^�JKMON]D�B��!W�GI@E> dΓconv
R /dMinvΓD∗Dγ

l ���o^nD�FR���7�
@E>]D�@v@E>��]��FQPRD�B s ��U�BCD�F s �5J d @C>��OMrD����vUQG"�}@CBHG V Th@EGRJKF V ��@XW�����FZ@E>��5PRGIMrGS@	�
Minv = MR−mD∗

D�FQU
MR+Γ/2−mD∗

G"�kB����ENpJKF��HG V P$� d J�B~D�F	GRFQ^�B��nD:���GIF
Γ(Y (3940) → D∗0D̄0γ)

l

�����
Yp(3945)

t?>QG$�J�}@`D�@��b>]D��%07��BHJ W�GRUh@E> x D�FQU >���B��7Wa�]�E>QJ W @C>��bUQG
�(��B���FQ^�� V ��@XWa�7��F
dΓR/dMinv

D�FQU
Q
GRFo@C>��;^nD:���;J d Yp(3945) → D∗+D−γ

GRF � G s l �xl ,b@CJ���7��@E>��Q� �(��^�@?J d @E>��vGRFh^�PRT��EGRJ�F!J d @E>�� D̄∗ NhBEJKN]D s D�@CJ�BmGIFMzkipl�!6�hl ���#$�l�vJ�JKF���^nD�FO���7��x�@E>��U�E>]D�N(���w^�D�F V �?^�P"��D�BEP q UhG"�H@EGRF s TQG"�H>���U llv�P$�EJ�xKGIF � G s l �hl -Wa�]�E>QJ W @C>��7^�TQB}a��7� d JKB dΓR/dMinvΓD∗Dγ d JKB�@E>��b^�D����5J d @E>��bF���Th@CBED�P^`>]D�BEM.M'�7�HJKF���GRFo@C>�� �QF]D�P �}@`D�@���l
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� G s TQB�� �hl � 9 t?>�� Y (3940) → D∗0D̄0γ
9}w�J�MrN]D�BEG"�HJKFbJ d dΓ/dMinvΓD∗DγD�FhU

dΓconv(Γ/2)/dMinvΓD∗Dγ
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dΓ/dMinv

D�FQU
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D��9D d ThFQ^�@EGRJKFJ d Minv
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dΓ/dMinvΓD∗Dγ

D�FQU
Q
D��bD

d TQFh^�@CGIJKFoJ d Minv
l

������� ���������1�
t?>QG$� �H@CD�@	�k>QD�� D�P[D�B s ��BpW�GRUh@E>;^�JKMON]D�B���UvW�GI@E>_@E>�� �5! �#+��3)#$�D�FQU Yp(3945)�}@`D�@��7�kJ d 55

�6�	�Bx�D�FQU d JKB9@E>QG"�9B��nD��HJKF	@C>��?NQGI^�@ETQB��?>���B���G"�ua���B q UQG
�(��B���F�@@E>]D�F�GRFA@C>QJ����!^�D������)W�>���F JKF��	@`D
�:�7�)GRF�@CJ D�^�^�JKTQF�@7@E>QG"�,W�GIUh@C> l!t?>#T��7x
JKF��r^�D�F8���7� D V G s UQG�����B���Fh^7� V ��@XWa�7��F dΓR/dMinv

D�FQU
dΓconv

R /dMinv
x

Q
D�FQU

Qconv x�D����E>QJ W�F GIF � G s l �hl �xl~t?>��;B���P[D�@EGIa���P q P[D�B s �vW�GRUx@C> J d @E>��B��7�EJ�F]D�FQ^���@CD
����F !
55

�6�	�2$|G"�kB��7�ENpJKF��HG V P$� d JKB9@E>��?UQG
�(��B���F�@[�E>QD�N(���~^�JKM5yN]D�B���U	@CJ � G s l �hl �_D3$�l}txGRMOGRPRD�B|B��7�EThPI@	�mD�B�� J V @`D�GIF���U d JKB dΓ/dMinvΓD∗Dγd JKB?U���^nD q GIF�@CJ D∗0D̄0γ
l

�����
Yp(3912)

t?>QG$�c^�D���� G$� a���B q �EGIMrGIP[D�B @EJ @C>QD�@ J d @C>�� �8! �#+��#)#$�l/t?>��D�E>QD�N(��� J d
dΓR/dMinv

D�FhU
Q
D�B��~a���B q UQG
�(��B���F�@ !�D�P"�HJ d JKB dΓconv

R /dMinv
D�FQU

Qconv $D��~JKF�� ^�D�FV���7� GRF � G s l �hl �hl � J W @C>���W�GIUh@C>OG"�~^�JKF��EGIU���BED V P q P[D�B s ��Bk^�JKM5yN]D�B���U @EJ @C>]D�@gGIF @C>��ANQB���a#GRJ�T��o^nD����7��xQ�EGIFQ^7�
Γ = 120

�6�	�bl�t#GRMOGRP[D�B
B��7�EThPI@	��D�B��_J V @CD�GRF���U d JKB�@C>��_^�D����_J d Yp(3912) → D∗0D̄0γ

l
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9 D3$

dΓ/dMinv
D�FQU

Q
D:�cD

d TQFh^�@CGIJKFoJ d Minv
l V $ dΓconv/dMinv

D�FQU
Qconv l

������� � ������� �
�XFb@E>QG"�k^�D�����@E>��?G"�HJ��ENQGIF d D�^�@EJKB9G$� I = 1

BCD�@E>���B9@E>]D�F
1/
√

2
l|t?>�� d J�BEMbTQPRDG$�u@C>��U�CD�M'�?D�� V � d JKB���B���MrJ a#GRF s D d D�^�@EJKB 1/2

GRF5z~i�l�!6�hl ���#$�l �vFQ^7��D s D�GRFWa�	UQJgFQJ�@,>]Dna��O@E>��]�
�
NK��BEGIMZ��F�@`D�P9U���^nD q BED�@	� d JKB\@C>��5BED�UQG[D�@CGIa��bU���^nD qJ d D∗−

s

D�FQU Wa� NQPIJ�@7@E>�� B����ETQPS@	� d J�B5zki�l.!��hl ���#$_GRF � G s l��hl +xl �XF @C>QG$�^�D����_@C>��;U���^nD q GRF�@CJ D∗+D−γ
G"� D�P$�EJON�J����EG V P"��l��\J Wa��a���B7xp@C>��;^�J�TQNQPRGIF s@EJ

D∗D̄∗ J d @C>QG$�vB����EJKF]D�FQ^7��! D�P$�EJgD����ETQM'��UA@CJ V �	D D∗+
s D̄∗−

s

MOJKP"��^�TQP$�
GIF � +3�7� D�FQU �C� ����� $bG$� d JKTQFQU �EMrD�PRP�GRF �C� �#-���x�J d @C>�� JKBHU���B	J d 17

@CGIMZ���
�HM!D�PIP"��B7xK>���FQ^7�\@C>�� BCD�@�� d J�B~@E>QG"�w^`>]D�FhF���P(�E>QJKThPRU V �\UQBCD��}@CGI^nD�PIP q �HM!D�PRP"��B�l
�XFOJKBEU���B~@CJ)@��7�}@m@E>��

D∗+D∗− ^�JKMON�JKF���F�@wJ d @E>QG"�wMrJ�P"��^�TQP"�:x�@C>���D�PIPRJ Wa��U�}@CBEJ�F s U���^�D q GRF�@CJ D∗D̄∗ G"��NQB�� d ��BCD V P"��l)t?>QG$�,P[D�@H@	��B�M'�nD��HTQB���MZ��F�@_G$�,DMOJKB��*� 
O^�G"��F�@,@EJxJKP @CJ s ��@v@E>��5�}@CB���F s @E>�J d @C>QG$��^�J�TQNQPRGIF s D�FQU�^�JKMON]D�B��W�GS@C>o@C>��,@E>���JKB���@EGR^nD�P NQB���UQGR^�@CGIJKF���l
�XF!tuD V P$�7� �hl ,_D�FQU �hl -;Wa�J�E>hJ�W'GIF�@	� s BCD�@���Ura�D�PIT��7� d JKB Γ(R → PV γ)D�FhU D�P$�EJ�BCD�@��7�OJ d Γ(R → PV γ)

W�GS@C> B��7�HN(��^�@r@CJ
Γ(D∗

(s) → D(s)γ)
l
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9;D3$

dΓR/dMinvΓD∗
sDsγ

D�FQU
QD���D d TQFQ^�@CGIJKFgJ d Minv

l V $ dΓconv(Γ/2)
R /dMinvΓD∗

sDsγ
D�FQU

Qconv l
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 # � & Γ
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Γ/ΓD∗−
(s)

→D−
(s)
γ Γconv(Γ/2)

� � 
 � �

Γconv(Γ/2)/ΓD∗−
(s)

→D−
(s)
γ

� � �� �� �

D∗+D−γ 2.7 × 10−3 1.8 × 10−3 2.9 × 10−3 1.9 × 10−3

Yp(3945) D∗+D−γ 3.1 × 10−3 2.0 × 10−3 − −

� � �� � � �

D∗+D−γ 4.1 × 10−4 2.6 × 10−4 1.0 × 10−3 6.7 × 10−4

Yp(3912) D∗+D−γ 1.0 × 10−4 6.7 × 10−5 2.7 × 10−3 1.8 × 10−3

� � � �� � �

D∗+
s D−

s γ < 39.9 2.3 × 10−2 < 2.4 × 102 0.14

�� �� 
 � � �� � 
 # � & � * % '
 �� �� 
 � � +� +# 
 �  +% � D∗+D−γ � + ) D∗+
s D−

s γ �
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D

∗ (s
)D̄

(s
)γ

� � � � � � �	 � � Γ ��� � � � Γ/ΓD̄∗0→D̄0γ Γconv(Γ/2) ��� � � � Γconv(Γ/2)/ΓD̄∗0→D̄0γ

� � ! � 	 � 
 D∗0D̄0γ < 2.6 3.2 × 10−3 < 2.7 3.4 × 10−3

Yp(3945) D∗0D̄0γ < 2.9 3.6 × 10−3 − −

� � ! � ! � 
 D∗0D̄0γ < 0.48 6.0 × 10−4 < 1.0 1.3 × 10−3

Yp(3912) D∗0D̄0γ < 0.15 1.9 × 10−4 < 2.4 3.0 × 10−3

� �� � � � � � � � �	 � � 
� �� �	 � � � � � 
 � �� 	 � � � � � 
 D∗0D̄0γ�
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� @CD�@	� �J��^�D q Γconv(Γ/2) � ���	�%� Γconv(Γ/2)/ΓD∗−
(s)

→D−
(s)
γ

�5! �#+��3)#$
D∗+D−γ 3.3 × 10−3 2.1 × 10−3

�8! ��+��#)3$
D∗+D−γ 3.3 × 10−3 2.2 × 10−3
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5. ´ 108

�!!!!
s @MeVD

ÈTÈ2

I = 0; J = 2

L=1500 MeV

L=1400 MeV

2500 2520 2540 2560 2580 2600 2620 2640
0

1. ´ 107

2. ´ 107

3. ´ 107

4. ´ 107

5. ´ 107

�!!!!
s @MeVD

ÈTÈ2
I = 0; J = 2

L=1200 MeV

L=1000 MeV

� G s TQB����hl � � � i#TQD�B���U D�MONQPRGS@CTQU��bGRF�@C>��
D∗K∗ ^`>]D�FQF���P d JKB I = 0

D�FQU
J = 2

l � � d @
� � J#U���P 	 �

BHG s >�@
� � JxU���P f�l



��� �
D∗
s2(2573)

�(� 
 � � ��� ��	 ��� � � � � � � ����� � � � �
���������

C = 1;S = 1; I = 1
�XF,@C>hG"�j����^�@EJKB @C>��~NpJ�@	��F�@CG[D�P�G"� D�@E@EBCD�^�@CGIa�� d JKB @C>�� D∗K∗ → D∗

sρ
B��nD�^�@CGRJ�F l

� JKB
J = 0

D�FQU
1
@E>QG"�7N�J�@���F�@CGRD�P�G$�bD�BHJKTQFQU −7 g2 W�>���B��nD:�5GI@5G$� V�q D

d D�^�@CJKB;J d @XWmJ V G sKs ��B −13 g2 d JKB J = 2
� ���7�rt|D V P"� �)l + 
�l �XF d D�^�@ �

W��
JKFhP q J V @CD�GRF DcNpJKP"� d JKB J = 2

l � JKB
J = 0

D�FhU
1
Wa� JKFQP q J V ����BHa��gD^�T��ENZGRFA@C>��

D∗
sρ
@C>QB��7�E>hJKPRU l �XF tuD V P"� �hl + W��Z�E>QJ W @C>��rNpJKP"�	NpJ��EGS@CGIJKF

D�FhU ^�JKThNQPRGIF s �_@CJ @E>�� UQG�����B���F�@7^`>]D�FQF���P"��l f�J�@C> ^`>]D�FQF���P$�
� D∗K∗ D�FQU

D∗
sρ �

D�B�����i#TQD�PRP q GRMON�JKB}@`D�F�@uD��uJKF���^�D�FbU���UQTQ^�� d BEJKM @E>���^�JKBEB��7�ENpJKFQUhGRF s^�JKTQNQPIGRF s ��l't?>�� V BHJ�D�U W�GIUh@C> J d @C>�� ρ MZ���EJKF >]D��r@EJ V �c@`D�����F GRF�@CJD�^�^�JKThF�@ V�q MZ��D�F��vJ d � i�l � �hl ,(� 
�W�>QGI^`>AB��7�HTQPI@��,GRFAD!W�GIUh@C>�J d 8
�W�	�bl

�XF'@C>QG$�o^nD�����@E>�� V J �
UhG[D s BED�M'� GRF � G s l �hl � d J�Bg@E>�� D∗K∗ ^`>]D�FQF���PJKFhP q M!D
�:�oD �EMrD�PRPw^�J�F�@EBEG V Th@CGIJKF @EJ @C>�� W�GIUh@C> J d @C>��oB��7�HJKF]D�Fh^7� � ���7�

� G s l �hl � 
�l �XF ^�JKF�@CBED��H@	@EJ�@E>��gNQB���axGIJKT��'�EGS@CT]D�@EGRJKF��b@C>��oW�GRUx@C> J d @E>��B��7�EJ�F]D�FQ^��\G$�kM!D�GIFQP q s ��F���BED�@	��U V�q @C>�� ^�J�F�a�JKPRTx@CGRJ�FOJ d @C>�� ρ M!D:���kW�>QGRP$�@E>�� V J �
UQGRD s BCD�MZ� NQP[D q D MrGIFQJKB BEJKP$��l �XF�tuD V P$���hl �!W�� s GSa��;@C>��]� �

D�^�@
a�D�PIT��7�~J d @C>���W�GRUh@E>rGIFO@E>���@XW�J)MrJ#U���P$�kW�>QGR^`> s GIa���a���B q �HGRMOGRPRD�B|B��7�EThPI@	��l� J'�

�
N(��BEGRM'��F�@CD�P ^�J�TQF�@	��BHN]D�B}@�G$� d JKTQFQU d JKB�@E>QG"�U�}@`D�@��;GIFo@C>�� 
 � �5l

IG[JPC ]
√
spole

� �6�	� 

gD∗K∗ gD∗

sρ

1[2+] 2786 11041 11092

tuD V P$� �hl + � C = 1;S = 1; I = 1
l � T]D�F�@ETQM F�TQM V ��B�� �

NpJKP$�5N�J��HGI@EGRJKF��
D�FhU ^�JKTQNQPIGRF s � gi GIF ThFQGI@��?J d �W�	�bl ����B�� α = −1.6

l

���������
C = 1;S = 2; I = 1/2

t?>QG$�[����^�@CJKBwG"���
�
J�@CGI^0�HGRFQ^���D,UQJ�T V P"��y �}@CBCD�F s ���H@CD�@	� G"�kFQJ�@mB��nD�^`>���U GIF qq̄ l	 �)Wa� ^nD�F8���7� d BEJKM tuD V P$� �7l �cGRF�@C>�� 	 NQNK��FhUQG �

�
�

@E>��!NpJ�@	��F�@CG[D�PwG$�
B���NQTQP$�EGSa�� d JKB_D�PIP|NpJ����HG V P$�5�ENhGRF���l5t?>���B�� d JKB��	Wa�	UQJgFQJ�@ s ��@)D�F q�V J�TQFQU�}@`D�@��,JKB�B��7�HJKF]D�Fh^7�_GRFo@C>hG"�U����^�@EJKB�l



� ��� � ���$� � ���

I[JP ]
√
spole

� �W�	� 
 � J#U���P
Γ
� �6�	� 


1[2+] 2786
	

� Λ = 1400
�6�	�

8	
� Λ = 1500

�6�	�
9f

� Λ = 1000
�6�	�

9f
� Λ = 1200

�6�	�
11

tuD V P$���hl � � C = 1;S = 1; I = 1
l �cD����;D�FQU W�GRUx@C> d JKBv@C>��]�H@`D�@	�bW�GI@E>

J = 1
D�FQU

2
l

2760 2780 2800 2820
0

5. ´ 106

1. ´ 107

1.5 ´ 107

2. ´ 107

2.5 ´ 107

�!!!!
s @MeVD

ÈTÈ2

I = 1; J = 2

L=1500 MeV

L=1400 MeV

2760 2780 2800 2820
0

5. ´ 106

1. ´ 107

1.5 ´ 107

2. ´ 107

�!!!!
s @MeVD

ÈTÈ2

I = 1; J = 2

L=1200 MeV

L=1000 MeV

� G s TQB����hl � � � i#TQD�B���U D�MONQPRGS@CTQU��bGRF�@C>��
D∗K∗ ^`>]D�FQF���P d JKB I = 1

D�FQU
J = 2

l � � d @
� � J#U���P 	 �

BHG s >�@
� � JxU���P f�l



��� �
D∗
s2(2573)

�(� 
 � � ��� ��	 ��� � � � � � � ����� � � ���
������� �

C = 2;S = 0; I = 0
�XFo@C>hG"��^�D����,Wa�*�}@CTQU q UQJKT V P"�,^`>]D�BHMZ��U
�H@`D�@	�7� V�q ^�JKTQNQP$��U D∗D∗ ^`>QD�FxyF���P"��lvt?>��	D�MONQPRGS@CTQU��7�\D�B�� s GIa���F GRFct|D V P"� �7l � �

W�>���B��b@C>��bNpJ�@���F�@CGRD�PuG$�
.���BEJ d JKB J = 0

D�FQU
2
lut?>QG"� ^nD�F V �a� �

NhP[D�GIF���U V�q @C>�� d D�^�@ @E>]D�@ @C>�� D∗D∗�}@`D�@��OG$�;D�F�@CG"� q MrM'��@EBEGR^ d JKB I = 0
l	t?>���B�� d JKB�� �

@E>��OJKFQP q N�J����EG V GRPIGI@ q @CJJ V @`D�GIF�D d TQPRP q � q MrM'��@EBEGI^)W�D a�� d ThFQ^�@EGRJKF�G$��NQBHJ�a#GIU���U V�q J = 1
W�>QGR^`>

G$����i�TQGIa�D�P$��F�@~@CJ)@E>�� BETQP$�
L+ S̃+ I = odd �

�EGRFh^7�
L = 0 d JKB s− W�Dna�� � S̃ ��HNQGRF ≡ J d JKB L = 0


�l � JKB
J = 1

@C>��;GIF�@	��BED�^�@EGRJKFoG$���H@CBHJKF s P q D�@H@CBED�^�@EGIa��D�FhU Wa�cJ V @CD�GRF D�N�JKP$�gGRF @C>��6�E^nD�@E@	��BEGIF s MrD�@EBEG �
l t?>��cNpJKP"�gNpJ��EGS@CGRJ�F

D�FhU ^�JKThNQPRGIF s @EJ!@C>�� D∗D∗ ^`>]D�FQF���P|G$� s GSa���FcGRFctuD V P$� �hl �xl\t?>��7W�GRUx@C>J d @E>�� D∗ M'�7�EJ�F�G"��a���B q �EMrD�PRP � ∼ 100
���	� JKBvP$�7���,GRFc@E>��5^nD����5J d @C>��F���Th@CBED�P9^`>]D�BEM'��UAMZ���EJKF 


�

>���FQ^7�
�

Wa�	UQJgFQJ�@,NK��B d JKBEM/@C>��5^�JKF�aKJKPITh@CGIJKF
J d @C>�� G d TQFQ^�@CGRJ�F l � GRFh^7�5W��	U���D�P9W�GI@E>�D

J = 1
�H@CD�@	�5Wa�rUhJ FhJ�@ s ��@^�JKF�@CBEG V Th@EGRJKF d BHJKM @E>�� V J �

UQGRD s BED�M l t?>���B�� d J�B���W���J V @CD�GRFOD,�H@CD�@	�?W�GS@C>.���BEJ_W�GRUx@C>!J�BmD,a���B q F]D�BHBEJ W W�GIUh@C>	W�>���F!^�JKF��HGRU���BEGIF s @C>�� ^�JKF�a�JKPRTh@EGRJKF�lt?>QG$�[����^�@CJKBwW�GI@E>
C = 2

G$�a�
�
J�@CGR^ D�FhUV�EJ d D�B~@C>���B��\D�B�� FQJB� �

N(��BEGRM'��F�@CD�P
J V ����B}a�D�@CGIJKF���l

I[JP ]
√
spole

� �W�	� 

gD∗D∗

0[1+] 3969 16825

tuD V P$� �hl � � C = 2;S = 0; I = 0
l � T]D�F�@ETQM F�TQM V ��B�� �

NpJKP$�5N�J��HGI@EGRJKF��
D�FhU ^�JKTQNQPIGRF s � gi GIF ThFQGI@��?J d �W�	�bl ����B�� α = −1.4

l

������� �
C = 2;S = 0; I = 1

�0��B�� Wa�gU��nD�P�W�GI@E> @C>��gB���a���B�����U �HGI@CTQD�@CGIJKFjD��5GIF @C>��oNQB���a#GRJ�T��
I = 0����^�@EJKB�l�t?>�� G"�HJ��ENQGIF ^�J�M V GRFQD�@CGIJKF d J�B I = 1

J d @C>�� D∗D∗ ^`>]D�FhF���P�G$�� q MOM'��@CBHGR^�D�FQU5@C>���B�� d JKB�� J = 1
G$� d JKB V GRUQU���F � L+S+I = even


�l �\J W�y
��a���B

�

@C>��5N�J�@���F�@CGRD�P G"�\a���B q B���NQTQP$�EGIa�� d JKB J = 0
D�FQU

J = 2
� �����5t|D V P"�

�7l � 
_D�FQUZ^�JKF�����i�T���F�@EP q W��rUQJcFQJ�@7J V @`D�GIF D�F q NpJKP"�OGRFA@C>��Z�E^�D�@E@���BEGIF sMrD�@CBHG
�
l



,���� � ���$� � ���

�������	���
C = 2;S = 1; I = 1/2

t?>QG$������^�@CJKB G"�\D�P"�HJZ�
�
J�@CGI^�l�t?>��7D�MONQPRGS@CTQU���� d BEJKM @E>�� d J�TQB}y{a���^�@CJKB ^�J�Fxy@CD�^�@ @���BEM'� NQPRT�� a���^�@CJKBzy �

�
^`>QD�F s �mUQG[D s BCD�M'� P"��D�U,@CJ\D?B���NhTQP"�HGIa��~NpJ�@	��F�@CG[D�P

d JKB J = 0
D�FQU

2
D�FhU!G"�mD�@H@CBCD�^�@CGSa�� d JKB J = 1

D���GIFQUQGR^�D�@	��UrGIFrtuD V P$� �)l �hl
��� s ��@	DcNpJKP"�rD�PIMrJ��}@bD�@7@C>�� D∗

sD
∗ @E>QB����E>QJ�PRU � 4121

�6�	� 

�

D�FhU @C>��
NpJKP"�gNpJ��EGS@CGIJKF D�FQU @C>��c^�J�TQNQPRGIF s D�B�� s GIa���F GIF tuD V P"� �hl �hl't?>QG"�Z�H@`D�@	�^�JKMZ���)W�GS@C> .���BEJ W�GIUh@C>8�EGRFh^7�!@E>�� V J �

UQGRD s BCD�MZ�)D�B��rFQJ�@7N�J����EG V P"� d JKB
J = 1

D�FQU D�F q N�J����EG V P"�;^�JKF�a�JKPRTh@EGRJKF J d @E>�� G d ThFQ^�@EGRJKFgW�J�TQPRU P$�nD�Ug@CJD5a���B q �EMrD�PRP�W�GIUh@C>�l?t?>QG"�0�H@CD�@	�)G"� D�P"�HJ!DONQB���UQGR^�@CGIJKF J d @C>��;MOJxU���P D�FQUF�����U���@CJ V �,^�JKF��]BEM'��U V�q � �
N(��BEGIMZ��F�@�l

I[JP ]
√
spole

� �6�	� 

gD∗

sD
∗

1/2[1+] 4101 13429

tuD V P$� �hl � � C = 2;S = 1; I = 1/2
l � T]D�F�@ETQM F�TQM V ��B�� �

N�JKP$�,N�J��EGI@EGRJKF��
D�FhU ^�JKTQNQPIGRF s � gi GIF ThFQGI@��?J d �W�	� l �0��B��

� α = −1.4
l

�������	� �
C = 2;S = 2; I = 0

t?>��
D∗
sD

∗
s

^`>QD�FQF���P~D�PRPIJ�W��,T��_@EJ
�H@CThU q UQJKT V P"��y�^`>]D�BHM UQJKT V P"��y �H@EBCD�F s �J V &���^�@���l � GIFQ^7�,Wa�)U���D�P W�GI@E>o@XW�JOGRU���F�@CGR^�D�P N]D�BH@CGI^�P$�7��W�GI@E>gG"�EJ��ENQGIF .���BHJ
�@E>���G"�EJ��ENQGIF

D∗
sD

∗
s

y �}@`D�@���G"�[� q MOMZ��@CBEGI^�D�FQUr>���FQ^�� Wa� s ��@wGRF�@	��BCD�^�@CGIJKF d JKB
J = 0

D�FQU
2
W�>QGIP"�!@E>��oN�J�@	��F�@EG[D�P�.���BHJ d J�B J = 1

� ���7�gtuD V P$� �7l �$� 
�l
� GIFQ^7�)@C>��	NpJ�@	��F�@EG[D�PuG"�Q�}@CBHJKF s P q B���NQTQP$�EGIa��bW��	UQJoFhJ�@_J V @CD�GRFAD�F q �H@`D�@	�GIF @C>QG$�U����^�@CJKB�l

�XF�t|D V P"� �hl � W�� s GIa��OD
�HTQMOM!D�B q J d @C>��'�}@`D�@��7�;J V @CD�GRF���U�@CJ s ��@C>���BW�GS@C>o@C>��_JKFhP q � �
N(��BEGRM'��F�@CD�P ^�J�TQF�@	��BHN]D�B}@\J V ����BHa���U �EJ d D�B�l



���
�
D

∗s2 (2573)
�(�


�
�
�����	

�������
�

������
�

,���

C, S I[JP ]
√
s ΓA(Λ = 1400) ΓB(Λ = 1000)

� % �% � √
sexp Γexp

1,−1 0[0+] 2848 23 25

0[1+] 2839 3 3

0[2+] 2733 11 22

1, 1 0[0+] 2683 20 44

0[1+] 2707 4 × 10−3 4 × 10−3

0[2+] 2572 7 18 Ds2(2573) 2572.6 ± 0.9 20 ± 5

1[2+] 2786 8 9

2, 0, 0[1+] 3969 0 0

2, 1 1/2[1+] 4101 0 0

� � �� � ��
�

�	� ��
 ! ! �� & � * % ' � +  + �� % �% �� � �% �  + � )� � ' � �  )% '  � �  � � + *� � % ' � ! � ) �� 


 ΓA 
 � + ) �



ΓB�


� � % ' � (
 � +%  %  �� ' �� � �� �  + � � �
�



,��-, ������� � � � � ��� �

3���� � � ��� . � ��� � � �
�XFg@C>��_NQB��7����F�@�WmJKB �rW��;^nD�F D����EG s F JKF��;B��7�HJKF]D�FQ^��;@EJ!D�F6� �

NK��BHGRM'��F�@`D�P
^�JKTQF�@	��BEN]D�B}@

�

@E>��
D∗

2(2573) �
s GIa#GRF s D	FhJ�a���P GRF�@���BENhB���@CD�@CGIJKF d JKB�@E>QG"��B��7�zyJKFQD�FQ^7��D��?D)a���^�@CJKBmy|a���^�@CJ�B�MrJ�P"��^�TQP[D�B��}@`D�@���lkt?>�T��

�

@C>��vD����HTQMrNx@CGRJ�F!J d@E>��
D∗K∗ �H@EBETQ^�@CTQB��OJ d @E>�� D∗

2(2573)
G$�,^�JKF��HG"�}@	��F�@_W�GI@E>�@C>��

DK
F]D�y

@ETQB��)D����HTQM'��U d JKB?@C>�� D∗(2317) �

@E>��
D∗K

MOJKP"��^�TQPRD�B��H@EBETQ^�@CTQB��7J d @E>��
D∗(2460)

JKB�@C>�� � � �-� �-,�
 �
DD̄∗ 
�l�t?>��bJ�@E>���B�@XWmJM�H@`D�@	�7��D�BEJ�TQFQU 2700

�6�	� D�B��,NQB���UQGI^�@CGIJKF��?J d @E>��,MrJ#U���P�W�GI@E>QJKTh@U� �
N(��BEGRM'��F�@CD�P ��a#GIU���FQ^�� d JKB@E>��7���rMrD������7�7D�FQU�i#TQD�F�@CTQM F�TQM V ��B��7TQNA@CJ FQJ W_l � JKB I = 1

W�� �]FQU
JKFhP q JKF��V�H@CD�@	� �

J d FhJKFD� �
J�@EGR^OF]D�@ETQB��

�

D
2+ �H@CD�@	�!D�BEJKThFQU 2786

�6�	�bl
�XF!@E>�� �]D a�JKB}y=�

�
J�@EGR^J����^�@CJKB��

�

Wa�vJ V @CD�GRFrGRF�@	��B����H@CGIF s NhB���UhGR^�@EGRJKF�� d JKBmF���W�}@`D�@��7��l � JKB
C = 1;S = −1; I = 0

Wa�5J V @CD�GRF @C>QB��7�5F���W � �
J�@EGR^5�}@`D�@��7�

W�GS@C>
I[JP ] = 0[0+] � 0[1+]

