
mNCq3acC0�03 03 bÀR T�nIR
BNcjCjnjR 03 7ŝcC,�

2cjn0�N0R R cCcj3L� KDD̄∗ ,RL j3RaC�c 03
,�LURc 383jCq�c

#a3N0� #3ajRjjR K�I�$�a$�

QaC3Nj�0Ra- TaR8Y /aY �I$3ajR K�ajŝN3y iRaa3c

/Ccc3aj�ÓÀR 03 L3cja�0R �Ua3c3Nj�0� �R BNcjCjnjR 03
7ŝcC,� 0� mNCq3acC0�03 03 bÀR T�nIR. ,RLR a3\nCcCjR
U�a,C�I U�a� � R$j3NÓÀR 0R jŝjnIR 03 K3cja3 3L +CćNA
,C�cY

#�N,� 2u�LCN�0Ra�-
TaR8Y /aY �I$3ajR K�ajŝN3y iRaa3c A B7AmbT
TaR8Y /aY �I$3ajR +Raa3� 0Rc `3Cc A +#T7
TaR8Y /aY /CR<R `R0aC<n3c #RCjR A B7b+

bÀR T�nIR
lzlz



l

7B+?� +�i�HQ;`�7B+�
Ta3U�a�0� U3IR b3aqCÓR 03 #C$ICRj3,� 3 BN8RaL�ÓÀR
0R BNcjCjnjR 03 7ŝcC,� 0� mNCq3acC0�03 03 bÀR T�nIR

K�I�$�a$�. #a3N0� #3ajRjjR

2cjn0�N0R R bCcj3L� KDD̄∗ ,RL i3RaC�c 03 +�LURc 283jCq�c
g bjn0wCN< j@3 KDD̄∗ bwcj3L sCj@ 2{3,jCq3 7C3I0 i@3RaC3c Y bÀR
T�nIR. lzlzY

/Ccc3aj�ÓÀR VK3cja�0RW Ģ mNCq3acC0�03 03 bÀR T�nIRY BNcjCA
jnjR 03 7ŝcC,�Y /3UjRY 03 7ŝcC,� Mn,I3�aY

QaC3Nj�0Ra- TaR8Y /aY �I$3ajR K�ajŝN3y iRaa3cY
�a3� 03 +RN,3Nja�ÓÀR- 7ŝcC,� ?�0aǃNC,�Y

mNCj3aLRc- SY ?�0aRNcd lY 7ŝcC,� 03 U�ajŝ,nI�cd kY 7ŝcC,�
i3ƽaC,�Y

mbTgB7gb#BAzkfglzlz





mNCq3acCjw R8 bÀR T�nIR
T@wcC,c BNcjCjnj3

bjn0wCN< j@3 KDD̄∗ cwcj3L sCj@ 3{3,jCq3 ~3I0
j@3RaC3c

#a3N0� #3ajRjjR K�I�$�a$�

bnU3aqCcRa- TaR8Y /aY �I$3ajR K�ajŝN3y iRaa3c

/Ccc3aj�jCRN cn$LCjj30 jR j@3 T@wcC,c BNcjCjnj3 R8 j@3
mNCq3acCjw R8 bÀR T�nIR CN U�ajC�I 8nI~IIL3Nj R8 j@3 a3A
\nCa3L3Njc 8Ra j@3 03<a33 R8 K�cj3a R8 b,C3N,3Y

2u�LCNCN< +RLLCjj33-
TaR8Y /aY �I$3ajR K�ajŝN3y iRaa3c A B7AmbT
TaR8Y /aY �I$3ajR +Raa3� 0Rc `3Cc A +#T7
TaR8Y /aY /CR<R `R0aC<n3c #RCjR A B7b+

bÀR T�nIR
lzlz
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;Rcj�aC� 03 �<a�03,3a UaCL3Ca�L3Nj3 �R L3n RaC3Nj�0Ra �I$3ajR K�ajŝN3y iRaa3c ,RL
\n3L jCq3 � cRaj3 03 ,any�a L3n ,�LCN@R 3 �CN0� L�Cc cRaj3 03 j3a cC0R �,3Cj� ,RLR RaCA
3Nj�N0� c3L \n3 3cj3 jCq3cc3 N3N@nL ,RN@3,CL3NjR UaāqCR cR$a3 LCL ,RLR �InN� 3
8ŝcC,�Y ;Rcj�aC� 03 �<a�03,3a � 3I3 3 j�L$āL � cn� 3cURc� F�N,@�N URa jR0R ,RN@3,A
CL3NjR \n3 3cj3c L3 U�cc�a�L 3 L�Cc \n3 jn0R U3IR �URCR CN,RN0C,CRN�I \n3 c3LUa3
R83a3,3a�L N� 8ŝcC,� 3 N� qC0�Y

TRa L�Cc ,RaaC0R \n3 j3N@� cC0R R L3cja�0R �I<nL�c U3ccR�c ~y3a�L \n3 3cc3
j3LUR U�cc�cc3 03 8RaL� L�Cc ja�N\nCI� 3 0Cq3ajC0�. URa CccR <Rcj�aC� 03 �<a�03,3a �Rc
�LC<Rc \n3 ~y �\nC. 3L 3cU3,C�I �R �aC. b�Ln3I. i�ŝc. �N� +�LCI� 3 �R ;CnICR ?�ICccRN
URa jR0Rc Rc ,@�8āc 0� j�a03gL�N@ÀgNRCj3 3 jR0R ,RN@3,CL3NjR �$cRInj�L3Nj3 CNɡjCI
,RLU�ajCI@�0R N3cj3cd ¨ Hŝ<C� ia�0 3 �R `C,�a0R `CyyR URa c3a3L � L3I@Ra 8�LCIŝ� 0�
0�NÓ� \n3 3n UR03aC� \n3a3aY

�Rc L3nc ,RLU�N@3CaRc 03 a3Uɡ$IC,� /C0C. M�CLyCN. HnInyCN. tnun 3 `�8� U3I�c
0Cc,nccǽ3c jRj�IL3Nj3 a3I3q�Nj3c cR$a3 a3UjCIC�NRc. U3I�c E�Nj�c V,RL Rn c3L E�,� 3NA
qRIqC0�W 3 UaCN,CU�IL3Nj3 U3I�c NRCj3c 3L ,I�aR $3$3N0R VU3I�c L�N@Àc 3 j�a03c j�LA
$āLWY

i�L$āL Ua3,CcR �<a�03,3a �Rc L3nc �LC<Rc \n3 URa L�Cc 0Ccj�Nj3c 8ŝcC,�L3Nj3
\n3 3cj3E�L c3LUa3 3cjCq3a�L �R L3n I�0R. © LCN@� CaLÀ 03 �IL� +wNj@C� #RajRIRjjR
URa L3 �URC�a 3L �$cRInj�L3Nj3 jn0R. c3LUa3 3 �R KC<n3I `�jCc URa c3a. URccCq3IA
L3Nj3. � L3I@Ra U3ccR� \n3 ,RN@3ÓRY

+3aj�L3Nj3 cRn <a�j� � LCN@� 8�LŝIC� URa L3 �URC�a3L 3 ,RN~�a3L N�c LCN@�c
3c,RI@�c c3LUa3. L3cLR c3L 3Nj3N03a3L L3nc LRjCqRcY

9
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Q Ua3c3Nj3 ja�$�I@R 8RC a3�ICy�0R ,RL �URCR 0R +RNc3I@R M�,CRN�I 03 /3c3NqRIqCA
L3NjR +C3Njŝ~,R 3 i3,NRIƽ<C,R V+MT\W





_2bmKQ

2Nj3N03a � N�jna3y� 0Rc 3cj�0Rc @�0aRNC,Rc ā nL 0Rc UaR$I3L�c L�Cc 03c�~�0Ra3c
N� 8aRNj3Ca� 0� 8ŝcC,� @�0aRNC,�Y MRc ɡIjCLRc �NRc. 3c8RaÓRc 3uU3aCL3Nj�Cc 3 j3ƽaC,Rc
q3L 8R,�N0R 3cU3,C�IL3Nj3 3L 3cj�0Rc @�0aRNC,Rc NÀRAja�0C,CRN�Cc. \n3 NÀR UR03L
c3a 3uUIC,�0Rc ,RLR 3cj�0Rc 0R jCUR qq̄ Rn qqqY � 03cU3CjR 03 jR0R 3c8RaÓR 3LUa3<�0R.
�CN0� 3uCcj3 nL� q�cj� a3<CÀR 03 3N3a<C� CN3uUIRa�0� 3 cCcj3L�c ,nERc 3cj�0Rc ,RL
,RNj3ɡ0R 03 \n�aGc NÀR ,RNq3N,CRN�I UR03L c3a 3N,RNja�0Rc. 3cU3,C�IL3Nj3 � 3N3aA
<C�c 03 :∼ 9 ;3pY 2cj� ā Ua3,Cc�L3Nj3 � a3<CÀR 03 3N3a<C�c RN03 0�0Rc q3L c3N0R
R$jC0Rc 3L 3uU3aCL3NjRc �R a30Ra 0R LnN0R 3 j�L$āL ā � a3<CÀR 3L \n3 0Cq3acRc
NRqRc I�$Ra�jƽaCRc 3cjÀR Ua3qCcjRc U�a� ja�$�I@�a NnL 8njnaR UaƽuCLRY

2cj� 0Ccc3aj�ÓÀR j3L ,RLR UaRUƽcCjR 3uUIRa�a �c UaRUaC30�03c 03 @�0aRNc 3uƽjCA
,Rc ,RL L�cc�c N� a3<CÀR 03 3N3a<C� L3,CRN�0� �,CL�Y T�ajC,nI�aL3Nj3. 3cj�0Rc
@�0aRNC,Rc \n3 �Ua3c3Nj3L nL� N�jna3y� 03 jaćc ,RaURc ,RL 3cja�N@3y� 0C83a3Nj3 03
y3aR 3 ,RL ,@�aL3 3c,RN0C0R V@C003N ,@�aLWY +RLR c3a� qCcjR N3cj� 0Ccc3aj�ÓÀR. nL
3cj�0R ,RL I(JP) = 1/2(1−) K∗ ,RL L�cc� 3L jRaNR 03 :kzz K3p. 3 I�a<na� 03 S4
K3p. ā R$jC0R 0� 0CN�LC,� 0R cCcj3L� KDD̄∗ RN03 � CNj3a�ÓÀR 0R cn$cCcj3L� DD̄∗ <3a�
R 3cj�0R X(3872) 3L CcRcUCN y3aR 3 ZC(3900) 3L CccRUCN SY

2uU3aCL3Nj�IL3Nj3. � R$c3aq�ÓÀR 03 j�I 3cj�0R K∗ ā URccŝq3I NRc 3uU3aCL3NjRc
�jn�Cc 3 ,RNcjCjnCaC� nL 3u,Cj�Nj3 NRqC0�03 U�a� R 3cU3,jaR 0R G�RNY T�I�qa�cA+@�q3-
?�0aRNc 3uƽjC,Rcd bCcj3L� 03 URn,Rc ,RaURcd bCL3jaC� 03 [n�aG T3c�0Rd bCL3jaC�
SU(4WY

C



�#bi`�+i

mN03acj�N0CN< j@3 N�jna3 R8 @�0aRNC, cj�j3c Cc RN3 R8 j@3 LRcj ,@�II3N<CN< Cccn3c CN
j@3 8aRNjC3ac R8 @�0aRN U@wcC,cY BN a3,3Nj w3�ac. 3uU3aCL3Nj�I �N0 j@3Ra3jC,�I 3{Rajc
�a3 3cU3,C�IIw $3CN< 8R,ncc30 RN j@3 NRNja�0CjCRN�I @�0aRNC, cj�j3c. s@C,@ ,�NNRj $3
3uUI�CN30 3Cj@3a �c qq̄ Ra qqq cj�j3cY `3<�a0I3cc R8 �II j@3 3{Rajc L�03. j@3a3 Cc cjCII �
q�cj nN3uUIRa30 3N3a<w a3<CRN �N0 cwcj3Lc CN s@C,@ cj�j3c R8 NRNA,RNq3NjCRN�I \n�aG
,RNj3Nj ,RnI0 $3 8RnN0. 3cU3,C�IIw �j 3N3a<C3c R8 :∼9 ;3pY i@Cc Cc Ua3,Cc3Iw j@3 3N3a<w
a3<CRN CN s@C,@ 0�j� Cc $3CN< R$j�CN30 $w cRL3 3uU3aCL3Nj�I 8�,CICjC3c �aRnN0 j@3 sRaI0
�N0 CN s@C,@ 3q3N c3q3a�I N3s I�$Ra�jRaC3c �a3 $3CN< UI�NN30 jR sRaG CN j@3 N3�a 8njna3Y

Bj Cc j@3 UnaURc3 R8 j@Cc 0Ccc3aj�jCRN jR 3uUIRa3 j@3 UaRU3ajC3c R8 3uRjC, @�0aRNc sCj@
L�cc3c CN j@3 �$Rq3 L3NjCRN30 3N3a<w a3<CRNY T�ajC,nI�aIw. @�0aRN cj�j3c sCj@ � j@a33A
$R0w N�jna3 sCj@ NRNy3aR cja�N<3N3cc �N0 @C003N ,@�aLY �c c@RsN CN j@Cc 0Ccc3aj�jCRN.
�N I(JP) = 1/2(1−) K∗ cj�j3 sCj@ L�cc �aRnN0 :kzz K3p. �N0 sC0j@ �aRnN0 S4 K3p.
�aCc3c 8aRL j@3 0wN�LC,c CNqRIq30 CN j@3 KDD̄∗ cwcj3L s@3N j@3 CNj3a�,jCRN R8 j@3 DD̄∗

cn$cwcj3L <3N3a�j3c j@3 X(3872) CN j@3 CcRcUCN z �N0 j@3 Zc(3900) CN j@3 CcRcUCN SY
2uU3aCL3Nj�IIw. R$c3aq�jCRN R8 cn,@ K∗ cj�j3 c@RnI0 $3 URccC$I3 CN j@3 ,naa3Nj 8�,CIA

CjC3c �N0 Cj sRnI0 ,RNcjCjnj3 �N 3u,CjCN< NRq3Ijw CN j@3 F�RNC, cU3,jaRc,RUwY

F3wsRa0c- 2uRjC, @�0aRNcd 73s $R0w cwcj3Lcd ?3�qw \n�aG cwLL3jawd SU(4) cwLA
L3jawY

CC



GBbi Q7 6B;m`2b

lYS +@Ca�I q3acnc NRNA,@Ca�I Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y f
lYl T�aCjw RU3a�jCRN Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y f
lYk `C<@jgI38jA@�N030 U�ajC,I3c Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4
lY: ?3IC,Cjw �c � 8nN,jCRN R8 j@3 a383a3N,3 8a�L3 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y O
lY9 SU(4) LnIjCUI3jc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y lO
lYf Mn,I3�a CNj3a�,jCRN- jsR 0C{3a3Nj qCcCRNc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y kz
lYe ?C003N IR,�I cwLL3jaw q3acnc +@Ca�I cwLL3jaw Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y k:

kYS b,�jj3aCN< RN � @�a0 cU@3a3Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ke
kYl +RIICcCRN $3js33N jsR @�a0 cU@3a3cY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ke
kYk TaRE3,jCI3 �UUaR�,@CN< � j�a<3j Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y k4
kY: � j�a<3j �cc3L$Iw Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y kO
kY9 bjan,jna3 8nN,jCRN R8 j@3 UaRjRN 8Ra λ >> rp Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y :z
kYf bjan,jna3 8nN,jCRN R8 j@3 UaRjRN 8Ra λ ≈ rp Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y :S
kYe bjan,jna3 8nN,jCRN R8 j@3 UaRjRN 8Ra λ ≈ rp $w ,RNcC03aCN< j@3 ?3Cc3N$3a<

UaCN,CUI3 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y :S
kY4 bjan,jna3 8nN,jCRN R8 j@3 UaRjRN 8Ra λ << rp Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y :l
kYO /C�<a�Lc 8Ra j@3 ,�I,nI�jCRN R8 j@3 �LUICjn03 8Ra j@3 a3�,jCRN Dφ → Dφ Y Y Y :9
kYSz /C�<a�L a3I�j30 jR T (2)Y � qCajn�I Dφ cj�j3 Cc UaR0n,30Y Y Y Y Y Y Y Y Y Y Y Y :9
kYSS QN3 IRRU ,RNjaC$njCRN jR j@3 T AL�jaCu Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y :O
kYSl cA,@�NN3I 3u,@�N<3 R8 j@3 a3cRN�N,3 8RaL30 8aRL j@3 Dφ CNj3a�,jCRNY Y Y Y 9S
kYSk φD → φD sCj@ 8RaL�jCRN R8 � cj�j3 sCj@ L�cc M �N0 sC0j@ ΓY Y Y Y Y Y Y Y Y 9:

CCC



HCcj R8 7C<na3c Cq

kYS: TaR,3cc D0K+ → D0K+ CN j@3 ,3Nj3a R8 j@3 L�cc 8a�L3 Y Y Y Y Y Y Y Y Y Y Y 94
kYS9 `3�I �N0 CL�<CN�aw U�aj R8 GDK Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y fS
kYSf T AL�jaC,3c R$j�CN30 sCj@CN j@3 @3�qw \n�aG LR03IY Y Y Y Y Y Y Y Y Y Y Y Y Y Y fk
kYSe T AL�jaCu CN j@3 ,RLUI3u 3N3a<w UI�N3 8Ra j@3 @3�qw \n�aG LR03I Y Y Y Y Y Y ff
kYS4 T AL�jaC,3c 8RnN0 sCj@CN j@3 SU(4) LR03I Va3�I �uCcW Y Y Y Y Y Y Y Y Y Y Y Y Y Y f4
kYSO T AL�jaC,3c 8RnN0 sCj@CN j@3 SU(4) LR03I V,RLUI3u UI�N3W Y Y Y Y Y Y Y Y Y Y fO

:YS bCLUI3cj ,RNjaC$njCRN jR j@3 j@a33A$R0w c,�jj3aCN< Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y eS
:Yl #3j@3Ab�IU3j3a 3\n�jCRN Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y eS
:Yk BNj3a�,jCRN $3js33N j@a33 U�ajC,I3c Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y eS
:Y: BNj3a�,jCRN $3js33N � U�ajC,I3 �N0 � ,Incj3a Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ek
:Y9 TaRU�<�jCRN R8 � U�ajC,I3 CN j@3 ,Incj3a Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y e:
:Yf Qj@3a ,RNjaC$njCRNc jR j@3 c,�jj3aCN< R8 � U�ajC,I3 �N0 � ,Incj3a Y Y Y Y Y Y Y e9
:Ye Qj@3a c3aC3c R8 0C�<a�Lc ,RNjaC$njCN< jR j@3 c,�jj3aCN< R8 � U�ajC,I3 �N0 �

,Incj3a Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ef
:Y4 |TXX |2 VCcRcUCN 1/2. cCN<I3 ,@�NN3I. ΓZ = 0 K3pW Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4S
:YO |TZZ|2 VCcRcUCN 1/2. cCN<I3 ,@�NN3I. ΓZ = 0 K3pW Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4S
:YSz |TZZ|2 VCcRcUCN 1/2. cCN<I3 ,@�NN3I. ΓZ = 28 K3pW Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4l
:YSS |TXX |2 �N0 |TZZ|2 VCcRcUCN 1/2. ,RnUI30 ,@�NN3Ic. ΓZ = 28 K3pW Y Y Y Y Y Y Y 4l
:YSl |TZZ|2 VCcRcUCN 3/2. ΓZ = 28 K3pW Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4k

9YS isRA$R0w 03,�w ,@�NN3Ic 8Ra K∗
R Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 49

9Yl /3,�w L3,@�NCcL R8 K∗
R → J/ψK∗ Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 49

9Yk /3,�w L3,@�NCcL R8 X → J/ψρ Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4f
9Y: /3,�w UaR,3cc R8 K∗

R → D̄∗Ds Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4f
9Y9 /3,�w L3,@�NCcL R8 K∗0

R → J/ψK∗0 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4f
9Yf KRL3Nj� �N0 L�cc �ccC<NL3Nj CN j@3 03,�w UaR,3cc R8 j@3 K∗

R cj�j3Y Y Y Y 4e
9Ye /3,�w L3,@�NCcL R8 K∗0

R → D−D∗+
s sCj@ � D∗ 3u,@�N<3 Y Y Y Y Y Y Y Y Y Y Y Ok

9Y4 /3,�w L3,@�NCcL R8 K∗0
R → D∗−D∗+

s sCj@ � D 3u,@�N<3 Y Y Y Y Y Y Y Y Y Y Y O:
9YO /3,�w L3,@�NCcL R8 K∗0

R → D∗−D∗+
s sCj@ � D∗ 3u,@�N<3 Y Y Y Y Y Y Y Y Y Y Y O9
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kYS +R3|,C3Njc αi j 8Ra ,@�aL ZS CN j@3 ,@�a<3 $�cCc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y fz
kYl +R3|,C3Njc αi j 8Ra ,@�aL ZS CN j@3 CcRcUCN $�cCc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y fS
kYk +R3|,C3Njc αi j 8Ra ,@�aL −1 CN j@3 CcRcUCN $�cCc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y fS

:YS HCN3�a ,RL$CN�jCRNc R8 jsRA$R0w tAL�jaC,3c �UU3�aCN< CN t31 �N0 t32 Y Y Y Y Y 4z

q
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�,GNRsI30<3L3Njc f

`3cnLR C

�$cja�,j CC

HCcj R8 7C<na3c CCC

HCcj R8 i�$I3c q

S BNjaR0n,jCRN S

l bwLL3jaw �N0 bwLL3jaw #a3�GCN< 9
lYS +@Ca�I cwLL3jaw Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 9
lYl [n�NjnL ,@aRLR0wN�LC,c �N0 ,@Ca�I cwLL3jaw Y Y Y Y Y Y Y Y Y Y Y Y Y SS

lYlYS MR3j@3aȕc j@3Ra3L Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y S:
lYlYl +@Ca�I cwLL3jaw $a3�GCN< �N0 j@3 ;RI0cjRN3 j@3Ra3L Y Y Y Y Y Y S4
lYlYk ;RI0cjRN3ȕc j@3Ra3L 8Ra j@3 L3uC,�N @�j URj3NjC�I Y Y Y Y Y Y Y Y l:

lYk ?3�qw \n�aG cwLL3jaw Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y le
lY: SU(4) ��qRa cwLL3jaw Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y l4
lY9 �N 3{3,jCq3 j@3Raw Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y lO

lY9YS 2{3,jCq3 H�<a�N<C�N $�c30 RN j@3 @3�qw \n�aG cwLL3jaw Y Y Y Y kS
lY9Yl 2{3,jCq3 H�<a�N<C�N $�c30 RN SU(4) Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y kk

k isRA#R0w BNj3a�,jCRNc kf

qC



+QMi2Mib qCC

kYS b,�jj3aCN<- � ,I�ccC,�I qC3s Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y kf
kYl b,�jj3aCN<- � \n�NjnL L3,@�NC,�I qC3s Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y :z
kYk b,�jj3aCN< L�jaCu Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y :k
kY: /3j3aLCN�jCRN R8 j@3 T AL�jaCu Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ::

kY:YS i@3 CcRcUCN $�c3 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 9:
kY:Yl T AL�jaC,3c R$j�CN30 sCj@ j@3 ?[ H�<a�N<C�N Y Y Y Y Y Y Y Y Y Y Y 9e
kY:Yk T AL�jaC,3c R$j�CN30 sCj@ j@3 SU(4) H�<a�N<C�N Y Y Y Y Y Y Y Y Y Y fe

: i@a33A$R0w BNj3a�,jCRNc �N0 j@3 KDD̄∗ bwcj3L ez
:YS i@3 7�0033q 3\n�jCRNc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ez
:Yl 7Cu30 ,3Nj3a �UUaRuCL�jCRN jR j@3 7�0033q 3\n�jCRNc Y Y Y Y Y Y Y Y Y Y el
:Yk /3j3aLCN�jCRN R8 j@3 t̃31 �N0 t̃32 jsRA$R0w T AL�jaC,3c Y Y Y Y Y Y Y Y Y Y Y e4
:Y: `3cnIjc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4z

9 QN j@3 jsRA$R0w 03,�w sC0j@c R8 K∗(4307) 4:
9YS i@3Ra3jC,�I 8a�L3sRaG Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4:

9YSYS /3j3aLCN�jCRN R8 j@3 q3ajC,3c Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 4f
9YSYl iaC�N<nI�a IRRUc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Oz

9Yl `3cnIjc �N0 0Cc,nccCRNc Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Of

f +RN,IncCRNc OO

� F3aN3Ic V - CcRcUCN qcY ,@�a<3 SzS
�YS C =+1 �N0 I = 0, 1 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y SzS
�Yl C =−1 �N0 I = 0, 1 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Szl