D�FhU
0[2+]

B��7�HN(��^�@CGSa���P q @C>]D�@7^nD�F V �!GIF�@	��BzyNQB���@���UbD:�
D∗K̄∗ V JKThFQUB�}@`D�@��7��l �XF7@C>��m^�D����mJ d @C>��mUQJ�T V P"��yX^`>]D�BEM ����^�@EJKB��

C = 2;S = 0; I = 0
D�FQU

C = 2;S = 1; I = 1/2
@E>��	N�J�@	��F�@EG[D�P9P$�nD�U��

@EJrD V JKTQFQU6� q �H@���M d JKB J = 1
J�FQP q lwt?>���B�� d JKB�� �

Wa�;U��nD�P W�GS@C>o@XW�JOa���B qF]D�BEBEJ W �H@`D�@	�7�;W�GI@E>ZMrD������7�;^�PIJ����5@CJg@C>��O@E>QB����E>QJKPIU��
D∗D∗ D�FQU D∗

sD
∗B��7�ENK��^�@CGSa���P q l ��@?G$��GIF�@���B��7�H@EGRF s @EJbFQJ�@EGR^���@C>]D�@�GRF " ��+ ��' �
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B��7�HN(��^�@CGIF s ^�JKF��H@EBCD�GIF�� d BEJKM ^`>QGIBCD�P[� q M5yM'��@EB q lkt?>��)^`>]D�FQF���P$� D�B��_GRFgG$�EJ��HNQGRF V D��HG"��lwt?>��;NpJ��HGI@CGIJKFoJ d @C>��_NpJKP"�,G$��
�
��UcGRF V J�@C> MrJ#U���P"�?@CJ 2317

�6�	�
�

@`D
��GIF s αH = −1.48
GRFo@E>��)MOJ#U���P

	
�

D�FQU
αH = −1.16

GIF @C>�� MOJ#U���P�f �
αH

M'�nD�F��!@C>�� �HT V �}@CBCD�^�@CGIJKF^�JKF��H@CD�F�@_T�����UZGIF " �$�-��' d JKB\@C>��5^`>]D�FQF���P$�_GRF�aKJKPSa#GRF s D�@_P"�nD:�H@,JKF��5>��nDna qN�����TQUhJ��E^�D�P[D�B?M'�7�HJKF 
�l

NQPRD q �rDZMOJKB�� GIMrNpJKBH@CD�F�@	BEJKP$�cD�FQU Wa�cUQJZGI@r^nD�B�� d TQPIP q l �XF N]D�BH@EGR^�TQP[D�B
Wa�Oa�D�B q @C>�� fπ D�FQU fD N]D�BCD�MZ��@	��B��_GRF�@C>��OBCD�F s � fπ ∈ [85, 115]

�W�	�
D�FhU

fD ∈ [146, 218]
�6�	�blxt?>��vB����ETQPS@	��W�GS@C>!@E>���GIBmThFQ^7��BH@`D�GRF�@CG$�7��W�GIPRP V ��H>QJ W�FOGIF7@C>�� � ��^�@CGRJ�F ���hl +xl � TQB}@C>���BEMOJKB��

��d JKB|@E>��?^nD:���?J d @E>��U�E^�D�@E@���BEGIF sJ d PIG s >�@�M'�7�HJKF���W�GS@C>o>���D a q J�F��7� �

^`>QGRBED�P�� q MOM'��@CB q G$��B���^�J a���B���U GRF @E>��NQ>���FQJKM'��FhJKPRJ s GR^nD�P MrJ#U���P W�>���F fπ G$��T�����U d JKBvD�PRP @C>��b^�D�������l����bUQJgD�]F��O@ETQFQGRF s J d @C>��Z�ET V @EBCD�^�@CGIJKF ^�JKF��H@CD�F�@bGIFZJKBHU���B_@CJ s ��@;@C>��!NpJ��EGS@CGRJ�FJ d @C>�� Ds0(2317)
D�@;@E>��OBEG s >�@_NhP[D�^��rD�FQU PIJxJ �cD�@,@C>��r^�JKTQNQPIGRF s ��lrt?>��B��7�EThPI@	�rT��EGIF s fπ D�FhU fD

� MrJ#U���P 	 
rD�FQU JKFQP q fπ � MrJ#U���P\f 
	GRF @E>��NQ>���FQJKM'��FhJKPRJ s GR^nD�P MrJ#U���P ^�D�F V �B���7��FcGRFctuD V P$���$�hl �xl ���7^�D�F J V ����B}a��UQG�����B���FQ^7���9GRF7@E>��?^�J�TQNQPRGIF s �uJ d 4%
GRF7@E>���MrD�GRF V TQGIPRUQGIF s V PIJx^ � �

@E>��
DK^`>]D�FQF���P l9t?>QG$��G"��D�F!GIFQUQGI^nD�@EGRJKF	@C>]D�@m@E>��Q��BHBEJKB���GIFQUQTQ^���U V�q @C>���� �
NQPRGI^�GS@

^`>QGIBCD�P � q MOMZ��@CB q V B��nD
��GRF s D�B��5�HM!D�PRPuD�FQU s GSa��7�J�ETQNQNpJKB}@,@CJ @C>��bMrJ#U���PT�����U GIF " ���-��'{l �XFr@C>���NQB��7����F�@�N]D�NK��B~Wa��T����\@C>�� a�D�PIT��7�wJ d @E>���^�JKTQNQPIGRF s �J V @`D�GIF���U W�GS@C> MrJ#U���P B � JKFQP q fπ 
�l



� ��� ��� �)� � � � � � ��	 � � � � � � ��� � � � ��	 � � 
�� � � ,�� �
��4 � � 	 
 + � + .�(�*�+ � + � 	 � �)( ��
 +

D
* � +�� � �

����� ���	�
s �
����� � 
���� �

�
� ����	 ���

t?>��
D
M'�7�EJ�F

s
y�W�D a��E����P d ��F���B s q G$�cJ V @`D�GIF���U d BEJKM D ����P d ^�JKF��HG"�}@	��F�@^�JKTQNQP$��Uc^`>QD�FQF���Pu^�D�PR^�TQP[D�@EGRJKFoW�>���B��;@C>��)^�JKTQNhP"��U#yX^`>]D�FhF���P �H@EBETQ^�@CTQB��7GRF#y

^�PRTQU�����@C>�� ^`>]D�FhF���P$�
πΛc � πΣc � DN � ηΛc � KΞc � ηΣc � KΞ′

c � DsΛ �

DsΣ � η′Λc
D�FQU

η′Σc
l t?>���N�J�@���F�@CGI^nD�P�^�JKM'�7� d BEJ�M D V BEJ �:��F � � � � 


s
y�W�Dna�� ����GIF V ��B s y�tuJKMOJ-.�D W�D!GIF�@���BED�^�@EGRJKF6�ETQNQNhP"��M'��F�@���U V�q D�FAD�@E@EBCD�^�y@EGIa��;G"�HJ��E^�D�P[D�B}y �H^nD�PRD�B�@	��BEM l �\J W���a���B

�

@E>��7PRD��H@ @	��BEM
�

@E>��
ΣDN

@	��BEM
�

G$�
DL�HT V &���^�@7J d ^�JKF�@CBHJ�a���B�� q l � a���FZ@E>QJKT s >AGS@	�vGIFQ^�PIT��EGIJKF�G"�Q�HTQNQNpJKBH@���U V�q
� � � �HTQM BHTQP"���vD�FhUcM'�nD�F y �F��PRU�D�NhNQBEJ�D�^`>��7�

�

@C>��B����P d ^�JKF��EG$�H@���F�@,^�J�TxyNQP$��U ^`>]D�FQF���Pu^�D�PR^�TQP[D�@CGRJ�F J d " � �-,�'|D�FQU/" ��� ��' �E>QJ W���@E>]D�@\^�JKF��HGRU���BEGIF s GS@JKB FQJ�@\G"� FQJ�@\B���P"��a�D�F�@
�

P$�nD�UhGRF s @CJrB��7�HTQPI@���i�T]D�PIGI@CD�@CGSa���P q GIU���F�@CGI^nD�P l?t?>��UQG�����B���FQ^7��� d JKTQFQU W�>���FgT��EGIF s @C>��v@XWmJ	UQG
�(��B���F�@?JKNx@CGRJ�F��mW�>���B����EMrD�PIP"��B@E>]D�F @C>��;ThFQ^7��BH@`D�GRF�@CG$�7� d BHJKM J�@E>���BU�HJKTQBH^7�7� � d JKBU� �
D�MONQP"� � � � � 
 V B���D
�KyGIF s 
kD�FQU d JKBw@E>QG"�wB���D��EJ�F!W��\G s FhJKB��?@C>hG"�~@	��BHM GRF	@C>��\^nD�PI^�TQPRD�@CGIJKF��kJ d @E>��

D s
y�W�Dna��0����P d ��F���B s q l9t?>�� f���@C>���y � D�PRNK��@	��B���i�T]D�@EGRJKF5G$���EJKPSa���UrT��HGRF s @C>��^�Th@CJ��gM'��@E>QJ#UrD�FQUO@E>���^�Th@EJ��gG"� �

�
��UrW�>���F!B���NQBEJ#UQTQ^�GRF s @C>�� Λc(2593)

l
�'>���F @C>QG$�vG"��UQJKF��

�

D F���W B����EJKFQD�FQ^7�	D�NQN(��D�B��vD�BEJKThFQU
2800

�6�	�
�

@C>��
Σc(2800)

l5t?>��rGIFxyXM'��UQGITQM � �(��^�@��bD�B��5GRFQ^�PRTQU���U�GRF�@C>��OM'�7�EJ�Fxy V D�B q J�FPIJxJKN d TQFQ^�@CGRJ�FgD�FQU @C>�� q D�B�� � ��
 
|D�TQPRG V PRJ#^ ��GRF s � ����^�@��?JKF @C>��,F�TQ^�P"��JKF��� @C>��]�H^nD�@H@	��B���UZF#Th^�P"��JKF��_^nD�FQFQJ�@ s Jo@CJ
�}@`D�@��7�)D�PRB��nD�U q Jx^�^�TQNhG"��UAGIFA@E>��
d ��BEMOG(���nD 
 �

, 
 �W�nD�F y �F��PRU V GRFQUQGIF s J d V D�B q JKF���a#G[D5D σ− ω
MrJ#U���P�D�FQU

� 
|B���FQJ�BEMrD�PRG .nD�@EGRJKF;J d π D�FhU D @E>QBEJKT s >O@E>��?GRFh^�PRT��EGRJ�F5J d @E>�������P d ��F���B s qGIF @C>��	GRF�@���BEM'��UhG[D�@��5NQBEJKNQD s D�@EJKB�l � JKB���J�a���B
�

@C>��
s
y{W�Dna��

D
����P d ��F���B s qG$�bJ V @CD�GRF���UjGI@���BCD�@CGIa���P q GIF D ����P d ^�JKF��EG"�}@	��F�@	NhBEJ#^7��UhTQB��oW�>���F J�F��oGRF�@	��ys BED�@	���?@C>��;GRFgM'��UQGITQM s

y�W�Dna��
DN

D�MrNhPRGI@ETQU��,J a���B @E>��;F#Th^�P"��JKF � ��BEMOG
���nD

n(p)
�

Π
(s)
D (q0, ~q, ρ) =

∫
d3p

(2π)3
n(p)[T̃

(I=0)
DN (P 0, ~P , ρ) + 3T̃

(I=1)
DN (P 0, ~P , ρ)] ,

� ���hl ��




, �$�
p
�}� � � � � � �R
 � � � 	�� �

����� �����
p �
��� � � 
���� � � � ��	 ���

���X�}@`D�B}@ V�q B���^nD�PRPRGIF s @C>�� SU(3)
^`>QGIBCD�P � D s BED�F s GRD�F " � ���

�

���-+�' d JKB?@C>��^�JKTQNQPIGRF s J d N�����TQUhJ��E^�D�P[D�B\MZ���EJKF���J d @E>��7J#^�@���@vJ d @C>�� π @CJO@C>�� V D�B q JKFJ#^�@���@�J d @C>��_NQBHJ�@CJ�F p
L(B)

1 =
1

2
D < B̄γµγ5{uµ, B} > +

1

2
F < B̄γµγ5[uµ, B] > ,

� ���hl , 

W�>���B��

u2 = U = ei
√

2φ
f ,

� ���hl � 

W�GS@C>

φ
@E>��7T��HT]D�P

SU(3)
MrD�@CBHG

�
J d @C>��;M'�7�EJ�F �F��PRU�� � f = 1.15fπ

W�GS@C>
fπ = 93 MeV

D�FQU

uµ = iu†∂µUu
† = −

√
2

f
∂µφ+O(φ3) .

� ���hl � 

t?>��

B
D�FQU

B̄
@	��BEM'�J�}@`D�FQU d J�B\@C>�� SU(3)

M!D�@CBEGI^7���\J d @E>�� V D�B q J�F�F��PRU�� D�FhU
<> d JKB?@E>��;@EBCD�^��)GIF SU(3)

l�����Fh^7�
�

D�@�@C>��)J�F��_MZ���EJKF �F��PIU
P$��a���P W��_>]Dna��
L(B)

1 = − 1√
2f
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2.0 3565 ± 29 340 ± 25

tuD V P$� ���hl � � �cD����OD�FQU W�GRUh@E> d J�B7@C>�� X(3700)
D�@	UQG � ��B���F�@OU���F��HGI@EG"�7�

W�GS@C>
��BHBEJKB V D�FQU���UQT��_@CJ5@C>��;ThFQ^7��BH@`D�GRF�@CG$�7�?J d JKTQB�MOJxU���P{l
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with FH(q2)
with FL(q2)

�|G s TQB�� �$�hl ��, � � JKMON]D�BHG"�HJKFZJ d |T |2 GRF�@C>��r^nD����!J d @E>�� Ds0(2317)
B��7�zy

JKFQD�FQ^7� d JKB�@C>��b@XW�JgUQG � ��B���F�@ d JKBHM d D�^�@CJ�B��,D�@ ρ = ρ0
�\@ q NK� 1

� U]D��H>���U
PIGRF�� 
�W�GS@C>

FH(q2)
J d � i�l � ���hl ,�� 
�D�FQU @ q NK� 2

� �EJKPIGRU PRGIF�� 
�W�GI@E>
FL(q2)J d � i�l � ���hl �$� 
�l



,-,(� �����$��� ���

d ��B���Fh^7�7��GRF @E>��7NpJ��HGI@CGIJKF J d @C>��7NK�nD
� D�FQUcFQJ UQG � ��B���Fh^7�7��GRF @E>��)W�GIUh@C>�l
� F!a#G$��W'J d NpJ����HG V P$� d Tx@CTQB��J� �

NK��BHGRM'��F�@	�wW��vB���^�D�PRP�@C>��\MZ��@C>QJ#U!@E>]D�@m>]D��
NQBHJ a���U @CJ V �_@C>��;MOJ��H@0� 
O^�G"��F�@�JKF�� � � F��X�H>QJKTQPIUcPIJxJ �!D�@ @C>��;NQBEJ#UQTQ^�y@EGRJKF BCD�@��7D:� d TQFh^�@CGIJKFcJ d @C>��7MrD���� F�TQM V ��B�FhJKBEMrD�PRG .7��Ug@EJ DON]D�BH@EGR^�TQP[D�BF�TQ^�P"��T���l_t?>QG"��M!D s FQGI@ETQU��

�

@C>��)@CBCD�F��EN]D�B���Fh^ q BED�@CGIJ �

M'�nD:�ETQB��7��@E>��]�ETQBzy
a#GIa�D�PkNhBEJ V D V GRPIGI@ q D�FQU G$�;a���B q ����F��HGI@EGIa��	@CJ @C>��rD V �HJKBENx@CGRJ�FZBED�@	�OJ d @E>��B��7�EJ�F]D�FQ^�� GIF��EGIU��o@C>��gF�TQ^�P$��T��

�

G{l ��l @C>�� GIFxyXM'��UQGITQMeB��7�HJKF]D�Fh^7� W�GIUh@C>�l
� ��� " ��+��

�

��� ��' d J�B φ D�FQU ω NQBHJxUhTQ^�@EGRJKF lut?>��vB��7�EThPI@	��GRFr@E>QG"�a����^�@CGIJKFoD�B��J d B���P"��a�D�FQ^7�v@EJZ�}@CTQUQG$�7��NQPRD�FQF���U d J�B�@C>�� � 	 � � d D�^�GIPRGS@ q l



Chapter 11
K̄∗ � � � �&+�� � + ���1+�� � � � � � � �

t?>��;GRF�@���BCD�^�@CGIJKF J d a���^�@EJKB�M'�7�HJKF���W�GI@C> F�TQ^�P$�nD�B\M!D�@E@	��B�G"�?@CG$��Ug@CJ d ThFxyU]D�MZ��F�@CD�PpD��ENK��^�@	�?J d � � �)l 	 PS@C>QJ�T s >!@E>���B���G"�mMbTQ^`> WmJKB �OUQJKF���JKF!@E>��NQBHJKNK��BH@EG"���,J d @E>�� ρ � ω
D�FQU

φ
MZ���EJKF��

�

@C>�� V G V PRGIJ s BED�NQ> q JKF�@C>��	NQBHJKNxy��BH@CG$�7�_J d �H@CBED�F s �5a���^�@EJKB;MZ���EJKF��;GRF�F�TQ^�P$�nD�B_MrD�@E@���B,G$�;PIGI@H@CP"�7JKB_D�PRMOJ��}@D V ����F�@�l � �
NK��BEGIMZ��F�@`D�PIP q �

@C>��6�HGI@CTQD�@CGIJKF G$�	BCD�@E>���B'�EGIMrGIP[D�B�l t?>�� PRJ#^nD�P
>QGIUQU���F s D�T s � d JKBHM!D�PIG"�HM D�PRPIJ W�� @EJ T��Q�}@CTQU q @C>��7GRF�@	��BCD�^�@CGRJ�FcJ d a���^�@EJKBM'�7�HJKF���W�GS@C>oF�TQ^�P$��JKF���lkt?>�T��

�

GIF @C>QG$��^`>]D�Nh@	��B�W��,�}@CTQU q @C>��,NhBEJKNK��B}@CG"���J d �H@EBCD�F s ��y{a���^�@CJKBOM'�7�EJ�F��OW�GS@C> F�TQ^�P$�nD�B	MrD�@E@���B�l t?>��W����P d ��F���B s q W�GRPRP>]Dna��O@XWmJc^�JKMrNpJKF���F�@	�
�

@C>��OGIFxyXM'��UhGRTQM
K̄∗ GIF�@���BED�^�@EGRJKF�W�GI@E>ZF�TQ^�P"��JKF��@E>]D�@_D�^�^�JKThF�@�� d JKB 
uD�TQPRG y V PIJx^ ��GIF s D�FhU�G"�vGIFQ^�JKBHN�J�BCD�@���U GIFADL����P d ^�JKF��EG"�zy@���F�@�W�D q l � FoD�UhUQGI@EGRJKF

�

@E>��
K̄π

U���^�D q ^`>]D�FhF���P�G"�m@CD
����F GRF�@EJbD�^�^�JKTQF�@�GRFMrD�@E@���B�l|f�J�@C>5^�J�MrNpJKF���F�@��9J d @E>��`����P d ��F���B s q � K̄∗N
GRF�@	��BCD�^�@CGRJ�F5D�FQU

K̄πU���^nD q GRF MrD�@H@	��B)D�B��!GRFh^�PRThU���UZGRFZ@E>��V�HN(��^�@EBCD�P d TQFQ^�@EGRJKF�l � F��OW�D q @CJPIJxJ �vD�@|@E>���NQBHJKNK��BH@EG"���|J d M'�7�HJKF��|GIF7F�TQ^�P"�nD�B|MrD�@E@���B G"�u@E>��m@EBCD�F��EN]D�B���FQ^ qBED�@CGIJ
�

W�>QGI^`>rG$�~D d ThFQ^�@EGRJKF	J d @C>����HTQBHa#GIa�D�PhNQBEJ V D V GRPIGI@ q l|f���^nD�T���� J d @E>]D�@ �@E>��v@CBED�F��ENQD�B���FQ^ q BED�@CGIJ " � � � ' d J�B�@C>��_B��nD�^�@CGRJ�F γA→ K+K∗−A′ G$��D�P"�HJ��a�D�PRT]D�@���U l
,-,-+
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�

T��HGRF s i�T]D�PRGS@`D�@EGIa�� D�B s TQM'��F�@��
�

�5l � lmf�BHJ�W�F D�FQU
�Zl ��>QJ s Dna��ZD�FLD�@H@CBCD�^�@CGSa�� �E>hG d @gJ d @C>���a���^�@EJKB M!D��������0" � �&,�' �

MrJKB��
U���@`D�GIP"��U ^nD�PR^�ThP[D�@EGRJKF��O�H>QJ W FhJE�E>QG d @!J d @E>�� MrD����rJ d @C>�� ρ M'�7�EJ�F GRFMrD�@E@���B " � � �
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� �&+
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� � ��' D�FQUoa���B q �EMrD�PRPK�E>QG d @ d JKBw@C>�� φ M'�7�HJKF" � �-��'{l �
�
NK��BHGRM'��F�@`D�PRP q �

@E>�� � 	 �-�ZD�FQU ��� 	 � � � JKPRPRD V JKBCD�@EGRJKF��b>]Dna��
d JKThFQUgD5F#ThPRP�MrD����U�E>QG d @?J d @C>�� ρ M'�7�EJ�F GIF @C>��,UhGRP"��Nh@CJ�FL�ENK��^�@CBCDxl 	 P"�HJ ��HJKMZ�mW�GRU���FQGRF s J d @C>��?B��7�EJ�F]D�FQ^��?G"�9U���UQTQ^���U d BEJKM @C>��U� �

N(��BEGRM'��F�@���l � F
@E>��?JKNQNpJ��EGS@	�U�HGRU��

�

@C>���� � �1@	��D�M >QD�UO�nD�BHPRG"��BkD�FQFhJKTQFQ^���UrD�FOD�@E@EBCD�^�@CGIa��
MrD����*�E>hG d @bJ d @C>�� ρ " � � � �

,��-��'{l t?>�� B���D��EJ�F d JKB7UhG � ��B���F�@b^�J�FQ^�PIT��EGIJKF��
MOG s >�@?U���NK��FQU JKFg@C>��,W�D q @C>�� V D�^ � s BHJKTQFQU G"�U�HT V @CBED�^�@���U/" ,�� � ' lt?>��)^nD����7J d @C>�� ω ������M'�\@EJ V �)MOJKB��_^�JKMrNhPRGR^�D�@	��U l�t?>���B��7G"��MbTQ^`>WmJKB � UQJKF��	^�P[D�GIMrGIF s a���B q UQG � ��B���F�@_M!D:���,�E>hG d @	� d BHJKM D�@E@CBED�^�@EGIa��7@CJgB���y
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� JKPIP[D V JKBED�@CGIJKF ^�PRD�GRM'�_D PRD�B s �Z�H>QG d @;MrD����;J d @E>�� ω d BEJKM @E>��!NQ>hJ�@CJKFAy
GIFQUQTQ^���U

ω
NQBEJ#UQTQ^�@CGRJ�F!GRFrF�TQ^�P$��G

�

W�GS@C>r@E>��
ω
U���@���^�@���U @E>QBEJKT s >r@E>�� π0γU���^nD q ^`>]D�FQF���P " ,�� ��'{l � F " ��+���'�@E>��gD�Th@E>QJKB��]�H>QJ W @E>]D�@b@E>QG"�]�H>QG d @5G$�5D^�JKF�����i�T���FQ^��5J d @E>��7N]D�BH@CGI^�TQPRD�B V D�^ � s BHJKTQFQU �HT V @EBCD�^�@CGRJ�F l �0��^7��F�@vD�F]D�P y

q �EG$�)J�FZ@C>�� V D�^ � s BHJKTQFQU J d @C>QD�@7B��nD�^�@CGIJKFZ>QD a�� ^�J�FQ^�PITQU���UZ@C>]D�@;@C>�� ω�H>QG d @kMrD����w^�D�F	FQJ�@ V �?U���@���BEMOGRF���U d BEJKM @C>QG$�kB��nD�^�@CGIJKF " ,��-��' l9t?>��?W�GRUx@C>>QJ Wa��a���B
�

G"�~GIFQ^�B��nD�����UOP[D�B s ��P q D��[���7��F d BEJKM @C>��?WmJKB �7J d " ��+ ��'�D�FQU " ��+���' l
� ��a���BH@C>���P"�����

�

@C>�� d D�^�@k@E>]D�@k@C>�� K̄∗ ^nD�FQFQJ�@ V �?U���@���^�@���UO@C>QBHJKT s >QJ�Th@UQGIP"��Nh@CJKF��\MOG s >�@ V �)@C>��bB���D��EJKF d JKB\FhJKF � �
NK��BHGRM'��F�@`D�P ��a#GIU���FQ^��bJKFc@E>��

K̄∗ NQBEJ�N(��BH@CG$�7�_GRFA@C>��rM'��UQGITQM l � FA@C>��	@C>���JKB���@CGI^nD�P��HGRU��
�

@E>��	GRF�@	��BCD�^�y
@EGRJKF5J d K̄∗ W�GI@E>OF�TQ^�P"��JKF��~>]D�� V �7��FO@CD�^ ��P"��UOGRF " ,�� �(' �

D����ETQMOGRF s @C>]D�@k@E>��GIF�@���BED�^�@EGRJKF V ��@XWa�7��F PIG s >�@vi�T]D�B �N�_G"�Q�HNQGRFAD�FhU � � � � 
 ��DnaKJKTQB,GIFQU���N(��Fxy
U���F�@

�

D�FhU GRF " , ���
�

, � � '
�

W�>���B��r@C>��!GRF�@���BCD�^�@CGIJKF�J d @C>��ra���^�@EJKB7M'�7�HJKF��W�GS@C> V D�B q JKF�� d BHJKM @E>��_Jx^�@	��^�@ D�FQU U���^�TQNQP$��@�G$�?J V @`D�GRF���UW�}@`D�B}@CGIF s d BEJKM@E>��\PIJx^�D�P�>QGRUhU���FrP[D s BED�F s GRD�F���l � @mW�GRPRP V �J�H>QJ W�F @C>]D�@m@E>�� K̄∗N
GRF�@���BCD�^�y

@EGRJKF G"�\a���B q �EGIMrGIP[D�B�@EJ!@C>�� K̄N GIF�@���BED�^�@EGRJKFcW�>hGRP"�_@CJV��a�D�PRTQD�@	�;@C>��
K̄∗



K̄∗ � ��� ����� � � 
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V (k) V ′(k′)

B(p) B′(p′)

�|G s TQB�� ���Kl � � �c� q FQM!D�FQF UhG[D s BED�M d JKB�@C>��,a���^�@EJKB}y V D�B q JKF GRF�@	��BCD�^�@CGIJKF l

����P d ��F���B s q JKF�� >]D��~@CJ)^�JKF��EGRU���B~@C>�� K̄π U���^nD q MrJ#U���GRFOF�TQ^�P$�nD�B~MrD�@E@���B�l
� F	D�UhUQGI@EGRJKF

�

D�F]�
�
NK��BHGRM'��F�@`D�P.�H@ETQU q JKFb@E>QG"�|G"���HT���G$�9MrJ�@CGIa�D�@���U7@E>QBEJ�T s >@E>��5��a�D�PIT]D�@EGRJKF J d @C>��)@CBCD�F��EN]D�B���Fh^ q BED�@CGIJ!J d @E>�� γA → K+K̄∗−A′ B���yD�^�@CGIJKF l �]JKB�D d TQPIP B���axG$�EGIJKFgJKFo@C>QG$�?G"���HT��������7D�P$�EJ " � �-��' l
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	 ���EThMrGIF s a���^�@EJKB�M'�7�HJKF UQJ�MrGIF]D�FQ^��
�

@C>��;a���^�@CJ�B}y V D�B q JKF�GRF�@	��BCD�^�@CGIJKF G$�J V @`D�GIF���Uo@C>hBEJKT s > @E>�� �F� q FhM!D�FhF UQGRD s BED�MZ��NQPRJ�@H@	��U GIF �uG s l � �Kl �Klwt?>��TQNhN(��B;a���BH@��
�
G"� s GSa���F V�q @C>��OPRJ#^nD�P|>QGRUQU���F PRD s BED�F s GRD�F�� d JKB,@E>��rGIF�@	��BzyD�^�@CGIJKF V ��@XWa�7��F a���^�@CJ�BbMZ���EJKF�� �

� i�l � �hl + 
�l �'>���B���D��7@E>��r^�JKTQNQPIGRF s J da���^�@EJKB���W�GI@E> V D�B q JKF���G"� s GIa���F V�q @E>��_PRJ Wa�7�H@\JKBHU���B?i�TQGIBCD�P � D s BCD�F s G[D�F �

LBBV = g
(
〈B̄γµ[V µ, B]〉 + 〈B̄γµB〉〈V µ〉

)
,

� � �Kl ��

W�>���B��

B
G"�?FQJ W @E>�� � � � � 
�M!D�@CBEG

�
J d @E>�� V D�B q JKF Jx^�@	��@

B =




1√
2
Σ0 + 1√

6
Λ Σ+ p

Σ− − 1√
2
Σ0 + 1√

6
Λ n

Ξ− Ξ0 − 2√
6
Λ


 .
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��� d J#^�T��)JKF�@C>��'�H@EBCD�F s ��F������ S = −1
a���^�@EJKB7M'�7�HJKF�y V D�B q JKF8����^�@CJKBW�GS@C>

I = 0
D�FQU

I = 1
l��]JKB

S = −1
D�FQU

I = 0 �

Wa� �QFQU �ha��ra���^�@CJKB
M'�7�HJKF�y V D�B q JKF ^`>QD�FQF���P"��� K̄∗N � ωΛ � ρΣ � φΛ

D�FQU
K∗Ξ �

W�>���B��nD��)GRF
@E>��

S = −1 � I = 1
����^�@CJKB W��7>]Dna��7@E>�� d JKPIPRJ W�GRF s �HG �

^`>]D�FhF���P$���
K̄∗N �

ρΛ � ρΣ � ωΣ � K∗Ξ
D�FQU

φΣ
l

� Fr@E>�� PRJ W ��F���B s q D�NQNQBHJ �
GIM!D�@CGRJ�F

�

@C>�� @EBCD�F��HGI@EGRJKF	NpJ�@	��F�@EG[D�P]G$� s GIa���F
V�q

Vij = −Cij
1

4f 2

(
k0 + k′0

)
~ε~ε ′,

� � �Kl � 

W�>���B��

k0 D�FhU k′0 D�B��,@E>��X��F���B s G"���\J d @C>��;GRFh^�JKMOGRF s D�FQUcJKTx@ s JKGIF s a���^�y@EJKBgMZ���EJKF���l t?>��7��� D�MONQPIGI@CThU��7�o>]Dna�� @C>����CD�MZ� �H@EBETQ^�@CTQB��Z@E>]D�F1@E>��
N�����TQUhJ��E^�D�P[D�Bzy V D�B q J�F D�MrNQPIGI@ETQU��7�2� �

^7��Nh@ d JKB @C>�� ~ε · ~ε′ d D�^�@CJKB�l t?>��
M'�7�HJKFxy V D�B q JKF,�E^�D�@E@���BEGIF s D�MONQPRGS@CTQU�� G"� J V @`D�GIF���U d BHJKM'@C>��k^�JKTQNQP$��U_^`>]D�FxyF���P�JKF#y �E>���PRP�f���@E>���y � D�PIN(��@	��B���i�T]D�@EGRJKF

�xV Th@�FQJ W G
G"��@E>��,PRJ#JKN d ThFQ^�@EGRJKFJ d D�a���^�@CJKBOMZ���EJKF J d M!D���� m D�FQU D V D�B q J�F J d M!D���� M W�GI@E> @EJ�@`D�P

d JKThB}yXMOJKM'��F�@CThM P
�
s = P 2 
 �

G(s,m2,M2) = i2M

∫
d4q

(2π)4

1

(P − q)2 −M2 + iε

1

q2 −m2 + iε
.
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� i�l � ���Kl � 
|G"�~MrJ#UQG!�F��U	D��~GIF � i�l � �xl ,�� 
u@CJ_@`D
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Π0
K̄∗(q

0, ~q ) = 2g2~ε · ~ε ′
∫

d4k

(2π)4

~k 2

k2 −m2
π

1

(q − k)2 −m2
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+ iε
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∫ ∞
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� �Q�� %�$�h,5 ?�0"+���3$3Sw2������+"+B�&�$��t�! 
�t %��(+(
�3�Q,5 ?�0$'6 ���-,-��&0$v&�/+(+9^�?��6���,A�0B�B�9���-�
�3$!�����-(47?�0$�9�&��%��,#$����!&��%�0�%,����
/;$!&�6 � "����-*%(%&��',A�0B��0$a&�$����3,b��&�$
6��7�'&��2E�F�� ��D7?�0$�9�&�� M � �
2E��B�B%���L��$'&)(+*%,��E�� 
�
�
�b2 ���3$�����,��7�1/;&�$t�� 
�
���L���-$��0,b����&��&0/t,5 %�0$!6��3(47?��$'9�&0���a2E���! 8"����-*%(%&��',A�0B��0$a6��7�'&����3SN�0�%(82��#2E��B�Br�����#�� %���
N∗
cc̄

�0�%(
Λ∗
cc̄

�'�5�J���7���0"%"��A�0$��0$!&0*%�%(
4000 � �edk����7%$!&0�! 
�3$���&�$X�'9��'���3$��&0/v�� 
�R2��3B�BF:Ku��%&�2E�

N∗(1535)
�0�%(

Λ∗(1405)
M1~> 
�D&07����-$'��������&��j&0/i�! 
�7����
�b2 ���5�����7�_2E��B�By7��4,��-$'�5�����%BF9X��6�"q&�$'���0�L�L�'���%,��8�� 
����� �0$�� ���5�����7�_�� %���,3�0�%�%&0�E7��

3q
M U ��� " ,�����'h�0�%(0" ,��-+�'h/;&�$E�[(
�b�5�0��B��3(`$��-�^�"�'��&��NM



N∗
cc̄

����

Λ∗
cc̄
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m �Zn�� ��r � � � � � � �
� �]�'�!*%(+98�! 
�[���3,b��&�$ :K7?��$'9�&0�@�0�+( "����3*+(%&��!,3�0BC��$�:K7%�0$'90&������L���3$!�0,-�!��&��=����! 
�  %��(%(
�3�^:K,5 ?�0$'6G���3,-�!&�$3M ~> %�$�#���L��&0B������#�� 
�V�'��*+(+9\&0/>�! 
�M���-,-��&0$��[&0/
� �"�!&��!"%���NS�����$����%���3�
�7��� 
 �

(I, S) = (3/2, 0)
S
(1/2, 0)

S
(1/2,−2)

S
(1,−1)

S
(0,−1)

S
(0,−3)

M

B1

V*V*

(a) (b)

P1 P2 V1

B2 B1
B2

V2

������*%$�� ��,)M � � � �-9^�%6��0� (%���0��$���6Z�a/;&�$R�� 
��"����-*%(%&��',A�0B��0$�:e7?�0$�9�&�� � � 

&�$���3,-�!&�$�:�7?�0$�9�&�� � 7 
[���L���3$���,-����&��\�^�C�4�� 
� � �),5 ?�0�+���=&0/
�x���3,-�!&�$l6��7�'&��
�
P1
S
P2

�0$��
D− S D̄0 &0$ D−

s

S%�0�%(
V1
S
V2
��$��

D∗− S D̄∗0 &�$ D∗−
s

S?�0�%(
B1
S

B2
�0$��

Σc
S
Λ+
c

S
Ξc
S
Ξ′
c

&�$
Ωc
ST�0�+(

V ∗ �$� ρ S K∗ S φ &�$ ω 
bM

� �R/;&�B�B�&�2 �� 
�Q/;&�$'6l�0B��"�'6P(
���!,-$!��7��3(.���0" , � � 'h2E 
�-$��R�� 
�R���L���-$��0,b����&��7��-�K2����-� 6��7�'&����_�0�+( 7%�0$'90&����_,3&06����l�� %$'&�*%�� �! 
� � �),5 ?���%���x&0/Q���-,b:�!&�$
6����!&���� � ���-,-��&0$R6��7�'&�� (%&�6Z���?�0�+,�� 
����Q"%B�&0�'���-( ��� �����%M ��,)M ��M[~> 
�
� �0��$!�0�%�����0�l�! ?���E"%$'&w�^��(
�����fd ���-$'�����j�"�

LBBV = g(〈B̄γµ[V µ, B]〉 + 〈B̄γµB〉〈V µ〉)
� ��,)M ��


$��7�!"��3,b���F���3BF9�S^2E 
�3$��
B
�0�%(

P
�0$����� 
�Q���5�0�+(?�0$!(_6����!$!��,��7�f���%,-B�*%(%���%�Q�� 
�"����3*%(+&��!,3�0BC�0$��0�%(D7?�0$'90&��[�%&��
�-�	�i��� U+V � � 
bM � �#&�$!(
�3$i�!&y��&
��& U+V � � 
bS02��,3�0�#���+,3B�*+(
�1�! 
�],5 ?��$!6��3(#6��7�'&����g���#�0�5����$!�0���� L�'/;&�$'2c�0$!(�6l�0�+�
�3$v/;&�$v�! 
�*����
&0/ L3V

�0�%( LPPV
S � zN�3M � �+M +�
c�0�%( � �)M , ��
bM��
&w2��-���3$-ST�! 
� � �^���3���'��&��&0/ LBBV ��� � zqM � ��,)M ��
}�!& U+V � � 
t�"�1�%&0�](+��$��-,-�c7%*+�c�! 
�a,-& �bY�,-���-�����c�� %�����&R2E���! �A�0,5 l"%$!&^(%*%,b�]&0/s"?��$'����,3B�� � �-B�(��c�0$�� � B����!,5 ): WQ&�$'(?�0� ,-& �bYZ,3���-�L�	�&0/ U+V � � 
D�0�+(@�� 
��� �^���-���!��&�� ��& U+V � � 
R,3�0� 7��l(%&��
� 7L9@6��A�0����&0/]�! 
�



,-+�� � ��	 � � � � � �

U+V � � 
 � B��7�',5 ):�W
&�$'(?�0�_�5�07+B��7� " �����('{M}~> �*��-ST2��Q,A�0� �b�0��B�*?�����y�� 
�D��6�"%B��F:�!*%(
�y&�/h�� 
�
3V

&�$
PPV

���L���-$��0,b����&0��2E���! l�� 
� � �0��$!�0�%�����0���1&0/ L3V
�0�%(

LPPV
&�$]2��3B�Bh7�9 6��3�0���E&0/v�� 
� U+V � � 
f���07%B����3M � � �?�%(`/;&�$

P1P2 → V
�

tP1P2V = g15FC15F (15 ⊗ 15) (q1 + q2)µε
µ � ��,)M , 


2E 
�-$��
C15F (15⊗15)

�"���! 
�
SU(4)

� B��-7��!,5 ^:�W
&�$!(?���Z,-& �bYZ,3���-�L�1/;&0$
15⊗

15 → 15F
�0�+(

g15F

�"���! 
�>$��-(%*%,��3( 6l�J��$!� � �3B��-6��-�L�g�� ?�J�t7�9�,3&�6Z"?�0$'�"�'&��2E�F�� _�� 
�Q$��7�!*+B��E&0/v�� 
� � �0��$!�0�%�����0�_�"�>�0�����-�`7�9
g15F = −2

√
2g .

� ��,)M � 

O
&0���1�� ?���i�� 
�f���L���-$��0,b����&���&^,3,-*%$����! %$!&0*%�� #&��+B�9
�� 
�

15F
$��3"+$��7���3�L�5�J����&0�NS

�'���%,��Z2��l ?�A��� �0��� �)"%B���,3�F�Q,3&��%6�*+�5���!&�$R��� � zN�-M L3V
�0�%( LPPV

M_~> 
�6�����$'��,��7�
P
�0�+(

V
,A�0� 7 � ���+"+$��7�����-( ���H���3$'6Z� &0/
�� 
�.6����� 
�36�������,A�0B

���5�����7�E&0/v�� 
� ��+w:e"%B��b�>$��-"%$������-����������&��.���

P =




π0
√

2
+
η8√

6
+ η̃c√

12
+
η̃′c√
4
π+ K+ D̄0

π− − π0
√

2
+
η8√

6
+ η̃c√

12
+
η̃′c√

4
K0 D−

K− K̄0 −2η8√
6

+ η̃c√
12

+
η̃′c√

4
D−
s

D0 D+ D+
s − 3η̃c√

12
+
η̃′c√

4


 ,

� ��,)M � 

�0�+(

Vµ =




ρ0√
2
+
ω8√

6
+ ω̃c√

12
+
ω̃′c√

4
ρ+ K∗+ D̄∗0

ρ− − ρ0√
2
+
ω8√

6
+ ω̃c√

12
+
ω̃′c√

4
K∗0 D∗−

K∗− K̄∗0 −2ω8√
6

+ ω̃c√
12

+
ω̃′c√

4
D∗−
s

D∗0 D∗+ D∗+
s − 3ω̃c√

12
+
ω̃′c√

4




µ

.

� ��,)M + 

2E %��,5 #,3&0�����0�����g���'���%�0B��-�3S

η̃c
S�&�$

ω̃c
� /;&�$s���-,-��&0$�� 
 S��0�%(��! 
� U)V � � 
 �!���%��B��-�AS

η̃′c
&�$
ω̃′
c

M �c*+�3Sg�� 
����� � �-B�(���,A�0�\7��l$��3BC�J���3( 2E�F�� @�! 
� "% L9��!��,A�0B��'�5�J���7�-M~i�0u����%�
π0 S η S η′ �0�+( ηc �����y7?���'�"�i/;&0$i�� 
�]�
�3*)��$���B)"����3*%(+&��!,3�0BC�0$�6����!&����-S



N∗
cc̄

����

Λ∗
cc̄
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2E 
�-$��
η′
�"�i�� 
�`�'���%�0B��-�����

SU(3)
S
(uū+dd̄+ss̄)/

√
3
�0�+(

η
�'���0�%(#/;&�$

cc̄
S�0�+(j$��3,3�0B�B����%���! 
���'���0�%(?�0$'(.z�*?��$!u ,-&�6�"q&��'������&��_&0/v�� 
� U+V � � 
c6��7�'&����

π0 =
1√
2
(uū− dd̄)

η8 =
1√
6
(uū+ dd̄− 2ss̄)

η̃c =
1√
12

(uū+ dd̄+ ss̄− 3cc̄)

η̃′c =
1√
4
(uū+ dd̄+ ss̄+ cc̄) ,

� ��,)M � 

2��Q ?�A���R���_�� 
�Q"% L9��!��,A�0Bh7%���!�$�

η8 = η

η′ =
1

2
η̃c +

√
3

2
η̃′c

ηc =
1

2
(−

√
3η̃c + η̃′c) ,

� ��,)M � 

2E 
�-$��3���>/;&�$]�� 
�
���3,-�!&�$��-S

ρ0 =
1√
2
(uū− dd̄)

ω =
1√
2
(uū+ dd̄)

φ = ss̄

J/ψ = cc̄ ,
� ��,)M � 


�! ?���
�0$��
$��3B������-(_��& �� 
�Q6����� 
�-6l�J����,3�0BK�'�5�J���7�>�! %$!&�*+�� 
ω =

1

6
(
√

6ω̃c + 2
√

3ω8 + 3
√

2ω̃′
c)

φ =
1

6
(
√

3ω̃c − 2
√

6ω8 + 3ω̃′
c)

J/ψ =
1

2
(−

√
3ω̃c + ω̃′

c) .
� ��,)M � 
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~> 
�E*�����&�/ �! 
� U+V � � 
 � B��7�',5 W
&�$'(?�0� ,3& �-YZ,3���3�L�	�t/;$!&06 " ������'T$��3z�*%��$��7�1�"% %�����E,3&0�����3�L����&��NM � �> ?�A���E/;&�*%�%(Z�
,3&06�"?�J����7+B��]���%(�,-&��L���-�%���-���f"% ?�:���,-&��L���3�L�!��&�� &�/ �� 
���$�!&��'"%���'�'���������c��6Z"%B���,3�F�g���Z�! 
� U+V � � 
����07%B����c���%(�2E�F�� �! 
�
*����R&0/ LV V V �0�%( LPPV
��� � z��-M � �+M + 
]�0�%( � �+M , � 
f2E +��,5 j�"���

|K0〉 = −|1/2,−1/2〉 ; |π+〉 = −|1, 1〉 ; |π0〉 = −|1, 0〉 ;

|D+
s 〉 = −|0, 0〉 ; |D̄0〉 = −|1/2, 1/2〉 ; |η̃c〉 = −|0, 0〉 ;

~> 
�l�
�3,��7���'���K9\&�/>�� 
� "+ ?�������]�'���36'��/;$!&�6 (
�-6l�0�+(%���%�j�� ?�J�#�� 
� U+V � � 

�'���%��B��-�16#*����]7��a�*�'9^6�6��-�!$!��,A�0B�� �)"%$��7���!��&0�_�����! 
�y"+ �9��'��,A��B(���5�����7� � �� �*��2�� �-���0B�*%�����

15 ⊗ 15 → 1
�0�%(x"+*+�D�0"%"%$'&�"%�C�J���#"% %�������R�!& �3���'*%$�� �� ?�J��0B�Bi���3$!6'�
,3&06��#2E�F�� 4�� 
�O�!�06��]�'����� 
bM �?&�$a�� 
�

BBV
���-$'����� Sv2����
���3(�%&�2 �! 
�

20′ ⊗ 2̄0
′ → 151, 152, 1

� B��-7��!,5 GW
&�$'(?�0�@,-& �bYZ,3���-�L�[�0�%(��� 
�
BB̄ → V

�06�"+B����!*%(
��,A�0�j7 �
2E$'���!���3�j���
�#/;*%�%,b����&0�j&�/i�! 
�36 ���
tB1B̄2V = {g151 C151(20′ ⊗ 2̄0

′
) + g152 C152(20′ ⊗ 2̄0

′
) + g1 C1(20′ ⊗ 2̄0

′
)}

×ūr′(p2)γ · ε ur(p1) . � ��,)M ��� 

~> 
�x$��3(%*%,��3( 6����!$!� � �3B��36��3�L�	�-S

g151

S
g152

�0�%(
g1

�0$�� �-���0B�*%�����-( (
� :6��0�%(%�+�#�� 
�
/;&�B�B�&�2E���%��,3&�������$!�0���L�	�
��
 ~> 
�D,-&�*%"%B����%�

pp̄→ J/ψ
�' %&�*%B�(j7�� .��-$!&Z7�9 � � � $!*+B��7�-S

, 
 ~> 
�D,-&�*%"%B����%�
pp̄→ φ

�' %&�*%B�(j7�� .��-$!&Z7�9 � � � $!*%B��7�-S
� 
 ~> 
�D,-&�*%"%B����%�

pp̄→ ρ0 �' %&�*%B�(`7 �
�� 
�R&0�
�Q&�7+�5�����
�-(j��� U+V � � 
bM
�0�+( �%�?�0B�BF9�S^2 �R&�7+���0���

g151 = −g; g152 = 2
√

3 g; g1 = 3
√

5 g .
� ��,)M ����


2E�F�� 
g = MV /2f

�0�%(
f = 93MeV

�� 
�_"+��&��\(
�-,A�A9\,-&����'���0�L�AM 	 �%(�! 
�Q"% ?�����D,-&��L���3�L�!��&��86Z&0�!���������-( ��&��0��$����Q/;&�$!6��0B�BF9 2E���� � zTM � ��,^M ��
c�$����F���-�j7L9



� ��	 	����
N∗
cc̄

��� 

Λ∗
cc̄
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|Ξ̄−−
cc 〉 = −|1/2,−1/2〉 |Ω+

cc〉 = −|0, 0〉 |Ξ0
c〉 = −|1/2,−1/2〉

|Ξ′0
c 〉 = −|1/2,−1/2〉 |Λ̄−

c 〉 = −|0, 0〉 |Σ+
c 〉 = −|1, 0〉

|Σ++
c 〉 = −|1, 1〉 |Σ̄−−

c 〉 = −|1,−1〉 |n〉 = −|1/2,−1/2〉

|Ξ̄0〉 = −|1/2,−1/2〉 |Σ̄+〉 = −|1, 1〉 |Σ+〉 = −|1, 1〉

|Σ0〉 = −|1, 0〉 |Σ̄0〉 = −|1, 0〉 ,

�0�+(X&��%,��8�0���0���H�� 
� � �)"%$��7���'��&��X&�7+�5�����
�-( /;&�$ �� 
�
20′ ⊗ 2̄0

′ ��� ���-$!6'�&0/
SU(4)

�"�'&��!"+��� ���5�����7�
�"���'9^6Z6��b��$!��,#���.�� 
�#"+ �9��'��,A��B}�'���������a2E���� .�� 
�,-&��L���3�L�!��&��_���F���-�NM 	 �E��$��7�'*%B��3S)�� 
�a��$������!�F����&0�l"q&0���-���!�C�0Bq,3&0$!$����!"q&��%(%���%��!& �! 
�Q(%�C����$��06'�c&�/ �����%M ��,^M �R�0$��R�0�����-�.7L9

Vab(P1B1→P2B2) =
Cab
4f 2

(q0
1 + q0

2),
� ��,^M ��,�


Vab(V1B1→V2B2) =
Cab
4f 2

(q0
1 + q0

2)~ε1 · ~ε2 ,
� ��,^M � � 


2E 
�-$��j�� 
�.���%(%��,����
a, b
�'���0�%(X/;&0$Z�! 
�=(%� � �-$��-���l,5 ?�0�%�
�3B"�

P1B1(V1B1)�0�+(
P2B2(V2B2)

M �  
�3$�� 2��� ?�A����/;&�B�B�&�2 �-(4�� 
���0"%"%$'&L�0,5 &0/]�
�3��B��3,-��:���%� �� 
�4�! %$���� 6Z&�6��3�L�5�\&0/R�� 
� "%�0$'�!��,3B��7� ,-&�6Z"?�0$��-( �!&\�� 
�-��$_6��������7�������� " �-��' M�~> 
�`���0B�*
�l&�/
�! 
�
Cab

,-& �bYZ,3���-�L�	�#/;&�$��! 
�_(%� � �-$��3�L�[,5 %�0�):�
�-B"�}�����3�0,5 
(isospin, strangeness)

���-,-��&0$��
(3/2, 0)

S
(1/2, 0)

S
(1/2,−2)

S
(1,−1)

S
(0,−1)

S
(0,−3)

S?�0$��R�0�����-�`���_�� 
� 	 "%" �-�%(%� � �cM

m �Zn��
T

� � ��� ���

� � �b�0��B�*?�������! 
� *%�%�F�5�0$�9
T
6����!$!� �47�98�!&�BF�^���%�j�� 
��,3&�*%"+B��3(\,5 %�0�%�
�-B"�

� �b�� 
� : U ��B�"��-���-$ �-z�*?������&��@�����! 
�l&��^: �! 
�3B�Bt/ �0,b��&�$'� .A�J����&0����"%"%$!&��0,5 NS � zTM
� �+M ,�, 
bSh2E 
�-$��l�+&w2

G
�"�
�� 
�Z"����3*%(%&��!,A��BC�0$ � ���3,-�!&�$ 
a:�7?�0$'90&���/;*+�%,-�!��&��



,-+(�
T � � �
	 � �

B�&)&�" �! ?���E���j(+��6��3���'��&��?��B $��-��*%B��0$!� .A���!��&����"�>���F���3�j7L9

G(P,B) = i2MB

∫
d4q

(2π)4

1

(P − q)2 −M2
B + iε

1

q2 −M2
P + iε

,

=
2MB

16π2

{
aµ + Log

M2
B

µ2
+
M2

P −M2
B + s

2s
Log

M2
P

M2
B

+
q̄√
s

[
Log(s− (M 2

B −M2
P ) + 2q̄

√
s)

+Log(s+ (M 2
B −M2

P ) + 2q̄
√
s)

−Log(−s− (M 2
B −M2

P ) + 2q̄
√
s)

−Log(−s+ (M 2
B −M2

P ) + 2q̄
√
s)
]}

,
� ��,^M �$� 


2E 
�-$��
s = P 2,

q̄ =

√
(s− (MB +MP )2)(s− (MB −MP )2)

2
√
s

, Im(q) > 0 .

� ��,^M ��+�

� �E,3�0�=��B"�!& 7��,�!&�BF���-(.7L9`*��'���%�Z�#�� %$���� :K6Z&�6��-�L��*%6 ,-*+��& �

G(P,B) = i2MB

∫
d4q

(2π)4

1

(P − q)2 −M2
B + iε

1

q2 −M2
P + iε

=

∫ Λ

0

q2dq

4π2

2MB(ωP + ωB)

ωP ωB ((P 0)2 − (ωP + ωB)2 + iε)
,
� ��,^M �	� 


2E 
�-$��
ωP =

√
~q 2 +M2

P ,

ωB =
√
~p 2 +M2

B ,
� ��,^M ����


�0�+(
Λ
�$�#�� 
�`,3*)��& � "?��$��06��-���3$[���\�! 
�_�� %$����b:e6�&06��-���!*%6 &�/��! 
�`B�&^&�"�������3��$!�0B{M 	 (%� � �3$��3�%,��Z2E�F�� &0�� 
�3$Q2c&�$'uN���"�
�! ?���Q2 �Z(%&.�%&0�R ?�A���l�0�L9



� ��	 	����
N∗
cc̄

��� 

Λ∗
cc̄

	 ��� �����(� � ��� ��	�� ��� 

4 � ��� ,-+-+

���+"��3$'��6��3�L�5��B �-�^��(
�3�%,��D&0/�� $��7�'&��?�0�+,��R,3B�&����a��& �� 
�R"����3*+(%&��!,3�0BC��$ � ���-,b:�!&�$ 
c:]7%�0$'90&��=�� +$��7�' %&�B�(��y�� %����2��#(
�3�0Bs2E���� = 
�3$��0S �! 
�3$��-/;&�$��0Sq�� 
�D6�&����$��3B����07%B��#"%$!&^,��-(%*%$��l�"�Q,3�0B�,-*%BC�����#�� 
��*%�%,��3$'���0���L�!���7���' %&�2E���%�j�� 
�Z$����!*%BF�	�/;&�$f(%� � �3$��3�L�E,5 %&���,����>&0/s�� 
�a"%�0$��06��-���3$��3M}~> �*��3S%2��
�5�0u �a���0B�*
���],3B�&�������&
" ,��-��'{S

aµ = −2
�0�+(

µ = 670 � �ed ���E� ��*%��(
�3B����
�a���%(j���0$�9 �� 
�36jM}~> 
�*%BF����6l������,5 +&���,��7�E�0$'&�*%�%(
aµ = −2.3

�0$��y7?�����-(.&0�_"% 
�3�+&�6��-�%&�B�&��09�S+*���:���%�R���0B�*
�7�1�� ?�J�]"%$'&w���Q�!*+���5��7%B��E��&#$��3"%$'&)(+*%,��a&��� 
�-$��'���������c���l�� 
��,5 ?�0$'6
���3,-�!&�$f�! ?���c,A�0�_7��y,-&�6�"%�0$��-(l2E���! � �)"��3$!��6��-�L�AM}~> 
�a$!�0�%����&0/

a
���0B�*
�7�*����3( � &0$g,3*+�!& � "?��$��06��-���3$g��� � zTM � ��,)M �	� 
 
i�"�g���[B����
�f2E�F�� #�� 
�>&��
�7�t*����3(��� " �����+S ��� �)S � �	�^S����-,�' M � B�&����a��&��[" &�B��0S+�! 
�R�06Z"%B��F��*%(
���]7��3 ?�A���RB���u��

Tab =
gagb√
s− zR

� ��,^M ��� 

~> 
� "q&�B��["q&��'������&����
���%(�,-&�*%"%B����%�_,-&������5�0�L�	�Q��&`�� 
�Z(+� � �3$��-�L�D,5 %�0�%�
�-B"��0$��[�������3� ���4~i�07%B��7� ��,)M ��S ��,)M ,)S ��,^M �`�0�%( ��,)M �%M � � �?�%(��!� �4"q&�B����3Sv�0B�B&0/ �� 
�-6 �0$��y7q&�*%�%(M���5�����7�-M}~> 
�
*%�%,��3$'���0���L�!���7�f���Z�� 
�a"q&�B���"q&��!�F����&����t/;&�$
PB

�0�%(
V B

��$��
&0/v�� 
�
&0$!(
�-$>&0/
100 � �ed#S%2E %��,5 j�$�]�K9^"%��,3�0BN���_ %�0(%$!&0�6Z&)(
�3B"�-M 	 BF�� %&0*%�� =�! 
�#"q&�B��D" &��'���!��&�����&0/}�� 
� �?$����Q�0�%(8�! %��$'( �'������� �0$��$!���� 
�-$X���5�07+B��0Si�� 
��*%�%,��-$'���0���L�����7�R/;&�$R�! 
�L���3,3&0�%(E�'�������Z��*%$'� &�*+�D��&=7��B��0$!���-$]7��3���+�Zz�*%�F���
*%���'�5��7%B���M

(I, S) α = −2.2 α = −2.3 α = −2.4�
Λ = 0.7

W �ed 
 �
Λ = 0.8

W �ed 
 �
Λ = 0.9

W �ed 

zR zR zR

(1/2, 0) 4291(4273) 4269(4236) 4240(4187)

(0,−1) 4247(4120) 4213(4023) 4170(3903)

4422(4394) 4403(4357) 4376(4308)

~i�07%B�� ��,)M � ��
v&�B��R"q&��!�F����&0� /;$!&�6
PB → PB

*��'���%� �� 
�R�K2f&l(%� � �-$��-���
G/;*%�+,-����&����>&0/ � zN�3M � ��,)M �$� 
f�0�%( � ��,)M �	� 
 Mg~> 
�R*%�%�F�	�E�0$��R��� � �ed#M



,-+ �
T � � �
	 � �

(I, S) α = −2.2 α = −2.3 α = −2.4�
Λ = 0.7

W �ed 
 �
Λ = 0.8

W �ed 
 �
Λ = 0.9

W �ed 

zR zR zR

(1/2, 0) 4438(4410) 4418(4372) 4391(4320)

(0,−1) 4399(4256) 4370(4155) 4330(4030)

4568(4532) 4550(4493) 4526(4441)

~i�07%B�����,)M , � 
i&�B��R"q&��'������&��_/;$!&�6
V B → V B

*��'���%� �� 
�Q�K2f&�(%� � �-$��-���
G/;*%�+,-����&����>&0/ � zN�3M � ��,)M �$� 
f�0�%( � ��,)M �	� 
 Mg~> 
�R*%�%�F�	�E�0$��R��� � �ed#M

(I, S) zR
�
� �ed 


ga

(1/2, 0) D̄Σc D̄Λ+
c

4269 2.85 0

(0,−1) D̄sΛ
+
c D̄Ξc D̄Ξ′

c

4213 1.37 3.25 0

4403 0 0 2.64

~i�07%B�����,^M � � 
i&�B��."q&��'������&����-S
zR

���%(X,-&�*%"%B����%� ,3&����'�5�������3S
ga
Sf/;&�$Z�! 
�

���5�����7�>/;$!&�6
PB → PB

M



� ��	 	����
N∗
cc̄

��� 

Λ∗
cc̄

	 ��� �����(� � ��� ��	�� ��� 

4 � ��� ,-+ �

(I, S) zR
�
� �ed 


ga

(1/2, 0) D̄∗Σc D̄∗Λ+
c

4418 2.75 0

(0,−1) D̄∗
sΛ

+
c D̄∗Ξc D̄∗Ξ′

c

4370 1.23 3.14 0

4550 0 0 2.53

~i�07%B�� ��,)M � � 
i&�B��c"q&��!�F����&��#�0�+([,3&�*%"+B����+�a,3&����'�5�������g/;&�$i�! 
�>7q&�*%�%(]���5�����7�/;$'&�6
V B → V B

M
� �Z~��07+B��7� ��,^M �+S ��,^M �
2���,3�0�V�����E�� ?���}�! 
�0�'�5�J���>2E���! %&�*+���'�!$��0�+���3�
�����,-&�*%"%B��7�`��&

D̄Σc(D̄Σc)
M ~> %�$�6���5�������$�.���

N∗ Sa2E 
�3$��3���.2��@���-�j�K2c&
Λ∗ ���8�� 
�#"����-*%(%&��',A�0B��0$y:E7?��$'9�&0����9��'���-6 ,3&0*%"%B����%�l�!&