# �LUICjn03c V sCj@CN j@3 SU(4) H�<a�N<C�N Sz:

+ /3j3aLCN�jCRN R8 j@3 ai
j ,R3|,C3Njc Sze

#C$ICR<a�U@w SSl



+ϑΞϿАζЁR
AMi`Q/m+iBQM

i@3 3uCcj3N,3 R8 3uRjC, L3cRNc �N0 $�awRNc. s@Rc3 L�cc3c. sC0j@c �N0gRa \n�NjnL
NnL$3ac ,�N NRj $3 3uUI�CN30 sCj@CN j@3 ,RNcjCjn3Nj \n�aG LR03I R8 ;3IIAK�NN �N0
xs3C<. Cc RN3 R8 j@3 U3,nIC�a ,@�a�,j3aCcjC,c R8 [n�NjnL +@aRLR0wN�LC,c s@C,@ @�c
$33N. �N0 cjCII Cc $3CN<. CNj3NcCq3Iw 3uUIRa30 CN 3uU3aCL3Njc �N0 CN j@3Ra3jC,�I LR03IcY
iwUC,�I 3u�LUI3c �a3- j@3 c,�I�a NRN3j CN j@3 L3cRN c3,jRa. s@C,@ CN,In03c j@3 f0(500).
κ(800). f0(980). a0(980) cj�j3c )SĢf*. �N0 j@3 Λ(1405) CN j@3 $�awRN c3,jRa )eĢSS*Y rCj@
j@3 CN,a3�c3 R8 j@3 �,,3ccC$I3 3N3a<w a�N<3 $w j@3 3uU3aCL3Nj�I 8�,CICjC3c. ,I�CLc 8Ra j@3
R$c3aq�jCRN R8 cn,@ cj�j3c. 3cU3,C�IIw CN j@3 @3�qw \n�aG c3,jRa. sCj@ � @C003N ,@�aL
,RNj3Nj. cj�aj30 �UU3�aCN< CN j@3 I�cj 03,�03. �c j@3 cR ,�II30 X . Y �N0 Z 8�LCIC3c
Vc33. 3Y<Y. `38cY )SlĢlz* 8Ra a3qC3sc RN j@3 jRUC,WY BN ,�c3 R8 j@3 Z 8�LCIw. ,RNcCcjCN< R8
,@�a<30 U�ajC,I3c sCj@ L�cc3c CN j@3 ,@�aLRNCnL L�cc a�N<3. kYO−:Yl ;3p. �j I3�cj
jsR \n�aGc �N0 jsR �NjC\n�aGc �a3 N3,3cc�aCIw a3\nCa30. sCj@ � cc̄ U�Ca $3CN< a3cURNcC$I3
8Ra j@3Ca @3�qC3a L�cc3cY i@3 CcRc,�I�a U�ajN3ac. $3IRN<CN< jR j@3 X �N0 Y 8�LCIC3c. �a3
�IcR ,�j3<RaCy30 �c 3uRjC,. NRj 0n3 jR j@3 8�,j j@�j jR R$j�CN j@3Ca \n�NjnL NnL$3ac s3
N330 jR CNqRG3 � 0C{3a3Nj cjan,jna3 jR j@�j R8 qq̄. $nj $3,�nc3 j@3Ca L�cc3c �N0 sC0j@c
,�NNRj $3 3uUI�CN30 sCj@CN j@3 ja�0CjCRN�I ,RNcjCjn3Nj \n�aG LR03I )Se.SO*Y

�II j@3c3 @3�qw 3uRjC, L3cRNc 8RnN0 3uU3aCL3Nj�IIw CN j@3 a3,3Nj w3�ac c@�a3 �
,RLLRN 83�jna3- j@3w �a3 L3cRNc sCj@ NnII cja�N<3N3ccY � <I�N,3 �j j@3 cnLL�aw R8
j@3 T�ajC,I3 /�j� ;aRnU VT/;W )lS* c@Rsc � IRs �,jCqCjw CN j@3 cja�N<3 Uc3n0Rc,�I�a �N0
q3,jRa L3cRN c3,jRac cCN,3 j@3 I�cj kz w3�ac- CN j@3 F�RN c3,jRa. j@3 I�cj cj�j3 a3URaj30
,Raa3cURN0c jR K(1830)Y Bjc 3uCcj3N,3 s�c ,I�CL30 CN SO4k 8aRL � U�ajC�I s�q3 �N�Iwc3c
R8 j@3 K−φ cwcj3L UaR0n,30 CN j@3 a3�,jCRN K−p → K+K−K−p )ll*. �N0. a3,3NjIw. j@3

S



+?�Ti2` SY BMi`Q/m+iBQM l

H?+$ ,RII�$Ra�jCRN jRRG Cj CNjR �,,RnNj CN j@3 �LUICjn03 �N�IwcCc R8 j@3 B+ → J/ψφK+

03,�w )lk*Y bCLCI�aIw. CN j@3 q3,jRa L3cRN c3,jRa. j@3 I�j3cj I(JP) = 1/2(1−) K∗ cj�j3
ICcj30 CN `38Y )lS* Cc j@3 K∗(1680). s@Rc3 3uCcj3N,3 0�j3c jR 3uU3aCL3Njc �N0 U�ajC�I
s�q3 �N�IwcCc U3a8RaL30 0naCN< SOe4ASO44 )l:Ģle*Y �c CN j@3 ,�c3 R8 K(1830). j@3
H?+$ ,RII�$Ra�jCRN @�c �IcR a3,3NjIw ,RNcC03a30 Cjc 3uCcj3N,3 CN j@3 �N�IwcCc R8 j@3
�LUICjn03 8Ra j@3 03,�w UaR,3cc B+ → J/ψφK+ )lk*Y �N0. Rq3a�II. j@3 ~N�I 3u,Cj30
cj�j3 CN j@3 L3cRN c3,jRa. sCj@ NRNy3aR cja�N<3N3cc \n�NjnL NnL$3a. a3URaj30 $w j@3
T/; ,Raa3cURN0c jR K(3100). s@Rc3 \n�NjnL NnL$3ac �a3 nNGNRsN. �N0 s@C,@ s�c
R$c3aq30 CN c3q3a�I Λp̄(Λ̄p)+UCRNc a3�,jCRNc 0naCN< j@3 w3�ac SO4fASOOk )lk*Y

BN qC3s R8 cn,@ � U�NRa�L�. Cj Cc sRaj@ 3uUIRaCN< s@3j@3a Ra NRj j@3a3 ,RnI0 $3 �NA
Rj@3a 8�LCIw L3L$3a jR $3 �0030 jR j@3 �Ia3�0w GNRsN X . Y . Z 8�LCIC3c s@Rc3 L3L$3ac
sCII �IcR @�q3 L�cc3c CN j@3 ,@�aLRNCnL L�cc a�N<3. CY3Y. ∼ 3− 4 ;3p. $nj NRNy3aR
cja�N<3N3ccY bn,@ cj�j3c �a3 L�NC83cjIw 3uRjC,. cCN,3 sCj@CN � \n�aG 03c,aCUjCRN. s3
sCII N330 �j I3�cj � cc̄ U�Ca �c s3II �c � s \n�aG �N0 � IC<@j �NjC\n�aG Vū. d̄W jR �,,RnNj
8Ra j@3Ca L�cc3c �N0 \n�NjnL NnL$3acY bnaUaCcCN<Iw. �Ij@Rn<@ j@Cc 3N3a<w a3<CRN Cc
,naa3NjIw �,,3ccC$I3. j@3 3uCcj3N,3 R8 cn,@ cj�j3c @�c NRj $33N w3j 3uUIRa30 3uU3aCL3NA
j�IIwY #nj 8RaL�jCRN R8 cn,@ cj�j3c @�c $33N ,I�CL30 j@3Ra3jC,�IIw q3aw a3,3NjIw ncCN<
0C{3a3Nj LR03Ic- CN `38Y )l4*. j@3 DD∗K cwcj3L s�c cjn0C30 $w cRIqCN< j@3 b,@aǑ0CN<3a
3\n�jCRN �N0 ,RNcC03aCN< � UCRN 3u,@�N<3 URj3NjC�I LR03I jR 03c,aC$3 j@3 CNj3a�,jCRNc
$3js33N j@3 U�Cac 8RaLCN< j@3 j@a33A$R0w cwcj3LY �c � a3cnIj. � $RnN0 cj�j3 sCj@
L�cc 4317.92+3.66

−4.32 K3p s�c R$j�CN30Y +RNcC03aCN< GAU�aCjw �a<nL3Njc. j@3 �nj@Rac
R8 `38Y )l4* ,I�CL �IcR j@3 3uCcj3N,3 R8 � DD̄∗K $RnN0 cj�j3 sCj@ $�cC,�IIw j@3 c�L3
L�ccY

�c s3 sCII 0Cc,ncc CN j@Cc j@3cCc. s3 a3,3NjIw cjn0C30 j@3 KDD̄∗ cwcj3L )lO* $w cRIqA
CN< j@3 7�0033q 3\n�jCRNc nN03a j@3 ~u30 ,3Nj3a �UUaRuCL�jCRN )kzĢke*Y BN j@Cc ,�c3.
j@3 CNj3a�,jCRN $3js33N j@3 U�ajC,I3c CN j@3 jsRA$R0w cn$cwcj3Lc �a3 R$j�CN30 $w cRIqA
CN< j@3 #3j@3Ab�IU3j3a 3\n�jCRN sCj@CN � ,RnUI30 ,@�NN3I �UUaR�,@ sCj@ G3aN3Ic 03j3aA
LCN30 8aRL �N 3{3,jCq3 ~3I0 j@3Raw CLUI3L3NjCN< cwLL3jaC3c ICG3 j@3 ,@Ca�I cwLL3A
jaw )k4. kO* �N0gRa j@3 @3�qw \n�aG cwLL3jaw ):zĢ:l*Y rCj@CN cn,@ �N �UUaR�,@. j@3
cj�j3c D∗

s0(2317). X(3872) �N0 Zc(3900) �a3 <3N3a�j30 8aRL j@3 ,RnUI30 ,@�NN3I 0wA
N�LC,c �N0 �a3 L�CNIw DK $RnN0 cj�j3c CN CcRcUCN z. DD̄∗ cj�j3c CN CcRcUCN z �N0 S.
a3cU3,jCq3Iw ):kĢ:f*Y �c � ,RNc3\n3N,3 R8 j@3 0wN�LC,c CNqRIq30. �N 3qC03N,3 8Ra �N



+?�Ti2` SY BMi`Q/m+iBQM k

I(JP) = 1/2(1−) K∗ cj�j3 sCj@ � L�cc R8 M − iΓ
2 = (4307±2)− i(9±2) K3p Cc R$j�CN30

s@3N j@3 DD̄∗ cwcj3L ,Incj3ac �c X(3872) Ra Zc(3900)Y
i@3Ra3jC,�IIw. j@3 �jja�,jCRN CN j@3 DK �N0 DD̄∗ cn$cwcj3Lc. s@C,@ I3�0c jR j@3 <3NA

3a�jCRN R8 j@3 D∗
s0(2317). X(3872) �N0 Zc(3900) cj�j3c. ,RNcjCjnj3c � ,RLU3IICN< �a<nL3Nj

CN 8�qRa R8 j@3 3uCcj3N,3 R8 cn,@ 3uRjC, K∗ cj�j3 sCj@ � L�cc �aRnN0 :Yk ;3p �N0 @C003N
,@�aLY 2uU3aCL3Nj�IIw. R$c3aq�jCRN R8 cn,@ K∗ cj�j3 c@RnI0 $3 URccC$I3 CN j@3 ,naa3Nj
8�,CICjC3c �N0 Cj sRnI0 ,RNcjCjnj3 �N 3u,CjCN< NRq3Ijw CN j@3 F�RNC, cU3,jaRc,RUw �N0 CN
j@�j R8 j@3 3uRjC, L3cRNcY

BN Ra03a jR UaRqC03 LRa3 a3IC�$I3 CN8RaL�jCRN 8Ra � URccC$I3 3uU3aCL3Nj�I �N�IwcCc
R8 cn,@ cj�j3. s3 ,RNjCNn3 CNq3cjC<�jCN< 8naj@3a UaRU3ajC3c R8 j@3 K∗(4307) cj�j3 8RnN0
�N0 ,�I,nI�j3 j@3 03,�w sC0j@c jR c3q3a�I RU3N jsRA$R0w ,@�NN3Ic ):e*Y T�ajC,nI�aIw. s3
,RNcC03a j@3 ,@�NN3Ic J/ψK∗(892). D̄D∗

s . D̄∗D∗
s �N0 D̄Ds. s@C,@ �a3 j@3 LRcj a3I3q�Nj

RN3c. $�c30 RN j@3 N�jna3 R8 K∗(4307)Y
i@Cc j@3cCc Cc Ra<�NCy30 �c 8RIIRsc

Ë BN ,@�Uj3a l s3 <Cq3 � $aC38 CNjaR0n,jCRN RN cwLL3jaC3c a3I3q�Nj jR j@3 @�0aRN
cwcj3L �j @�N0 �N0 s@C,@ �a3 N33030 jR 03j3aLCN3 j@3 �LUICjn03c 03c,aC$CN< j@3
jsR $R0wACNj3a�,jCRNc. s@C,@ CN Rna ,�c3 �a3 j@3 ,@Ca�I. @3�qw \n�aG �N0 bmV:W
cwLL3jaC3cY r3 �IcR CNjaR0n,3 j@3 ,RN,3Uj R8 3uUIC,Cj �N0 cURNj�N3Rnc cwLL3jaw
$a3�GCN< 8Ra j@3 ,@Ca�I cwLL3jaw �N0 Cjc ,RNc3\n3N,3cY �8j3a j@Cc Cc 0RN3. s3 <Cq3
� $aC38 C03� RN j@3 L3�NCN< R8 �N 3{3,jCq3 j@3Raw �N0 @Rs j@3 �$Rq3 cwLL3jaC3c
,�N $3 nc30 jR R$j�CN 3{3,jCq3 H�<a�N<C�Nc 03c,aC$CN< j@3 CNj3a�,jCRNc $3js33N
L3cRNcY

Ë BN ,@�Uj3a k s3 <Cq3 � $aC38 CNjaR0n,jCRN jR j@3 c,�jj3aCN< �N0 j@3 a3cRInjCRN R8
j@3 #3j@3Ab�IU3j3a 3\n�jCRN CN � ,RnUI30 ,@�NN3I �UUaR�,@. s@C,@ Cc N33030 jR
03j3aLCN3 j@3 c,�jj3aCN< L�jaCu 8Ra j@3 jsRA$R0w cn$cwcj3Lc CNqRIq30 CN j@3 KDD̄∗

cwcj3LY i@Cc c,�jj3aCN< L�jaCu. �c s3 sCII c@Rs. sCII $3 nc30 �c CNUnj 8Ra cRIqCN<
j@3 7�0033q 3\n�jCRNcY

Ë i@3 ,@�Uj3a : Cc 030C,�j30 jR j@3 cjn0w R8 j@3 j@a33A$R0w cwcj3L KDD̄∗Y ?3a3
s3 CNjaR0n,3 j@3 7�0033q 3\n�jCRNc �N0 j@3 ~u30 ,3Nj3a �UUaRuCL�jCRN jR cRIq3
j@3LY #w cRIqCN< j@3c3 3\n�jCRNc. s3 R$j�CN j@3 T AL�jaCu 8Ra j@3 j@a33A$R0w cwcA
j3L �N0 s3 c@Rs j@3 a3cnIjc 8RnN0 8Ra j@3 0C{3a3Nj CcRcUCN ,RN~<na�jCRNcY �N



+?�Ti2` SY BMi`Q/m+iBQM :

CcRcUCN 1/2 cj�j3 sCj@ cja�N<3N3cc +1 �N0 @C003N ,@�aL Cc <3N3a�j30 sCj@ � L�cc
�aRnN0 :kze K3pY

Ë BN ,@�Uj3a 9 s3 ,RNjCNn3 CNq3cjC<�jCN< j@3 N�jna3 �N0 UaRU3ajC3c R8 j@3 K∗(4307)

R$j�CN30 CN ,@�Uj3a :Y iR $3 LRa3 ,RN,a3j3. s3 @�q3 CNq3cjC<�j30 a3I3q�Nj jsRA
$R0w 03,�w UaR,3cc3c 8Ra K∗(4307) �N0 03j3aLCN3 j@3 ,Raa3cURN0CN< sC0j@cY



+ϑΞϿАζЁk
avKK2i`v �M/ avKK2i`v "`2�FBM;

QN3 R8 j@3 LRcj a3I3q�Nj ,RN,3Ujc CN U@wcC,c Cc j@�j R8 � cwLL3jaw- j@3 8�,j j@�j ,3aj�CN
UaRU3ajC3c Ra I�sc R8 � <Cq3N cwcj3L a3L�CN nN�Ij3a30 s@3N cRL3j@CN< ,@�N<3cY T�aA
jC,nI�aIw. cwLL3jaw CN U@wcC,c Cc 0Ca3,jIw a3I�j30 jR j@3 NRjCRN R8 CNq�aC�N,3- s@3N cRL3
UaRU3ajC3c R8 � cwcj3L 0R NRj ,@�N<3 C8 � U�ajC,nI�a ja�Nc8RaL�jCRN Cc U3a8RaL30 s3 c�w
j@�j j@3a3 Cc �N CNq�aC�N,3 nN03a cn,@ ja�Nc8RaL�jCRNY

BN j@Cc ,@�Uj3a s3 a3qCc3 cRL3 R8 j@3 $�cC, UaRU3ajC3c a3I�j30 jR j@3 cwLL3jaC3c nc30
jR ,RNcjan,j j@3 3{3,jCq3 H�<a�N<C�Nc 03c,aC$CN< j@3 CNj3a�,jCRNc $3js33N L3cRNcY

lYS +@Ca�I cwLL3jaw

+@Ca�ICjw Cc 0Ca3,jIw a3I�j30 jR j@3 LCaaRa CL�<3 R8 j@3 R$E3,j nN03a ,RNcC03a�jCRNY i@3
LCaaRa CL�<3 R8 �Nw R$E3,j Ra cwcj3L ,�N $3 j@Rn<@j R8 �c j@3 cU�,3 CNq3acCRN R8 Cj �N0
j@Cc CNq3acCRN Cc a3I�j30 jR j@3 U�aCjw RU3a�jCRNY

+@Ca�ICjw

i@3 j3aL ,@Ca�ICjw Cc 03aCq30 8aRL j@3 �N,C3Nj <a33G sRa0 8Ra @�N0 VG@3CaWY
BN j@3 L�,aRc,RUC, sRaI0 s3 ,�N j@CNG R8 ,@Ca�ICjw �c j@3 cjan,jna�I ,@�a�,j3aCcjC, R8
� ~NCj3 cwcj3L j@�j L�G3c CLURccC$I3 jR Rq3aI�U Cj RN Cjc LCaaRa CL�<3 Vc33 7C<na3
lYSWY

i@3 �UUIC,�jCRN R8 j@3 U�aCjw RU3a�jRa. P. Rq3a �Nw cwcj3L sCII a3�3,j Cjc ,RRa0CN�j3c
jR j@3 CNq3ac3 0Ca3,jCRN. 8Ra CNcj�N,3

P : #»x → #»x ′ =− #»x . VlYSW

9
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Achiral

Chiral

Non - chiral

7C<na3 lYS- isR 0C{3a3Nj cGnIIcY i@3 nUU3a RN3 Cc � ,@Ca�I cGnII. s@CI3 j@3 IRs3a RN3 Cc
� NRNA,@Ca�I cGnIIY

j@�j Cc. P UaRE3,jc j@3 �u3c x. y �N0 z jR j@3 CNq3aj30 ,RRa0CN�j3 cwcj3L x′. y′. z′. �c c@RsN
CN 7C<Y lYlY

7C<na3 lYl- bU�,3 CNq3acCRN Ra U�aCjw RU3a�jCRNY

B8 s3 ,RNcC03a. 8Ra 3u�LUI3. j@3 a3�3,jCRN sCj@ a3cU3,j jR j@3 xy UI�N3. s3 @�q3 j@3N

x → x′ = x, y → y′ = y, z → z′ =−z, VlYlW

�N0 C8 s3 �UUIw NRs � ,RNjCNnRnc aRj�jCRN R8 π �aRnN0 j@3 z �uCc

x′ → −x, y′ → −y, z′ → −z. VlYkW
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i@nc. s3 R$j�CN j@3 c�L3 a3cnIj �c C8 s3 @�0 �UUIC30 j@3 U�aCjw RU3a�jRa Rq3a j@3 cwcj3LY
BN j@Cc s�w. j@3 cU�,3 CNq3aj30 cj�j3 ,�N $3 R$j�CN30 $w � ,RNjCNnRnc ja�Nc8RaL�jCRN
8aRL j@3 LCaaRa a3�3,j30 CL�<3Y

BN j@3 3u�LUI3 �$Rq3. Cj Cc �IcR CNj3a3cjCN< jR NRjC,3 j@�j j@3 U�aCjw RU3a�jCRN ja�NcA
8RaLc � cwcj3L s@C,@ Cc aC<@jA@�N030. (x,y,z). CNjR � I38j @�N030 RN3. (x′,y′,z′)Y BN j@Cc
8RaL. j@3 CNq�aC�N,3 R8 � cwcj3L nN03a cU�,3 CNq3acCRN CLUIC3c j@3 CLURccC$CICjw R8 0CcA
jCN<nCc@CN< j@3 aC<@j 8aRL j@3 I38jY

rCj@ j@Cc 03c,aCUjCRN. j@3 ,@Ca�ICjw c33Lc jR $3 � jaCqC�I ,RN,3Uj 8Ra L�,aRc,RUC,
R$E3,jc. cCN,3 s3 �a3 �$I3 jR c33 j@3 R$E3,jY #nj @Rs ,�N j@3 ,RN,3Uj $3 nc30 CN j@3
LC,aRc,RUC, sRaI0. U�ajC,nI�aIw. �j j@3 \n�aG I3q3I]

[n�aGc �a3 U�ajC,I3c sCj@ cUCN Sgl. j@nc. 83aLCRNcY B8 s3 ,RNcC03a � U�ajC,I3 sCj@
cUCN Sgl �N0 ICN3�a LRL3NjnL #»p . s3 ,�N 03~N3 � \n�NjCjw s@C,@ ,Raa3cURN0c jR j@3
UaRE3,jCRN R8 Cjc cUCN CN j@3 0Ca3,jCRN R8 Cjc ICN3�a LRL3NjnLY bn,@ �N RU3a�jRa Cc ,�II30
�c @3IC,Cjw �N0 Cc. L�j@3L�jC,�IIw. <Cq3N $w

h =
#»σ · #»p
| #»p | = #»σ · p̂, VlY:W

s@3a3 p̂ Cc � nNCj q3,jRa �IRN< j@3 0Ca3,jCRN R8 j@3 ICN3�a LRL3NjnL R8 j@3 U�ajC,I3. j@�j
Cc p̂ ≡

#»p
| #»p | . �N0 #»σ �a3 j@3 T�nIC L�jaC,3c. #»σ = (σx,σy,σz)Y BN j@Cc s�w. s3 ,�N @�q3

jsR URccC$I3 3C<3Nq�In3c 8Ra h. +1 Ra −1Y i@3 q�In3 ȒZSȓ L3�Nc j@�j j@3 cUCN �N0 j@3
LRL3NjnL �a3 �IC<N30. s@CI3 j@3 q�In3 ȒASȓ L3�Nc j@�j j@3 cUCN �N0 j@3 LRL3NjnL
@�q3 RUURcCj3 0Ca3,jCRNcY

BN j@Cc ,RNj3uj. Cjȕc \nCj3 ,RLLRN jR nc3 j@3 NRL3N,I�jna3 R8 aC<@jA@�N030 �N0 I38jA
@�N030 U�ajC,I3c. a3cU3,jCq3IwY iR 03~N3 j@3 Ȓ@�N030N3ccȓ R8 � U�ajC,I3. I3j nc ,RNcC03a
j@3 ,I�ccC,�I V�Ij@Rn<@ LCcI3�0CN<W UC,jna3 R8 � U�ajC,I3 cUCNNCN< RN Cjc �uCc �N0 CNj3aUa3j
j@3 cUCN R8 j@3 U�ajC,I3 �c j@3 �N<nI�a LRL3NjnL �ccR,C�j30 sCj@ j@Cc aRj�jCRNY i@3
~N<3ac R8 j@3 aC<@jA@�N0 �a3 nc30 jR CN0C,�j3 j@3 c3Nc3 R8 j@3 cUCN R8 j@3 U�ajC,I3 sCj@ j@3
j@nL$ URCNjCN< CN j@3 0Ca3,jCRN R8 j@3 03~N30 �N<nI�a LRL3NjnLY i@3 ICN3�a LRL3NjnL
R8 j@3 U�ajC,I3 Cc nc30 jR 03~N3 � Ua383aa30 0Ca3,jCRN CN cU�,3. �N0 C8 RN3 ,naIc j@3 ~N<3ac
R8 RN3ȕc aC<@j @�N0 jR CN0C,�j3 j@3 c3Nc3 R8 j@3 ȒcUCNNCN<ȓ R8 � U�ajC,I3. �N0 j@3 j@nL$ R8
j@3 c�L3 @�N0 URCNjc CN j@3 0Ca3,jCRN R8 j@3 ICN3�a LRL3NjnL. j@3N s3 c�w j@�j s3 @�q3
� aC<@jA@�N030 U�ajC,I3 )c33 7C<Y lYk VI38jW*Y B8 jR <3j j@3 j@nL$ URCNjCN< CN j@3 0Ca3,jCRN
R8 j@3 ICN3�a LRL3NjnL RN3 @�c jR nc3 j@3 ~N<3ac R8 RN3ȕc I38j @�N0. j@3N s3 @�q3 �
I38jA@�N030 U�ajC,I3 )c33 7C<Y lYk VaC<@jW*Y
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p p

s

s

Right-Handed Left-Handed

→

→→

→

7C<na3 lYk- +I�ccC,�I CNj3aUa3j�jCRN R8 � aC<@jA@�N030 U�ajC,I3 VI38j cC03W �N0 � I38jA
@�N030 U�ajC,I3 VaC<@j cC03WY