D̄sΛc
S
D̄Ξc

�0�%(
D̄Ξ′

c

$��7�!"��3,b���F���3BF9 � &�$a2 �-B�B
D̄∗
sΛc

S
D̄∗Ξc

���%(
D̄∗Ξ′

c

$����!"��3,-�!�����3B�9 
 M#~> 
������'���07%��B����K9 &0/��! 
� ���-,3&��%( " &�B��x6l�A9 7���$��3B������-( 2E�F�� �� 
���0(%(%�F����&��?�0B,5 ?���%�
�3B
D̄sΛc

S �
D̄∗
cΛc

bM

m �Zn�� � � � � � � � � �
�Rp�� � � ���Jr���� ���
N ∗
cc̄

�Dp��
Λ∗
cc̄�	� �
��� �

� �H,3&����'��(
�-$4�� 
�H(
�-,A�A9 &0/Z�� 
�G"����-*%(%&��',A�0B��0$8:j7?�0$�9�&�� �0�%( ���-,-��&0$�:7?��$'9�&0� ���5�����7� ��&xB����� L� "����-*%(%&��',A�0B��0$#:�B����� L�[7%�0$'90&��X���%( B����� L�[���3,-�!&�$:ZB����� L�`7?�0$�9�&�� "?�0��$��3Sa���
�! %&�2E� ��� �i���%M���
)M�
)MP~> 
��"q&����!��7+B��4(
�-,A�A9,5 ?���%�
�3B$�
2E %��,5 x2 �[���0u�� ���L�!&.��,3,3&0*%�L����$��
πN

S
ηN

S
η′N

�0�+(
KΣ

/;&�$�! 
�
(isospin = 1/2, strangeness = 0)

���-,-��&0$3S��
ρN

S
ωN

���%(
K∗Σ

/;&�$�! 
�#���-,-��&0$�:K7%�0$'90&�����9��'���-6��
�0�+(��
K̄N

S
πΣ

S
ηΛ
S
η′Λ

�0�%(
KΞ

�y/;&�$��� 
�
(isospin = 0, strangeness = −1)

���3,b��&�$��
K̄∗N

S
ρΣ
S
ωΛ

S
φΛ

�0�%(
K∗Ξ/;&�$����3,b��&�$ :K7?��$'9�&0���bM[~> %�$�
�"�a�+&0�
�� 
� &��+B�9." &����!��7%��B����K9�M �?&�$y�! 
�#���-,-��&0$�:7?��$'9�&0�X���5�����7�3S0�0�%&0�! 
�3$N2c�A9Q�"�h��&E(
�-,A�A9Q���L�!&
"����3*+(%&��!,3�0BC��$�:K7%�0$'90&��D,5 %�0�):�
�-B"�
���?�0B�&0��&�*��'B�9j��& �� 
�#�K2c&�:e"����-*%(%&��',A�0B��0$Q(
�3,3�A946�&^(
�#&�/f�! 
�#���-,-��&0$�:




���� � ��� ��� � ��� �����	� � � ��

������� � N∗
cc̄

�����
Λ∗
cc̄

��� ��� � �

(a) (b)

P1 V1

B1 B2

V2P2

B1 B2

V*2 V*1 V*2

B3

P3 V3

B3

V*1

������*%$�� ��
^M 
��[~> 
� � �-9^�%6��0� (%���0��$���6Z�R&0/>"����3*%(+&��!,3�0BC�0$ :K7?��$'9�&0� � � �Q&�$���3,-�!&�$�:e7?�0$�9�&�� � 7��>���L���-$��0,b����&��j�^�����Z7 & �j(%���0��$���6.M
P1
S
P2
S
V1
S
V2
S
B1
S

B2
�0$��Q�� 
�X�!�06��Q"?��$'����,3B��7�>�� ?���=��� �����%M ��
^M ��M

P3
S
V3
�0�+(

B3
��$��QB����� L�"?��$'����,3B��7�g7��3B�&��%�����%�y��&
�! 
� U+V � � �g&),b���-�t&�/ "����3*%(+&��!,3�0BC�0$t6��7�'&����3SL���3,-�!&�$6��7�'&����
�0�%(
�'���07%B��
7?�0$'90&����-Sq$��7�'" �-,-���F���-B�9�Sq�0�+(

V ∗
1

S
V ∗

2

�0$��
D∗ &�$ D∗

s

M

���3,-�!&�$L���5�����7�M�'�!*%(%���3( ��� �� 
���c %�0"+���-$ �+M O �-���-$'�! 
�3B��7���-S��! 
�87q& �X(%� :�0�0$��06'�[2E��B�Bc,3&��L�5����� �! 
�="+$!&^,��7���
D̄∗B → D̄B

���%(X�F�Z2c���Z/;&�*%�%( ���
�c ?��"+���-$����� ?�J�y�� 
�#7 & �8(%�C�0�0$��06k���%,3B�*%(%���+�

(D̄∗D̄∗ → D̄D)
�"�
�Z���3$�9

�'6l�0B�B�,-&��L��$!��7%*+�!��&�� �'���%,�� �! 
� "% ?�����O�!"?�0,��l�A���0��BC�07%B����$�,�!6��0B�B M � ���!��(
�7��! ?���ASw�� 
�7���
V B

7 & �D(%���0��$���6Z�N2E��B�B�,-&��L�5�0��� �-���� 
�3$i�0�#�0�+&�6l��B�&�*��N���3$���� � Sd�d�� � ���3,b��&�$�� �),5 ?�0�+��� � S]&�$Z� ����� ���-$'����� � "����3*%(%&��!,A��BC�0$�� �),5 ?�0�+��� ��! ?���#6��0u �7���! 
�7��� ���3$'6Z�R��&47��V�'6l�0B�B��-$3M���B����3$!�%�����F���3BF9�Sg&0�
� ,A���  ?�A����! 
�."����3*+(%&��!,3�0BC��$�:K7%�0$'90&�� �'��������� (
�-,A�A9^���%� ��&����3,b��&�$ :K7?�0$�9�&�� ,5 %�0�%�
�-B"�7%*)�#�� 
�����_(%���0��$!�06Z�Q2E��B�Bt,3&��L�5�����\�0B$�!&=d�d���&�$ ����� ���3$'�!��,��7�[B��3�0(%���%��!&�� 6Z���%&�$c,3&��L��$'��7%*)����&0�NM � �R�����!*%6��
�� ?�J�
P3
S
V3
�0�+(

B3
�0$��R&0�): �' 
�3B�B�0�+(4�
�3��B��3,b�
�� 
���! %$����#:E6�&06��-���!*%6 &0/t�� 
�[���%���!�C�0Bs�0�+(� %�?�0B�"%�0$'�!��,3B��7�-M~> 
�-�NS1*��!���%��!}zqM � ��
)M ��� Sg�� 
� �!$��0���'���!��&�� "q&0���3�L�����0Bc&0/
�� 
�7���_(+�C�0��$!�06'�



� ��� � ���
N∗
cc̄

��� �
Λ∗
cc̄

� ��� ����� � � ��� ��� � � � � 4 � ��� 
����

,3�0�`7 �
2E$!�F�!���3�j�����
Vacb(P1B1→P3B3→P2B2) =

CacCcbM
4
V ∗

16f 4
G(P3,B3)

(
√
s+MB3)

2 −M2
P3

4
√
sMB3

×
−2EP1 +

(MB3
−MB1

)(M2
P1

+M2
V ∗
1
−M2

P3
)

M2
V ∗
1

M2
P1

+M2
P3

− 2EP3EP1 −M2
V ∗
1

×
−2EP2 +

(MB3
−MB2

)(M2
P2

+M2
V ∗
2
−M2

P3
)

M2
V ∗
2

M2
P2

+M2
P3

− 2EP3EP2 −M2
V ∗
2

,

� ��
^M ��� �
�0�+(l�� 
�,�!�06��y/;&�$f���3,b��&�$����S����� �����+M ��
)M�
)M �;7�� �f,5 %�0�%�����%�

EP1

S
EP2

S
EP37L9

EV1

S
EV2

S
EV3

�0�%(
MP1

S
MP2

S
MP3

7L9
MV1

S
MV2

S
MV3

SL$����!"��3,-�!�����3B�90M
� �3$��

c
�'�5���%(���/;&0$y�Z(%� � �3$��3�L�y�0$!&�*%".&0/

P3(V3)B3
M
~> 
�3�NSq�� 
�Ru��-$!�
�-B

V��� �� 
��� �b�� 
� U �0B�" �b���3$ �-z�*?������&��NS !}zTM � �+M�
 
 � S%7��3,3&06����
�+&w2��
Vab(P1B1→P2B2) =

Cab
4f 2

(EP1 + EP2) +
∑

c

Vacb,
� ��
^M 
�� �

�0�+( �'��6Z��BC��$!B�9x/;&�$[�! 
�
V B
��9��'���-6.M � � !}zTM � ��
)M ��� �D2��= %�����./ �0,b��&�$ :�����3( �! 
� �K2f&

P1B1 → P3B3
�0�%(

P3B3 → P2B2
�!$��0���!���!��&�� ��6�"%B��F:�!*%(
�7�y&�*+�	�'��(
�D�� 
�#B�&)&0"=���L���3��$!�0Bi7L9j�5�0u����%�l�� 
�3��$
���0B�*
����2E 
�-�4�� 
�5��9���:���36

P3B3
�"�]���-�Z&��):=�! 
�-B�B{M�~> %�"� �$� �x�0&)&^(H�0"%"%$'& �+��6l�J����&0�NS � �+�0,b� /;&�$�! 
�[��6��0�����?�0$'9j"?��$'�Q&0/1�� 
�[(+�C�0��$!�06jS 2E %��,5 �"���� 
� 6��0���4,-&��L��$!��7%*+�!��&��NS

�'���%,��.2��x�0$��.���L���-$��7�����-( ���X�� 
�.2E��()�� &0/
�! 
�8$����!&��%�0�%,����`�0�%( �F�l2c���/;&�*+�%(.���j�! 
�Q/;&�$!6��3$ �c ?�0")���3$��
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� �� � �� I[JP (C)]

� � � � � �

Γ[MeV]

� � � �	� � � � � � � �

Γ[MeV] I[JP (C)]

ρρ (0, 0) 1532 212 f0(1370) 1200

� � 1500 200

� � 500 0[0++]

ρρ (0, 2) 1275 100 f2(1270) 1275.1 ± 1.2 185.1+2.9
−2.4 0[2++]

�

C = 1;S = 0

�

(1/2, 0) 2602 61

�

D∗
0(2600)

�

�

C = 1;S = 0

�

(1/2, 1) 2620 4 D∗(2640) 2637 ± 6 < 15 1/2[??]

�

C = 1;S = 0

�

(1/2, 2) 2465 40 D∗(2460) 2464.4 ± 1.9 37 ± 6 1/2[2+]

�

C = 0;S = 0

�

0+[0++] 3943 17 Y (3940) 3943 ± 17 87 ± 34 0[JP+]

3914.3+4.1
−3.8 33+12

−8�

C = 0;S = 0

�

0−[1+−] 3945 0

�

Yp(3945)

�

�

C = 0;S = 0

�

0+[2++] 3922 55 Z(3930) 3929 ± 5 29 ± 10 0[2++]

�

C = 0;S = 0

�

0+[2++] 4157 102 X(4160) 4156 ± 29 139+113
−65 0[JP+]

�

C = 0;S = 0

�

1−[2++] 3912 120

�

Yp(3912)

�

�

C = 1;S = −1

�

0[0+] 2848 25

0[1+] 2839 3

0[2+] 2733 22

�

C = 1;S = 1

�

0[0+] 2683 44

0[1+] 2707 4 × 10−3

0[2+] 2572 18 Ds2(2573) 2572.6 ± 0.9 20 ± 5 0[2+]

1[2+] 2786 9

�

C = 2;S = 0

�

0[1+] 3969 0

�

C = 2;S = 1

�

1/2[1+] 4101 0
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R → Pγ� � � � ��� ��� �

~> %��� �0"+" �-�%(%� � �! +&w2�� �! ��=/ �0,b��&�$��
FI
S

F′
I
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��� !}zTM
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 �

V1 V2 Pl Vf Pf
� �

λ gI FI Γi(KeV)

K∗0 ρ+ π− ω K+ −1
√

2 1
3
√

2
−
√

2
3

1
3
√

3
6.05

K∗+ ρ0 π0 ω K+ − 1√
2

√
2 1

3
√

2
− 1√

3
1

6
√

3

ρ0 K∗+ K− ρ0 K+ 1√
2

1√
2

1√
2

− 1√
3

− 1
4
√

3
5.05

ω 1√
2

1
3
√

2
− 1

12
√

3

φ 1 −1
3

1
6
√

3

ρ+ K∗0 K̄0 ρ0 K+ 1 − 1√
2

1√
2

−
√

2
3

1
2
√

3

ω 1√
2

1
3
√

2
− 1

6
√

3

φ 1 −1
3

1
3
√

3

K∗+ ρ0 η ρ0 K+ − 2√
3

2√
3

1√
2

− 1√
3

2
3
√

3
6.78

η′ 1√
6

√
2
3

1√
2

− 1√
3

− 1
6
√

3
0.24

~i�07%B�� ��M ���
K∗+ (��3,3��98(%�C�0�0$��06������L��&�BF�)���%�l�! ��
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V1 V2 Pl Vf Pf
� �

λ gI FI Γi(KeV)

K∗+ ω π0 ρ0 K+ − 1√
2

√
2 1√

2
1 −1

2
0.77

ω K∗+ K− ρ0 K+ 1√
2

1√
2

1√
2

1 1
4

0.07

ω 1√
2

1
3
√

2
1
12

φ 1 −1
3

−1
6

K∗+ ω η ω K+ − 2√
3

2√
3

1
3
√

2
1 −2

9
9.5 × 10−2

φ 0

η′ ω 1√
6

√
2
3

1
3
√

2
1 1

18
3.2 × 10−3

φ 0

φ K∗+ K− ρ0 K+ −1 1√
2

1√
2

1 − 1
2
√

2
8.4 × 10−2

ω 1√
2

1
3
√

2
− 1

6
√

2

φ 1 −1
3

1
3
√

2

K∗+ φ η ω K+ 0 0.17

φ − 2√
3

− 2√
3

−1
3

1 −2
√

2
9

η′ ω 0 2.6 × 10−2

φ 1√
6

2
√

2
3

−1
3

1 −
√

2
9

~i�07%B�����M�
��
K∗+ (��3,3�A9#(%���0��$���6��v���L��&0B��^���%�
�� �� ωK∗ �0�%( φK∗ ,5 %�0�%���-B���0�+(`�! ��
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 �

V1 V2 Pl Vf Pf
� �

λ gI FI Γi(KeV)

K∗0 ρ0 π0 ω K0 1√
2

√
2 1

3
√

2
1√
3

1
6
√

3
6.05

K∗+ ρ− π+ ω K0 −1
√

2 1
3
√

2
−
√

2
3

1
3
√

3

ρ− K∗+ K− ρ0 K0 1 1√
2

1√
2

−
√

2
3

− 1
2
√

3
0

ω 1√
2

1
3
√

2
− 1

6
√

3

φ 1 −1
3

1
3
√

3

ρ0 K∗0 K̄0 ρ0 K0 − 1√
2

− 1√
2

1√
2

1√
3

1
4
√

3

ω 1√
2

1
3
√

2
− 1

12
√

3

φ 1 −1
3

1
6
√

3

K∗0 ρ0 η ρ0 K0 − 2√
3

2√
3

1√
2

1√
3

− 2
3
√

3
6.78

η′ 1√
6

√
2
3

1√
2

1√
3

1
6
√

3
0.24
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V1 V2 Pl Vf Pf
� �

λ gI FI Γi(KeV)