� UaR$I3L sCj@ j@Cc ,RN,3Uj Cc j@�j j@3 @3IC,Cjw. CN <3N3a�I. Cc NRj HRa3Njy CNq�aC�NjY
+RNcC03a. 8Ra CNcj�N,3. � U�ajC,I3 sCj@ cUCN Sgl �N0 L�cc m s@C,@ Cc � aC<@jA@�N030
U�ajC,I3 CN � U�ajC,nI�a a383a3N,3 8a�L3Y BN j@Cc 8a�L3. j@3 U�ajC,I3 LRq3c sCj@ q3IR,Cjw.
c�w. #»v = v î CN j@3 URcCjCq3 0Ca3,jCRN R8 j@3 xA�uCcY 7Ra �N R$c3aq3a CN �N CN3ajC�I a383a3N,3
8a�L3 LRqCN< U�a�II3I jR j@3 U�ajC,I3 sCj@ � q3IR,Cjw #»u = u î. cn,@ j@�j u > v. j@3 U�ajC,I3
sRnI0 $3 �,jn�IIw ja�q3ICN< CN j@3 RUURcCj3 0Ca3,jCRN CN j@Cc 8a�L3 sCj@ q3IR,Cjw #»w = w î.
sCj@ w= v−u Vs3 �a3 ,RNcC03aCN< � NRNAa3I�jCqCcjC, U�ajC,I3WY i@nc. 8Ra j@Cc N3s R$c3aq3a.
j@3 U�ajC,I3 sCII $3 � I38jA@�N030 U�ajC,I3 Vc33 7C<Y lY:WY i@3a38Ra3. @3IC,Cjw Cc NRj HRa3Njy
CNq�aC�Nj ):4*Y i@3 RNIw cCjn�jCRN s@3a3 j@3 @3IC,Cjw Cc HRa3Njy CNq�aC�Nj Cc CN j@3 ,�c3
s@3a3 j@3 U�ajC,I3 Cc L�ccI3ccY i@�jȕc $3,�nc3 C8 j@3 U�ajC,I3 Cc L�ccI3cc Cj ja�q3Ic
sCj@ cU330 c Vj@3 cU330 R8 IC<@jW. Caa3cU3,jCq3 R8 j@3 CN3ajC�I a383a3N,3 8a�L3 ,RNcC03a30Y
BN cn,@ � ,�c3. Cj Cc CLURccC$I3 jR a3q3ac3 j@3 0Ca3,jCRN R8 LRjCRN �c CN j@3 Ua3qCRnc
3u�LUI3Y

i@3 Ȓ@�N030N3ccȓ R8 � U�ajC,I3 Cc �N CLURaj�Nj UaRU3ajw CN U�ajC,I3 U@wcC,c �N0 Cj Cc
CLURaj�Nj jR 03~N3 �N RU3a�jRa cCLCI�a jR j@3 @3IC,Cjw. s@C,@ Cc HRa3Njy CNq�aC�NjY i@Cc
,�N $3 �,@C3q30 $w ncCN< j@3 γ5 /Ca�, L�jaCuY BN j@3 r3wI a3Ua3c3Nj�jCRN R8 j@3 γµ
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spin

spin
v

u = 0

w

u > v w > 0

7C<na3 lY:- i@3 @3IC,Cjw R8 � U�ajC,I3 03U3N0c RN j@3 a383a3N,3 8a�L3Y � aC<@jA@�N030
U�ajC,I3 8Ra �N R$c3aq3a CN �N CN3ajC�I a383a3N,3 8a�L3 VjRUW $3,RL3c � I38jA@�N030 U�aA
jC,I3 V$RjjRLW 8Ra �N R$c3aq3a CN �NRj@3a CN3ajC�I a383a3N,3 8a�L3Y

L�jaC,3c. s3 @�q3

γ5 = iγ0γ1γ2γ3 =



 −I2×2 0

0 I2×2



 . VlY9W

�c CN j@3 ,�c3 R8 j@3 @3IC,Cjw. γ5 @�c �IcR 3C<3Nq�In3c +1 �N0 −1Y B8 s3 ,�II ΨR �N0 ΨL

j@3 3C<3Nq3,jRac R8 γ5. s3 @�q3

γ5ΨR = ΨR, TRcCjCq3 +@Ca�ICjw,

γ5ΨL = −ΨL, M3<�jCq3 +@Ca�ICjw,

�N0 ΨR VΨLW @�c 3C<3Nq�In3 +1 V−1W Ra URcCjCq3 VN3<�jCq3W ,@Ca�ICjwY
i@3 L�CN 0C{3a3N,3 $3js33N j@3 γ5 RU3a�jRa. s@C,@ Cc ,�II30 j@3 ,@Ca�ICjw RU3a�jRa.

�N0 j@3 @3IC,Cjw Cc j@�j γ5 ,RLLnj3c sCj@ j@3 <3N3a�jRac R8 j@3 HRa3Njy ja�Nc8RaL�jCRNc.
CY3Y. $RRcjc �N0 aRj�jCRNcY i@3 ,@Ca�ICjw ,�N $3 CNj3aUa3j30 j@3N �c � HRa3Njy 3uj3N030
q3acCRN R8 j@3 @3IC,CjwY MRj3 j@�j j@3 I38j VLW �N0 aC<@j VRW I�$3Ic RN j@3 3C<3Nq3,jRac 0R
NRj CN0C,�j3 a3�I @�N030N3cc- j@3w Encj <Cq3 CN8RaL�jCRN �$Rnj j@3 3C<3Nq�In3c R8 γ5

V−1 = Ld +1 = RWY TaR$�$Iw j@3 RaC<CN R8 cn,@ � NRj�jCRN Cc j@3 8�,j j@�j CN j@3 ICLCj R8
nIja�a3I�jCqCcjC, U�ajC,I3c Ra L�ccI3cc U�ajC,I3c. ,@Ca�ICjw ,RCN,C03c sCj@ j@3 @3IC,Cjw. s@C,@
Cc a3I�j30 jR j@3 ,I�ccC,�I C03� R8 @�N030N3cc qC� j@3 aC<@j @�N0 anI3Y 2{3,jCq3Iw. C8 s3
,RNcC03a j@3 /Ca�, 3\n�jCRN 8Ra � 8a33 U�ajC,I3 R8 L�cc m 03c,aC$30 $w j@3 ~3I0 Ψ. s3
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@�q3
(iγµ∂µ −m)Ψ = 0. VlYfW

i@3 ~3I0 03c,aC$CN< cn,@ � cj�j3. Ψ. Cc NRj N3,3cc�aCIw � ,@Ca�I ~3I0. $nj s3 ,�N a3saCj3
Cj CN j3aLc R8 Cjc ,@Ca�I ,RLURN3Njc $w ncCN< j@3 ,@Ca�I UaRE3,jRac. s@C,@ �a3 03~N30 �c
PL = 1

2(1− γ5) �N0 PR = 1
2(1+ γ5). cn,@ j@�j

ΨL(x) = PLΨ(x), ΨR(x) = PRΨ(x). VlYeW

MRj3 j@�j PL �N0 PR @�q3 j@3 UaRU3ajC3c P2
L = PL. P2

R = PR �N0 PLPR = PRPL = 0. CY3Y. j@3w
�a3 UaRE3,jRac Vc33 `38Y ):O*WY

BN j@Cc s�w. j@3 ~3I0 Ψ ,�N $3 saCjj3N CN j3aLc R8 j@3 ~3I0c ΨL �N0 ΨR �c

Ψ = ΨR +ΨL =



 ψ1

ψ2



 . VlY4W

MRj3 j@�j CN 2\Y VlY4W ψi. sCj@ i = 1,2. Cc � cUCNRa Vj@nc � 2×1 L�jaCuW. s@CI3 Ψ. ΨL �N0
ΨR �a3 $CcUCNRac Vj@nc 4×1 L�jaC,3cWY

BN j@3 r3wI a3Ua3c3Nj�jCRN s3 @�q3 j@3 γ L�jaC,3c <Cq3N $w

γ5 =



 −I2×2 0

0 I2×2



 , γµ =



 0 σ µ

σ̄ µ 0



 , VlYOW

s@3a3 σ µ =
(
σ0,σ i) �N0 σ̄ µ = (σ0,−σ i) sCj@ σ0 = I2×2Y BN j@Cc s�w. 8aRL 2\Y VlYeW

ΨR = PRΨ =



 0 0

0 I2×2







 ψ1

ψ2



=



 0

ψ2



≡



 0

ψR



 ,

ΨL = PLΨ =



 I2×2 0

0 0







 ψ1

ψ2



=



 ψ1

0



≡



 ψL

0



 ,

cn,@ j@�j

Ψ = ΨR +ΨL =



 ψL

ψR



 . VlYSzW

i@3N. CN j@3 r3wI a3Ua3c3Nj�jCRN. j@3 nUU3a ,RLURN3Nj R8 Ψ ,Raa3cURN0c jR � I38jA
@�N030 cUCNRa. ψL. �N0 j@3 IRs3a ,RLURN3Nj jR � aC<@jA@�N030 cUCNRa. ψRY

mcCN< 2\cY VlYOW �N0 VlYSzW. s3 ,�N saCj3 2\Y VlYfW �c


 −m iσ µ∂µ

iσ̄ µ∂µ −m







 ψL

ψR



=



 0

0



 ,
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s@C,@ a3cnIjc CN jsR ,RnUI30 3\n�jCRNc

iσ µ∂µψR −mψL = 0,

iσ̄ µ∂µψL −mψR = 0.

#nj. C8 j@3 U�ajC,I3 Cc L�ccI3cc. j@3 3\n�jCRNc $3,RL3 03,RnUI30

iσ µ∂µψR = 0, VlYSSW

iσ̄ µ∂µψL = 0. VlYSlW

#w C03NjC8wCN< i∂µ sCj@ pµ . j@3 �$Rq3 3\n�jCRNc ,�N $3 saCjj3N �c

σ µ pµψR = 0, σ̄ µ pµψL = 0,

⇒
(

p0 − #»σ · #»p
)

ψR = 0, ⇒ (p0 + #»σ · #»p )ψL = 0,

⇒
#»σ · #»p

p0 ψR = ψR, ⇒
#»σ · #»p

p0 ψL =−ψL. VlYSkW

B8 s3 ,RNcC03a j@3 URcCjCq3 3N3a<w cRInjCRN. p0 =
√

#»p 2 +m2. 8Ra � L�ccI3cc U�ajC,I3 VRa
CN j@3 nIja�a3I�jCqCcjC, ICLCjW s3 <3j p0 =

√
#»p 2 ≡ | #»p |Y i@3N s3 ,�N saCj3 2\Y VlYSkW �c

#»σ · #»p
| #»p | ψR = #»σ · p̂ψR = hψR = ψR,

#»σ · #»p
| #»p | ψL = #»σ · p̂ψL = hψL =−ψL. VlYS:W

bR. CN cn,@ � ICLCj. j@3 /Ca�, 3\n�jCRN a30n,3c jR � c3j R8 j@3 @3IC,Cjw 3C<3Ncj�j3 3\n�A
jCRNcY MRj3 j@�j nN03a � U�aCjw ja�Nc8RaL�jCRN

P : ΨR(t, #»x )→ γ0PRΨ(t,− #»x ) = PLγ0Ψ(t,− #»x ) = PLΨ′(t, #»x ′)≡ Ψ′
L(t,

#»x ′), VlYS9W

j@nc. j@3 ~3I0 0R3c NRj ja�Nc8RaL CNjR Cjc3I8Y BN 8�,j. Cj ja�Nc8RaLc CNjR � ~3I0 sCj@ j@3
RUURcCj3 ,@Ca�ICjw- j@3w �a3 j@3N ,@Ca�I ~3I0cY

i@3 ,RN,3Uj R8 ,@Ca�ICjw �UU3�ac CN 0C{3a3Nj ,RNj3ujc. $nj s3 �a3 U�ajC,nI�aIw CNj3aA
3cj30 CN Cjc a3I3q�N,3 8Ra j@3 [n�NjnL +@aRLR0wN�LC,c V[+/WY

lYl [n�NjnL ,@aRLR0wN�LC,c �N0 ,@Ca�I cwLL3jaw

rCj@CN j@3 ,naa3Nj nN03acj�N0CN< R8 N�jna3. j@3 j@3Raw 3uUI�CNCN< j@3 CNj3a�,jCRN $3A
js33N @�0aRNc Cc j@3 cR ,�II30 [n�NjnL +@aRLR0wN�LC,c V[+/W )9z.9S*Y i@3 8RaL3a
Cc � \n�NjnL ~3I0 j@3Raw CNq�aC�Nj nN03a j@3 IR,�I SUC(3) <�n<3 ja�Nc8RaL�jCRNc. s@3a3
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C a383ac jR j@3 ,RIRa \n�NjnL NnL$3a. �N0 s@3a3 j@3 03<a33c R8 8a330RL �a3 j@3 \n�aGc
�N0 <InRNcY

i@3 [+/ H�<a�N<C�N 03c,aC$CN< j@3 CNj3a�,jCRNc $3js33N \n�aGc �N0 <InRNc Cc
<Cq3N $w

LQCD = q̄α, f ,k(iγµDµ −m f )qα, f ,k −
1
2

Tr
{
GµνG µν}, VlYSfW

s@3a3 f a3Ua3c3Njc j@3 ��qRa CN03u ) f = 1,2, . . . ,6 Ra u VnUW. d V0RsNW. s Vcja�N<3W. c

V,@�aLW. b V$RjjRLW. t VjRUW*. α cj�N0c 8Ra j@3 cUCNRa CN03u (α = 1, 2, 3, 4). k Cc j@3 ,RIRa
CN03u Vk = 1, 2, 3W �N0 �N CLUIC,Cj cnLL�jCRN Cc nN03acjRR0 s@3N3q3a a3U3�j30 CN0C,3c
�UU3�aY i@3 ja�,3 CN 2\Y VlYSfW Cc j�G3N Rq3a j@3 ,RIRa cU�,3Y i@3 Dµ CN 2\Y VlYSfW
a3Ua3c3Njc j@3 ,Rq�aC�Nj 03aCq�jCq3. <Cq3N $w

Dµ ≡ ∂µ − i
λa

2
Ga

µ ≡ ∂µ − igGµ , VlYSeW

sCj@
Gµ ≡ λa

2
Ga

µ , VlYS4W

BN 2\Y VlYSeW. g Cc j@3 ,RnUICN< ,RNcj�Nj $3js33N \n�aGc �N0 <InRNc. λa �a3 j@3 ;3IIA
K�NN L�jaC,3c �N0 Ga

µ �a3 j@3 <InRN ~3I0c (a = 1, 2, . . . , 8)Y i@3 Gµν CN 2\Y VlYSfW Cc j@3
cR ,�II30 ~3I0 cja3N<j@ j3NcRa. s@C,@ Cc saCjj3N CN j3aLc R8 Gµ �c

Gµν = ∂µGν −∂νGµ − ig
[
Gµ ,Gν

]
. VlYSOW

�j j@3 3N3a<w c,�I3 R8 S ;3p. j@3 @3�qw \n�aG 03<a33c R8 8a330RL �a3 NRj a3I3q�Nj
�N0 ,�N $3 C<NRa30. s@CI3 j@3 L�cc �ccR,C�j30 sCj@ j@3 IC<@j \n�aGc. u. d. s V$3js33N l
�N0 Sl K3p 8Ra u �N0 d \n�aGc �N0 �$Rnj Sfz K3p 8Ra j@3 s \n�aGW Cc Ln,@ cL�II3a j@�N
j@3 3N3a<w c,�I3 ,RNcC03a30Y Bj Cc j@3a38Ra3 CNj3a3cjCN< jR CNq3cjC<�j3 j@3 ICLCj s@3a3 j@3
L�cc3c R8 j@3 \n�aGc u. d �N0 s �a3 3u�,jIw y3aR. CY3Y. mu. md. ms → 0Y BN j@Cc ICLCj. j@3
H�<a�N<C�N <Cq3N CN 2\Y VlYSfW $3,RL3c

L 0
[+/ = q̄i /Dq− 1

2
Tr
{
GµνG µν}, VlYlzW

s@3a3 8aRL NRs RNs�a0c. jR cCLUIC8w j@3 NRj�jCRN. s3 CNjaR0n,3 j@3 �aa�w q

q =





u

d

s




, VlYlSW
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�N0 RLCj j@3 cUCNRa �N0 ,RIRa CN0C,3c R8 j@3 \n�aG ~3I0cY
�c 0RN3 CN c3,jCRN lYS. s3 ,�N 03,RLURc3 q CNjR Cjc aC<@jA@�N030 VqRW �N0 I38jA

@�N030 VqLW ,RLURN3Njc. CY3Y. q = qR + qLY BN j3aLc R8 qR �N0 qL. 2\Y VlYlzW ,�N $3
saCjj3N �c

L 0
[+/ =

[
q̄Li /DqL + q̄Ri /DqR

]
− 1

2
Tr
{
GµνG µν}. VlYllW

�c ,�N $3 c33N 8aRL 2\Y VlYllW. j@3 ,RNjaC$njCRNc jR j@3 H�<a�N<C�N 8aRL j@3 I38jA@�N030
~3I0c �a3 03,RnUI30 jR j@3 RN3 8aRL j@3 aC<@jA@�N030 ~3I0cY i@Cc 8�,j L�G3c j@�j j@3
H�<a�N<C�N CN 2\Y VlYllW a3L�CNc CNq�aC�Nj nN03a CN03U3N03Nj <IR$�I SU(3) aRj�jCRNc R8
j@3 ~3I0c. CY3Y.

qL(x)→ qL(x), qR(x)→UR qR(x) = exp
{
−iθRa

λa

2

}
qR(x), VlYlkW

Ra

qR(x)→ qR(x), qL(x)→UL qL(x) = exp
{
−iθLa

λa

2

}
qL(x), VlYl:W

sCj@ θRa �N0 θLa $3CN< �a$Cja�aw a3�I U�a�L3j3ac Va = 1,2, . . . ,8WY r3 @�q3 j@3N j@�j
j@3 H�<a�N<C�N CN 2\Y VlYllW @�c �N SUR(3)⊗ SUL(3) cwLL3jaw. s@C,@ Cc ,�II30 ,@Ca�I
cwLL3jaw )k4.kO*Y i@Cc Cc j@3 LC,aRc,RUC, q3acCRN R8 j@3 ,@Ca�I cwLL3jaw 03c,aC$30 CN
c3,jCRN lYSY

i@3 SU(N) ;aRnU

i@3 bU3,C�I mNCj�aw ;aRnU )SU(N)* Cc j@3 HC3 <aRnU 8RaL30 $w �II n× n nNCj�aw
L�jaC,3c sCj@ 03j3aLCN�Nj 3\n�I jR RN3Y i@nc. j@3a3 �a3 n2 −1 U�a�L3j3ac CN j@3
<aRnUY �N 3I3L3Nj R8 j@3 <aRnU ,�N $3 saCjj3N CN j3aLc R8 j@3 <3N3a�jRac R8 j@3
<aRnU. Ta. �c

U = e−iθaTa ,

s@3a3 θa �a3 a3�I U�a�L3j3ac Va = 1,2, . . . ,n2 −1WY

bCN,3 detU = 1. s3 ,�N saCj3
eln[detU ] = 1.
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B8 s3 ,RNcC03a NRs � $�c3 s@3a3 U Cc 0C�<RN�I. s3 @�q3

exp [ln(detU)] = exp

(
ln

n

∏
i=1

Uii

)
= exp

(
n

∑
i=1

lnUii

)

= exp(Tr{lnU}) = exp{Tr{ln[exp(−iθaTa)]}}

= exp[Tr(−iθaTa)] = 1 ⇒ Tr(θaTa) = 0.

bCN,3 θa �a3 �a$Cja�aw U�a�L3j3ac s3 @�q3 j@�j

Tr[Ta] = 0.

i@nc j@3 <3N3a�jRac. Ta. �a3 ja�,3I3ccY

BN ,�c3 R8 SU(3). Cj Cc \nCj3 ,RLLRN jR nc3 �c <3N3a�jRac j@3 ;3IIAK�NN L�jaC,3c.
λaY BN j@Cc s�w. s3 ,�N saCj3 UR ≡ exp

{
−iθRa

λa
2

}
�N0 UL ≡ exp

{
−iθLa

λa
2

}
. s@3a3

θRa �N0 θLa �a3 U�a�L3j3acY

#3cC03c j@Cc cwLL3jaw. j@3 H�<a�N<C�N CN 2\Y VlYllW @�c �IcR � <IR$�I U(1) cwLA
L3jaw �ccR,C�j30 sCj@ CN03U3N03Nj U@�c3 ja�Nc8RaL�jCRN R8 j@3 ~3I0cY i@�j Cc. j@3 H�A
<a�N<C�N Cc CNq�aC�Nj nN03a j@3 8RIIRsCN< ja�Nc8RaL�jCRNc

qL(x)→ qL(x), qR(x)→ uR qR(x) = exp{−iθR}qR(x), VlYl9W

Ra

qR(x)→ qR(x), qL(x)→ uL qL(x) = exp{−iθL}qL(x), VlYlfW

s@3a3 θL �N0 θR �a3 �a$Cja�aw a3�I U�a�L3j3acY i@nc. j@3 H�<a�N<C�N CN 2\Y VlYllW Cc
�IcR UR(1)⊗UL(1) CNq�aC�NjY BN j@Cc s�w. j@3 cwLL3jaw <aRnU 8Ra j@Cc j@3Raw. CN j@3 ICLCj
s@3a3 j@3 \n�aGc �a3 L�ccI3cc. Cc SUR(3)⊗SUL(3)⊗UR(1)⊗UL(1)Y

7Ra � $3jj3a nN03acj�N0CN< R8 j@3 ,RNc3\n3N,3c R8 j@Cc cwLL3jaw s3 ,�N nc3 j@3
MR3j@3aȕc i@3Ra3L )9l*Y

lYlYS MR3j@3aȕc j@3Ra3L

i@3 j@3Ra3L cj�j30 $w 2LLw MR3j@3a U3aLCjc j@3 a3I�jCRN $3js33N � ,RNjCNnRnc cwLA
L3jaw R8 � H�<a�N<C�N �N0 ,3aj�CN ,RNc3aq30 \n�NjCjC3cY T�ajC,nI�aIw. s3 �a3 CNj3a3cj30
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CN cjn0wCN< j@3 CNq�aC�N,3 R8 j@3 H�<a�N<C�N CN 2\Y VlYllW nN03a j@3 ja�Nc8RaL�jCRNc
<Cq3N $w 2\cY VlYlkWAVlYlfWY

MR3j@3aȕc i@3Ra3L
7Ra 3q3aw ,RNjCNnRnc cwLL3jaw R8 j@3 H�<a�N<C�N j@3a3 Cc � ,RNc3aq30 ,naa3Nj
�N0 j@3 �ccR,C�j30 ,@�a<3 Cc CN03U3N03Nj R8 jCL3Y

H3j nc ,RNcC03a � H�<a�N<C�N s@C,@ 03U3N0c RN j@3 ~3I0c φi �N0 ∂µφiY �N CN~NCj3cA
CL�I ja�Nc8RaL�jCRN RN j@3 ~3I0c φi. ,@�N<3c φi(x) CNjR φ ′

i (x) cn,@ j@�j

φi(x)→ φ ′
i (x) = φi(x)+δφi(x) = φi(x)− iεaFai[φ(x)], VlYleW

⇒ δφi(x) =−iεaFai[φ(x)], VlYl4W

s@3a3 εa a3Ua3c3Njc �a$Cja�aw CN~NCj3cCL�I a3�I ,RNcj�Njc �N0 Fai[φ(x)] Cc � 8nN,jCRN R8
j@3 ~3I0cY bn,@ ja�Nc8RaL�jCRNc RN j@3 ~3I0c I3�0 jR � ,@�N<3 R8 j@3 H�<a�N<C�N R8 j@3
8RaL

L → L ′ = L +δL , VlYlOW

s@3a3. <Cq3N j@3 03U3N03N,3 R8 L RN j@3 ~3I0c.