K∗0 ω π0 ρ0 K0 1√
2

√
2 1√

2
1 1

2
0.77

ω K∗0 K̄0 ρ0 K0 1√
2

− 1√
2

1√
2

1 −1
4

0.28

ω 1√
2

1
3
√

2
1
12

φ 1 −1
3

−1
6

K∗0 ω η ω K0 − 2√
3

2√
3

1
3
√

2
1 −2

9
9.5 × 10−2

φ 0

η′ ω 1√
6

√
2
3

1
3
√

2
1 1

18
3.4 × 10−3

φ 0

φ K∗0 K̄0 ρ0 K0 −1 − 1√
2

1√
2

1 1
2
√

2
0.34

ω 1√
2

1
3
√

2
− 1

6
√

2

φ 1 −1
3

1
3
√

2

K∗0 φ η ω K0 0 0.17

φ − 2√
3

− 2√
3

−1
3

1 −2
√

2
9

η′ ω 0 2.6 × 10−2

φ 1√
6

2
√

2
3

−1
3

1 −
√

2
9

~i�07%B�����M �	�
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� 
��

V1 V2 Vf Vl Pf
� �

λ gI F′
I Γi(KeV)

K∗0 ρ+ ρ0 ρ− K+
√

2 1 1√
2

−
√

2
3

1√
3

12.8

ρ0 K∗+ ρ0 K∗− K+ 1√
2

1√
2

1√
2

− 1√
3

1
4
√

3
2.31

ω 1√
2

1
3
√

2
1

12
√

3

φ −1 −1
3

1
6
√

3

ω K∗+ ρ0 K∗− K+ 1√
2

1√
2

1√
2

1 −1
4

0.29

ω 1√
2

1
3
√

2
− 1

12

φ −1 −1
3

−1
6

φ K∗+ ρ0 K∗− K+ 1√
2

1 1√
2

1 − 1
2
√

2
0.56

ω 1√
2

1
3
√

2
− 1

6
√

2

φ −1 −1
3

− 1
3
√

2

~i�07%B�� ��M ���
K∗+ (��3,3��9 (%�C�0�0$��06��l�����0&�B��^���%� �� ��

3V
�
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�Q�
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V1 V2 Vf Vl Pf
� �

λ gI F′
I Γi(KeV)

K∗+ ρ− ρ0 ρ+ K0 −
√

2 1 1√
2

−
√

2
3

− 1√
3

12.8

ρ− K∗+ ρ0 K∗− K0 1√
2

1 1√
2

−
√

2
3

1
2
√

3

�+M�
��
ω 1√

2
1

3
√

2
1

6
√

3

φ −1 −1
3

1
3
√

3

~i�07%B�� ��M ���
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��

V1 V2 Pl Vf Pf
� �

λ gI FI Γi(KeV)

K̄∗0 K∗+ K+ ρ0 π+ −1 1√
2

1√
2

1 − 1
2
√

2
1.55

ω 1√
2

1
3
√

2
− 1

6
√

2

φ 1 −1
3

1
3
√

2

K∗+ K̄∗0 K0 ρ0 π+ 1 − 1√
2

1√
2

1 − 1
2
√

2
6.2

ω 1√
2

1
3
√

2
1

6
√

2

φ 1 −1
3

− 1
3
√

2

ρ+ ω π0 ρ0 π+ −
√

2
√

2 1√
2

−1 1 18.8

~i�07%B����DM � �
a+ (��-,A�A9`(%�C����$��06��]�����0&�B��^���%�#�� ��

PPV
�
�3$���� � M

V1 V2 Vf Vl Pf
� �

λ gI F′
I Γi(KeV)

K̄∗0 K∗+ ρ0 K∗+ π+ 1√
2

1 1√
2

1 − 1
2
√

2
8.9

ω 1√
2

1
3
√

2
− 1

6
√

2

φ −1 −1
3

− 1
3
√

2

ω ρ+ ρ0 ρ+ π+
√

2
√

2 1√
2

−1 1 8.6
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Appendix B
V V → V V

� � � � ��� ��� � � �
�
�����

� � ��� �
	
C = 0;S = 0

~> %���t�0"%"%�3�%(+� � �! %&�2��t�� ��E�06Z"%B�����*+(���� �
V V → V V
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�c&��L�5�0,b� d
: � �+,5 %�0�%�
�
∼
~v&0�5�0B

[I[JP ]]

D∗D̄∗ → D∗D̄∗ 6 g2
D

g2D (2M2
ωM

2
ρ+M2

J/ψ
(3M2

ω+M2
ρ ))(4M2

D∗−3s)

4M2
J/ψ

M2
ωM

2
ρ

−49.1 g2
D

D∗D̄∗ → D∗
sD̄

∗
s 2

√
2 gDgDs

gDgDs(2M
2
D∗+2M2

D∗
s
−3s)

√
2M2

K∗
−25.1 gDgDs

D∗D̄∗ → K∗K̄∗ −2 ggD −ggD(2M2
D∗+2M2

K∗−3s)

2M2
D∗
s

2.3 ggD

D∗D̄∗ → ρρ −2
√

3 ggD −
√

3ggD(2M2
D∗+2M2

ρ−3s)

2M2
D∗
s

4.9 ggD

D∗D̄∗ → ωω 2 ggD
ggD(2M2

D∗+2M2
ω−3s)

2M2
D∗

−2.8 ggD

D∗D̄∗ → φφ 0 0 0

D∗D̄∗ → J/ψJ/ψ 4 gDgηc
gDgηc(2M

2
D∗+2M2

J/ψ
−3s)

M2
D∗

−1.2 gDgηc

D∗D̄∗ → ωJ/ψ −4 ggD −ggD(2M2
D∗+M2

J/ψ
+M2

ω−3s)

M2
D∗

3.5 ggD

D∗D̄∗ → φJ/ψ 0 0 0

D∗D̄∗ → ωφ 0 0 0

D∗
sD̄

∗
s → D∗

sD̄
∗
s 4 g2

Ds

g2Ds(M
2
J/ψ

+M2
φ)(4M2

D∗
s
−3s)

2M2
J/ψ

M2
φ

−12.3 g2
Ds

D∗
sD̄

∗
s → K∗K̄∗ −2

√
2 ggDs −ggDs(2M

2
D∗
s
+2M2

K∗−3s)
√

2M2
D∗

3.8 ggDs

D∗
sD̄

∗
s → ρρ 0 0 0

D∗
sD̄

∗
s → ωω 0 0 0

D∗
sD̄

∗
s → φφ 2

√
2 ggDs

ggDs(2M
2
D∗
s
+2M2

φ−3s)
√

2M2
D∗
s

−3 ggDs

D∗
sD̄

∗
s → J/ψJ/ψ 2

√
2 gDsgηc

gDsgηc(2M
2
D∗
s
+2M2

J/ψ
−3s)

√
2M2

D∗
s

−0.4 gDsgηc

D∗
sD̄

∗
s → ωJ/ψ 0 0 0

D∗
sD̄

∗
s → φJ/ψ −4 ggDs −ggDs(2M

2
D∗
s
+M2

J/ψ
+M2

φ−3s)

M2
D∗
s

2.5 ggDs

D∗
sD̄

∗
s → ωφ 0 0 0
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I = 0

�0�%(
J = 0
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�
∼
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[I[JP ]]

D∗D̄∗ → D∗D̄∗ 9 g2
D

g2D (2M2
ωM

2
ρ+M2

J/ψ
(3M2

ω+M2
ρ ))(4M2

D∗−3s)

4M2
J/ψ

M2
ωM

2
ρ

−46.1 g2
D

D∗D̄∗ → D∗
sD̄

∗
s 3

√
2 gDgDs

gDgDs(2M
2
D∗+2M2

D∗
s
−3s)

√
2M2

K∗
−23.7 gDgDs

D∗D̄∗ → K∗K̄∗ 3 ggD
ggD(2M2

D∗+2M2
K∗−3s)

2M2
D∗
s

−1.3 ggD

D∗D̄∗ → ρρ 0 0 0

D∗D̄∗ → ωω 0 0 0

D∗D̄∗ → φφ 0 0 0

D∗D̄∗ → J/ψJ/ψ 0 0 0

D∗D̄∗ → ωJ/ψ 0 0 0

D∗D̄∗ → φJ/ψ 0 0 0

D∗D̄∗ → ωφ 0 0 0

D∗
sD̄

∗
s → D∗

sD̄
∗
s 6 g2

Ds

g2Ds(M
2
J/ψ

+M2
φ)(4M2

D∗
s
−3s)

2M2
J/ψ

M2
φ

−10.3 g2
Ds

D∗
sD̄

∗
s → K∗K̄∗ −3

√
2 ggDs −ggDs(2M
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(4169,+i66) 0+ (2++) X(4160) 0.4 0.8 0.7
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sD̄

∗ → D∗
sD̄

∗ 2g2 −g2(p1+p3).(p2+p4)
m2
J/ψ

0.23g2

0 D∗
sD̄

∗ → J/ψK∗ −4g2 g2(p1+p4).(p2+p3)
m2
D∗

+ g2(p1+p3).(p2+p4)
m2
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3.6g2

0 J/ψK∗ → J/ψK∗ 0 0 0

1 D∗
sD̄

∗ → D∗
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m2
J/ψ
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ρ
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ρ

+ 1
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ω
)(p1 + p3).(p2 + p4) −19.8g2

0 D∗K∗ → D∗
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+ g2(p1+p3).(p2+p4)
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K∗

6.8g2
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√
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√
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2 D∗K∗ → D∗
sω 2g2 g2(p1+p4).(p2+p3)

m2
D∗
s

+ g2(p1+p3).(p2+p4)
m2
K∗

12.8g2

2 D∗K∗ → D∗
sφ −

√
2g2 −

√
2g2(p1+p3).(p2+p4)

m2
K∗

−13.5g2

2 D∗
sω → D∗

sω 0 0 0

2 D∗
sω → D∗

sφ 0 0 0

2 D∗
sφ→ D∗

sφ g2 g2(p1+p4).(p2+p3)
m2
D∗
s

3.2g2

~��07+B�����M �	� �y6Z"%B��F��*%(����c/;&�$
C = 1

S
S = 1

�0�%(
I = 0

M



�����

J � �,���(�(14�
��� � ��
�1 ����1 � * ���-��� �"
�3 �
∼ � ��1 �"�

0 D∗K∗ → D∗K∗ 0 g2

2 ( 1
m2
ρ
− 1

m2
ω
)(p1 + p3).(p2 + p4) 0.11g2

0 D∗K∗ → D∗
sρ 4g2 −g2(p1+p4)(p2+p3)

m2
D∗

− g2(p1+p3).(p2+p4)
m2
K∗

−6.8g2

0 D∗
sρ→ D∗

sρ 0 0 0

1 D∗K∗ → D∗K∗ 0 g2

2 ( 1
m2
ρ
− 1

m2
ω
)(p1 + p3).(p2 + p4) 0.11g2

1 D∗K∗ → D∗
sρ 0 g2(p1+p4)(p2+p3)

m2
D∗

− g2(p1+p3).(p2+p4)
m2
K∗

−6.6g2

1 D∗
sρ→ D∗

sρ 0 0 0

2 D∗K∗ → D∗K∗ 0 g2

2 ( 1
m2
ρ
− 1

m2
ω
)(p1 + p3).(p2 + p4) 0.11g2

2 D∗K∗ → D∗
sρ −2g2 −g2(p1+p4)(p2+p3)

m2
D∗

− g2(p1+p3).(p2+p4)
m2
K∗

−12.8g2

2 D∗
sρ→ D∗

sρ 0 0 0

~��07+B�����M ��� �y6Z"%B��F��*%(����c/;&�$
C = 1

S
S = 1

�0�%(
I = 1

M
J � �,���(�(14�
��� � ��
 1 ����1 � * ������� �"
�3 �

∼ � ��1 �"�

0 D∗
sK

∗ → D∗
sK

∗ −4g2 g2(p1+p4)(p2+p3)
m2
D∗

+ g2(p1+p3).(p2+p4)
m2
φ

5.5g2

1 D∗
sK

∗ → D∗
sK

∗ 0 −g2(p1+p4)(p2+p3)
m2
D∗

+ g2(p1+p3).(p2+p4)
m2
φ

5.0g2

2 D∗
sK

∗ → D∗
sK

∗ 2g2 g2(p1+p4)(p2+p3)
m2
D∗

+ g2(p1+p3).(p2+p4)
m2
φ

11.5g2

~i�07%B�����M ��� �y6Z"%B��F��*%(��	�c/;&�$
C = 1

S
S = 2

�0�%(
I = 1/2

M
J � �,���(�(14�
��� � ��
�1 ����1 � * ������� �"
�3 �

∼ � ��1 �"�

0 D∗D∗ → D∗D∗ 0 0 0

1 D∗D∗ → D∗D∗ 0 1
4
g2( 2

m2
J/ψ

+ 1

m2
ω
− 3

m2
ρ
){(p1+p4).(p2+p3) −25.4g2

+(p1+p3).(p2+p4)}

2 D∗D∗ → D∗D∗ 0 0 0
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� ��� � � ��� 	 � � � � �
	 � ���

D∗K∗ 
 D∗
sφ�

� � D∗K̄∗ ��� �
� �

� � �

� n3m
D∗K∗ → D∗K∗

� ���' %&�2 �! ��8"q&0���-�L���C��BE/;&0$Z�! ��
D∗K∗ → D∗K∗ 7q& � (%�C�0�0$��06 2E�F�� 

m1 = π
S
m2 = D

S
m3 = π

�0�+(
m4 = K

M

VD∗K∗(s) =
g4

15π2

∫ qmax

0

dq
q6

ω3ωKωD

1

(−k0
3 + ω + ωD − iε)2

× 1

(−k0
4 + ω + ωK − iε)2
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(k0
3 + ω + ωD)2

1

(
√
s+ ωD + ωK)

× 1

(−√
s+ ωD + ωK − iε)
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(k0
4 + ω + ωK)2

× P (s) ,
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P (s) = −2(2k0

3

√
s(ω + ωD)ωK(4ω4 − s(4ω2 + 3ωωD + ω2
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+4ω3(ωD + 2ωK))

+2(k0
3)

3
√
sωK(−4ω3 − ωD(−s + (ωD + ωK)2))

+(k0
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4(2ω3(ωD + ωK) + ωDωK(−s + (ωD + ωK)2))

−(k0
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2
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−2s(ω2
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+12ωDω
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√
s
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√
s
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V I=0,J=0
D∗K∗ (s) =

9

4
5VD∗K∗(s)

V I=0,J=2
D∗K∗ (s) =

9

4
2VD∗K∗(s)

V I=1,J=0
D∗K∗ (s) =

1

4
5VD∗K∗(s)

V I=1,J=2
D∗K∗ (s) =

1

4
2VD∗K∗(s) .
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√
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√
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√
s)ω((k0

3)
3
√
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√
sωK + (k0
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√
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K))
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√
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√
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m1 = π
S
m2 = D

S
m3 = π
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m4 = K̄
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V I=0,J=0
D∗K̄∗ (s) =

9

4
5VD∗K∗(s)

V I=0,J=2

D∗K̄∗ (s) =
9

4
2VD∗K∗(s)

V I=1,J=0

D∗K̄∗ (s) =
1

4
5VD∗K∗(s)

V I=1,J=2

D∗K̄∗ (s) =
1
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