δL =
∂L

∂φi
δφi +

∂L

∂
(
∂µφ

)δ
(
∂µφ

)
. VlYkzW

mcCN< 2\Y VlYl4W. s3 ,�N saCj3 2\Y VlYkzW �c

δL = εa

(
−i

∂L

∂φi
Fai − i

∂L

∂∂µφi
∂µFai

)
. VlYkSW

B8 s3 CLURc3 NRs j@�j L c�jCc~3c j@3 2nI3aAH�<a�N<3 3\n�jCRNc. s3 @�q3 j@�j

∂L

∂φi
= ∂µ

(
∂L

∂
(
∂µφi

)
)
, VlYklW

j@3N. 2\Y VlYkSW $3,RL3c

δL = εa

(
−i∂µ

(
∂L

∂
(
∂µφi

)
)

Fai − i
∂L

∂
(
∂µφi

)∂µFai

)
,

= εa∂µ

(
−i

∂L

∂
(
∂µφi

)Fai

)
. VlYkkW

/3~NCN<
Jµ

a ≡−i
∂L

∂
(
∂µφi

)Fai, VlYk:W
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s3 <3j
δL = εa∂µJµ

a . VlYk9W

B8 j@3 H�<a�N<C�N Cc CNq�aC�Nj nN03a j@3 ja�Nc8RaL�jCRN <Cq3N CN 2\Y VlYl4W. L ′ = L . cR.
δL = 0Y i@Cc. �,,Ra0CN< jR 2\Y VlYk9W. CLUIC3c j@�j ∂µJµ

a = 0. cCN,3 j@3 U�a�L3j3ac εa �a3
�a$Cja�awY r3 @�q3 Ua3,Cc3Iw a3�,@30 jR j@3 MR3j@3aȕc j@3Ra3L- 8Ra 3�,@ CN~NCj3cCL�I
ja�Nc8RaL�jCRN R8 j@3 ~3I0c s@C,@ I3�q3c j@3 H�<a�N<C�N CNq�aC�Nj j@3a3 Cc � ,RNc3aq30
,naa3Nj Jµ

a . CY3Y.
∂µJµ

a = 0 ⇒ ∂J0
a

∂ t
+

#»
∇ · #»J a = 0, VlYkfW

s@C,@ Cc � ,RNjCNnCjw 3\n�jCRN. s@3a3 J0
a Cc j@3 ,@�a<3 03NcCjw �N0 #»J a ,Raa3cURN0c jR

j@3 ,naa3Nj 03NcCjwY i@3 jRj�I ,@�a<3. Qa. sCII $3 j@3 CNj3<a�I Rq3a j@3 qRInL3 R8 j@3
,@�a<3 03NcCjw

Qa ≡
∫

d3 x J0
a(t,

#»x ), VlYkeW

cn,@ j@�j. 8aRL 2\Y VlYkfW

dQa

dt
=
∫

d3x
∂J0

a
∂ t

=−
∫

d3x
#»
∇ · #»J a =−

∮

S
d

#»
S · #»J a = 0 VlYk4W

s@3a3 s3 @�q3 nc30 �c $RnN0�aw ,RN0CjCRN j@�j j@3 ~3I0c q�NCc@ �j CN~NCjw. CY3Y. s@3N
| #»x |→ ∞Y

H3j nc NRs 03j3aLCN3 j@3 ,RNc3aq30 ,naa3Njc �N0 j@3 ,@�a<3c �ccR,C�j30 sCj@ j@3
cwLL3jaw ja�Nc8RaL�jCRNc R8 2\cY VlYlkWAVlYlfWY 7Ra CN~NCj3cCL�I θRa �N0 θLa. 2\cY
VlYlkW �N0 VlYl:W ,�N $3 saCjj3N �c

qR(x)→
(

1− iθRa
λa

2

)
qR(x), qL(x)→ qL(x), VlYkOW

qL(x)→
(

1− iθLa
λa

2

)
qL(x), qR(x)→ qR(x). VlY:zW

#w ncCN< 2\cY VlYleW �N0 VlYk:W jR<3j@3a sCj@ 2\Y VlYllW s3 ~N0 j@3 ,Raa3cURN0CN<
,RNc3aq30 ,naa3Njc. s@C,@ �a3

Jµ
Ra = q̄Rγµ λa

2
qR, Jµ

La = q̄Lγµ λa

2
qL, VlY:SW

sCj@ ∂µJµ
Ra = ∂µJµ

La = 0Y
bCLCI�aIw. 8aRL 2\c VlYl9W �N0 VlYlfW ,RNcC03aCN< CN~NCj3cCL�I θR �N0 θL. s3 @�q3

qR(x)→ (1− iθR)qR(x), qL(x)→ qL(x),

qL(x)→ (1− iθL)qL(x), qR(x)→ qR(x),



+?�Ti2` lY bvKK2i`v �M/ bvKK2i`v #`2�FBM; Se

�N0 $w L3�Nc R8 2\Y VlYleW. VlYk:W �N0 VlYllW s3 ~N0 j@3 ,Raa3cURN0CN< ,RNc3aq30
,naa3Njc jR $3

Jµ
R = q̄RγµqR, Jµ

L = q̄LγµqL. VlY:lW

7Ra � 033U3a nN03acj�N0CN< R8 j@3 ,naa3Njc 8RnN0. Cj Cc nc38nI jR ,RNcjan,j � ICN3�a ,RLA
$CN�jCRN R8 j@3LY T�ajC,nI�aIw. s3 03~N3

V µ
a = Jµ

Ra + Jµ
La, Aµ

a = Jµ
Ra − Jµ

La,

V µ = Jµ
R + Jµ

L , Aµ = Jµ
R − Jµ

L . VlY:kW

mcCN< 2\cY VlY:lW �N0 VlY:SW. �N0 sRaGCN< Rnj j@3 3uUa3ccCRNc. s3 @�q3 )9k*

V µ
a = q̄γµ λa

2
q, Aµ

a = q̄γµγ5 λa

2
q,

V µ = q̄γµq, Aµ = q̄γµγ5q. VlY::W

BNj3a3cjCN<Iw. j@3 ,naa3Njc <Cq3N CN 2\cY VlY::W @�q3 � s3II 03~N30 ja�Nc8RaL�jCRN nN03a
U�aCjwY 7Ra CNcj�N,3

P : V µ
a (t;!x)

q→γ0q−−−−→
!x→−!x

(qγ0)†γ0γµ λa

2
γ0q = q†γµγ0 λa

2
q

=

(
q†γ0γ0 λa

2
q; q†γ iγ0 λa

2
q
)
=

(
q̄γ0 λa

2
q; −q̄γ i λa

2
q
)
,

→Vaµ(t; − #»x ), VlY:9W

�N0

P : Aµ
a (t;!x)

q→γ0q−−−−→
!x→−!x

(qγ0)†γ0γµγ5 λa

2
γ0q = q†γµγ5γ0 λa

2
q

=

(
−q†γ0γ0γ5 λa

2
q; −q†γ iγ0γ5 λa

2
q
)
=

(
−q̄γ0γ5 λa

2
q; q̄γ iγ5 λa

2
q
)
,

→−Aaµ(t; − #»x ). VlY:fW

i@nc. V µ
a ja�Nc8RaLc nN03a U�aCjw �c � q3,jRa ,naa3Nj. s@CI3 Aµ

a ja�Nc8RaLc �c �N �uC�I
,naa3NjY bCLCI�aIw. V µ(t, #»x )[Aµ(t, #»x )] ja�Nc8RaLc nN03a U�aCjw �c � q3,jRa V�uC�IW ,naa3Nj.
CY3Y.

P : V µ(t; #»x )
q→γ0q−−−−→
!x→−!x

Vµ(t;− #»x ), P : Aµ(t; #»x )
q→γ0q−−−−→
!x→−!x

−Aµ(t;− #»x ). VlY:eW
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7aRL j@3c3 ,naa3Njc s3 ,�N R$j�CN j@3 ,@�a<3 RU3a�jRac $w ncCN< 2\Y VlYkeW. �N0
j@3w �a3 <Cq3N $w

QVa =
∫

d3x q† λa

2
q, QAa =

∫
d3x q†γ5 λa

2
q, VlY:4W

QV =
∫

d3x q†q, QA =
∫

d3x q†γ5q. VlY:OW

�c CN ,�c3 R8 j@3 ,naa3Njc. j@3 ,@�a<3 RU3a�jRac �IcR ja�Nc8RaL nN03a U�aCjw �c �uC�I
�N0 q3,jRa \n�NjCjC3c

P :





QVa → QVa, QAa →−QAa

QV → QV , QA →−QA.
VlY9zW

bR. CN jRj�I. s3 @�q3 8RnN0 18 ,naa3Njc sCj@ j@3 ,Raa3cURN0CN< ,@�a<3c. s@C,@ �a3
,RNc3aq30 \n�NjCjC3cY i@3c3 ,naa3Njc �a3 �ccR,C�j30 sCj@ j@3 CNq�aC�N,3 R8 j@3 [+/
H�<a�N<C�N CN j@3 ICLCj R8 L�ccI3cc \n�aGc nN03a SUL(3)⊗SUR(3)⊗UV (1)⊗UA(1) ja�NcA
8RaL�jCRNc R8 j@3 \n�aG ~3I0cY ?Rs3q3a. j@3 ,RNcC03a�jCRN R8 \n�NjnL ,Raa3,jCRNc Va3A
I�j30 jR \n�NjnL �n,jn�jCRNc R8 j@3 \n�aGc ~3I0c CN j@3 <InRN $�,G<aRnN0W UaR0n,3c
�N �NRL�Iw CN j@3 a3cnIjc. $a3�GCN< j@3 ,RNc3aq�jCRN R8 j@3 �uC�I ,naa3Nj Aµ 3q3N C8 j@3
L�cc3c R8 j@3 \n�aGc �a3 c3j jR y3aR V� U@3NRL3NRN GNRsN �c j@3 UA(1) �NRL�IwW
cn,@ j@�j )9l*

∂µAµ =
3g2

32π2 εµνρσG µν
a G ρσ

a += 0. VlY9SW

i@nc. s3 3N0 nU @�qCN< 17 ,RNc3aq30 ,naa3Njc �N0 j@3Ca a3cU3,jCq3 ,@�a<3cY BN U�aA
jC,nI�a. j@3 UV (1) cwLL3jaw a3cnIjc CN j@3 ,RNc3aq�jCRN R8 j@3 $�awRN NnL$3a B V s@C,@
Cc a3I�j30 jR j@3 ,@�a<3 QV W �N0 UaRqC03c � ,I�ccC~,�jCRN R8 @�0aRNc CNjR L3cRNc Vqq̄

U�Cac. j@nc B = 0W �N0 $�awRNc Vqqq cwcj3L. j@nc B = 1WY

lYlYl +@Ca�I cwLL3jaw $a3�GCN< �N0 j@3 ;RI0cjRN3 j@3Ra3L

BN j@3 Ua3qCRnc cn$c3,jCRN s3 @�q3 c33N j@�j CN j@3 ICLCj R8 L�ccI3cc \n�aGc j@3 [+/
H�<a�N<C�N 3u@C$Cjc � cwLL3jaw. j@3 ,@Ca�I cwLL3jawY BN N�jna3. @Rs3q3a. j@3 \n�aG
L�cc3c �a3 NRj y3aR. j@Rn<@ �a3 cL�IIY B8 j@3 3uUIC,Cj q�In3 R8 j@3 \n�aG L�cc3c �a3
j�G3N CNjR �,,RnNj. j@3 [+/ H�<a�N<C�N 03q3IRUc � j3aL s@C,@ LCu3c aC<@jA@�N030 �N0
I38jA@�N030 ~3I0c CN cn,@ � s�w j@�j Cj Cc NRj �NwLRa3 CNq�aC�Nj nN03a j@3 ja�Nc8RaL�jCRNc
<Cq3N $w 2\cY VlYkOW �N0 VlY:zWY i@Cc L3�Nc j@�j j@3 [+/ H�<a�N<C�N @�c j3aLc s@C,@
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3uUIC,CjIw $a3�G j@3 ,@Ca�I cwLL3jawY 7Ra CNcj�N,3. 8aRL 2\Y VlYSfW

L = (q̄R + q̄L)
(
iγµDµ −m f

)
(qR +qL)−

1
2

Tr
{
GµνG µν},

= q̄R(iγµDµ)qR + q̄L(iγµDµ)qL − (q̄R + q̄L)m f (qR +qL)−
1
2

Tr
{
G µνGµν

}
,

�N0 s3 <3j j3aLc s@C,@ ,RnUI3 aC<@jA@�N030 �N0 I38jA@�N030 ~3I0cY
#3cC03c j@3 3uUIC,Cj cwLL3jaw $a3�GCN<. s3 ,�N �IcR @�q3 j@3 cR ,�II30 cURNj�A

N3Rnc cwLL3jaw $a3�GCN<. s@C,@ ,Raa3cURN0c jR � cCjn�jCRN CN s@C,@ j@3 H�<a�N<C�N
Ua3c3aq3c j@3 cwLL3jaw. $nj j@3 q�,nnL Vcj�j3 R8 LCNCLnL 3N3a<wW 0R3cNȕjY 7Ra � $3jA
j3a nN03acj�N0CN< R8 j@3 ,RNc3\n3N,3c R8 @�qCN< � cwLL3jaw s@C,@ Cc cURNj�N3RncIw
$aRG3N s3 ,�N nc3 j@3 ;RI0cjRN3 j@3Ra3L )9:Ģ9f*Y

;RI0cjRN3 i@3Ra3L
+RNcC03a �Nw ~3I0 j@3Raw CN s@C,@ j@3 ?�LCIjRNC�N H Cc CNq�aC�Nj nN03a cRL3 HC3
<aRnU GY i@3N. C8 s3 03NRj3 $w Ta j@3 <3N3a�jRac R8 j@3 <aRnU s3 @�q3

[Ta,H] = 0. VlY9lW

� cwLL3jaw Cc ,�II30 cURNj�N3RncIw $aRG3N C8 j@3 <aRnN0 cj�j3 VRa q�,nnLW R8 j@3
j@3Raw. 03NRj30 $w |0〉. Cc NRj CNq�aC�Nj nN03a GY BN Rj@3a sRa0c. j@�j Cc. C8 8Ra cRL3
<3N3a�jRac R8 j@3 <aRnU s3 @�q3

Ta |0〉 += 0. VlY9kW

i@3 j@3Ra3L 3cj�$ICc@3c j@�j 8Ra 3�,@ <3N3a�jRa j@�j 0R3cNȕj �NNC@CI�j3 j@3 <aRnN0
cj�j3. j@3a3 Cc � ;RI0cjRN3 #RcRN sCj@ y3aR L�cc �N0 \n�NjnL NnL$3ac R8 TaY

�,,Ra0CN< jR j@3 ;RI0cjRN3 j@3Ra3L. jR <3j �N CNcC<@j a3<�a0CN< j@3 cURNj�N3Rnc
$a3�GCN< R8 j@3 cwLL3jaw. s3 N330 jR ~N0 C8 j@3a3 �a3 <3N3a�jRac a3I�j30 jR j@3 cwLA
L3jaw R8 j@3 j@3Raw s@C,@ 0R NRj �NNC@CI�j3 j@3 q�,nnL R8 j@3 j@3RawY iR 0R j@Cc. Cj Cc
�,jn�IIw LRa3 ,RNq3NC3Nj jR sRaG 0Ca3,jIw sCj@ j@3 ,@�a<3c 8RnN0 CN 2\cY VlY:OW �N0
VlY:4W. s@C,@ c�jCc8w j@3 c�L3 �I<3$a� �c j@3 <3N3a�jRa R8 j@3 <aRnU �N0 j@3a38Ra3 ,�N
�IcR $3 ,RNcC03a30 <3N3a�jRac R8 j@3 ja�Nc8RaL�jCRNc CN 2\cY VlY:zW �N0 VlYkOWY
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+@�a<3c qcY ;3N3a�jRac

i@3 HC3 �I<3$a� R8 SUR(3)⊗ SUL(3)⊗U(1)V CLUIC3c cRL3 ,RLLnj�jCRN a3I�jCRNc
8Ra j@3 <3N3a�jRac R8 j@3 <aRnUY H3j TRa $3 j@3 <3N3a�jRac R8 j@3 <aRnU �ccR,CA
�j30 sCj@ j@3 SUR(3) cwLL3jaw V� 5 S. YYY. 4W. TLa �a3 j@3 <3N3a�jRac a3I�j30 sCj@
j@3 SUL(3) <aRnU �N0 TV ,Raa3cURN0c jR j@3 <3N3a�jRa �ccR,C�j30 sCj@ j@3 UV (1)

<aRnUY
#w sRaGCN< Rnj j@3 ,RLLnj�jRac $3js33N j@3L. Cj Cc URccC$I3 jR c@Rs j@�j )9l*

[TRa,TLb] = 0, [TRa,TRb] = i fabcTRc,

[TLa,TLb] = i fabcTLc, [TRa,TV ] = [TLa,TV ] = 0,

s@3a3 fabc �a3 j@3 cjan,jna3 ,RNcj�Njc R8 j@3 <aRnUY
#w ncCN< 2\cY VlY:SW �N0 VlY:kW. j@3 ,Raa3cURN0CN< ,@�a<3c �a3 <Cq3N $w

QLa(t) =
∫

d3xq†
L(t,

#»x )
λa

2
qL(t, #»x ) =

∫
d3xq†(t, #»x )PL

λa

2
q(t, #»x ),

QRa(t) =
∫

d3xq†
R(t,

#»x )
λa

2
qR(t, #»x ) =

∫
d3xq†(t, #»x )PR

λa

2
q(t, #»x ),

QV (t) =
∫

d3x
[
q†

L(t,
#»x )qL(t, #»x )+q†

R(t,
#»x )qR(t, #»x )

]
=
∫

d3xq†(t, #»x )q(t, #»x ).

#w 3uUa3ccCN< j@3 ,RLLnj�jRac R8 j@3 ,@�a<3c CN j3aLc R8 3\n�IAjCL3 �NjCA
,RLLnj�jCRN a3I�jCRNc R8 j@3 \n�aG ~3I0c. Cj ,�N $3 8RnN0 j@�j )9l*

[QRa,QLb] = 0, [QRa,QRb] = i fabcQRc,

[QLa,QLb] = i fabcQLc, [QRa,QV ] = [QLa,QV ] = 0,

s@C,@ a3�3,jc j@3 nN03aIwCN< HC3 �I<3$a� R8 SUL(3)⊗SUR(3)⊗UV (1)Y r3 ,RN,In03
j@3N j@�j j@3 ,@�a<3c �a3 �,jn�IIw j@3 <3N3a�jRac R8 j@3 CN~NCj3cCL�I ja�Nc8RaL�A
jCRNc R8 j@3 ?CI$3aj cU�,3 �ccR,C�j30 sCj@ j@3 H�<a�N<C�N R8 2\Y VlYSfW s@Rc3
cwLL3jaw <aRnU Cc SUR(3)⊗SUL(3)⊗UV (1)Y

bCN,3 j@3 ,@�a<3c �a3 ,RNc3aq30 \n�NjCjC3c. CY3Y. j@3Ca q�In3c 0R NRj ,@�N<3 sCj@
jCL3. j@3w ,RLLnj3 sCj@ j@3 ?�ILCIjRNC�N H R8 j@3 j@3Raw $w L3�Nc R8

[H,Q] = i
dQ
dt

= 0, VlY9:W
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8Ra � <Cq3N ,@�a<3 QY i@nc. 8Ra j@3 ,@�a<3c QVa �N0 QAa s3 @�q3 j@�j

[H,QAa] = [H,QVa] = 0. VlY99W

#nj �c s3 @�q3 c33N CN b3,Y lYlYS. QAa �N0 QVa �a3 RU3a�jRac sCj@ RUURcCj3 U�aCjwY i@Cc
L3�Nc j@�j 8Ra 3�,@ cj�j3 sCj@ URcCjCq3 U�aCjw s3 c@RnI0 3uU3,j j@3 3uCcj3N,3 R8 �NRj@3a
cj�j3 sCj@ c�L3 3N3a<w �c j@3 Ua3qCRnc RN3 $nj N3<�jCq3 U�aCjwY BN0330. C8 s3 ,�II �
cj�j3 sCj@ 3N3a<w Eα �N0 URcCjCq3 U�aCjw �c |α,+〉. cn,@ j@�j. H0

QCD |α,+〉 = Eα |α,+〉

Vj@3 cnU3ac,aCUj 0 CN0C,�j3c j@�j s3 sRaG CN j@3 ,@Ca�I ICLCj R8 j@3 [+/ ?�LCIjRNC�NW �N0
03~N3 j@3 cj�j3c |φα,Va〉 �N0

∣∣φα,Aa
〉

�c

|φα,Va〉 ≡ QVa |α,+〉 ,
∣∣φα,Aa

〉
≡ QAa |α,+〉 , VlY9fW

s3 @�q3

H0
[+/

∣∣φα,Aa
〉
= H0

[+/QAa |α,+〉= QAaH0
[+/ |α,+〉= Eα

∣∣φα,Aa
〉
,

H0
[+/ |φα,Va〉= H0

[+/QVa |α,+〉= QVaH0
[+/ |α,+〉= Eα |φα,Va〉 ,

cR
∣∣φα,Aa

〉
�N0 |φα,Va〉 �a3 03<3N3a�j3 cj�j3cY #w ncCN< 2\Y VlY9zW s3 ,�N R$j�CN j@3

U�aCjw �ccR,C�j30 sCj@ j@3c3 cj�j3c

P
∣∣φα,Aa

〉
= PQAa |α,+〉= PQAaP−1P |α,+〉=−QAa (+ |α,+〉) =−

∣∣φα,Aa
〉
,

P |φα,Va〉 = PQVa |α,+〉= PQVaP−1P |α,+〉=+QVa (+ |α,+〉) = + |φα,Va〉 .

i@nc.
∣∣φα,Aa

〉
�N0 |φα,Va〉 �a3 03<3N3a�j3 cj�j3c sCj@ RUURcCj3 U�aCjC3cY ?Rs3q3a. j@3

@�0aRN cU3,janL �j IRs 3N3a<C3c 0R3c NRj c@Rs j@3 3uCcj3N,3 R8 cn,@ � U�aCjw 0Rn$ICN<Y
7Ra CNcj�N,3. j@3 IRsA3N3a<w cU3,janL R8 $�awRNc Cc 8RaL30 $w � 1

2
+ R,j3j jR s@C,@ p

�N0 n $3IRN<. $nj j@3a3 Cc NRj � 1
2
− R,j3j R8 $�awRNc sCj@ j@3 c�L3 L�ccY i@3 N�jna�I

\n3cjCRN s@C,@ a�Cc3c �j j@Cc cj�<3 Cc- s@�j �a3 s3 LCccCN<] iR �Ncs3a j@Cc \n3cjCRN Cj Cc
CLURaj�Nj jR NRjC,3 j@�j CN j@3 8RaL3a 0Cc,nccCRNc Cj Cc CLUIC,CjIw �ccnL30 j@�j j@3 ,@�a<3c
QAa �NNC@CI�j3 j@3 q�,nnLY H3j nc c33 j@3 ,RNc3\n3N,3c R8 cn,@ �N �ccnLUjCRNY

B8 s3 ,RNcC03a j@�j s3 @�q3 LnIjCUI3jc 8RaL30 $w cj�j3c sCj@ URcCjCq3 U�aCjw. s@C,@
�a3 a3Ua3c3Nj30 $w j@3 G3jc |α,+〉. �N0 � 03<3N3a�j3 LnIjCUI3j 8RaL30 $w cj�j3c sCj@
N3<�jCq3 U�aCjw. s@C,@ �a3 a3Ua3c3Nj30 $w j@3 cj�j3c |β ,−〉. s3 ,�N saCj3

∣∣φα,Aa
〉
= QAa |α,+〉= |β ,−〉〈β ,−|QAa |α,+〉 , VlY9eW
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s@3a3 s3 @�q3 nc30 j@3 8�,j j@�j j@3 cj�j3c |β ,−〉 8RaL � ,RLUI3j3 c3j V�N0 j@3a3 Cc �N
CLUIC,Cj cnLL�jCRN RN j@3 CN03u β WY B8 s3 03~N3 tAa,βα ≡ 〈β ,−|QAa |α,+〉 s3 R$j�CN

∣∣φα,Aa
〉
= QAa |α,+〉= tAa,βα |β ,−〉 . VlY94W

�j j@3 c�L3 jCL3. C8 s3 03NRj3 $w c†
α,+ j@3 ,a3�jCRN RU3a�jRa s@C,@ s@3N �,jCN< RN

j@3 q�,nnL UaR0n,3c j@3 cj�j3 |α,+〉. s3 ,�N �IcR saCj3

∣∣φα,Aa
〉
= QAac†

α,+ |0〉 . VlY9OW

B8 s3 NRs nc3 j@3 8�,j j@�j

QAac†
α,+ =

[
QAa,c†

α,+

]
+ c†

α,+QAa, VlYfzW

j@3N. 2\Y VlY9OW ,�N $3 3uUa3cc30 �c

∣∣φα,Aa
〉
=
[
QAa,c†

α,+

]
|0〉+ c†

α,+QAa |0〉 . VlYfSW

;Cq3N j@3 ~3I0 φi(x) �N0 �N CN~NCj3cCL�I ja�Nc8RaL�jCRN s@C,@ Cc ICN3�a CN ~3I0. CY3Y.
φi(x)→ φ ′

i (x) = φi(x)− iεata,i jφ j. j@3 ,RLLnj�jRa R8 � ,@�a<3 RU3a�jRa Qa �N0 � ~3I0 φi.
,RNcC03aCN< ,�NRNC,�I ,RLLnj�jCRN anI3c 8Ra j@3 ~3I0 φi �N0 Cjc ,RNEn<�j3 LRL3NjnL.
,�N $3 saCjj3N �c )9l*

[Qa(t),φi(t, #»y )] = ta, jiφ j(t, #»y ). VlYflW

BN qC3s R8 j@Cc a3cnIj. C8 s3 03NRj3 NRs c†
β ,− �c j@3 RU3a�jRa s@C,@ UaR0n,3c � cj�j3

03<3N3a�j3 sCj@ |α,+〉. $nj sCj@ RUURcCj3 U�aCjw. Cj Cc URccC$I3 jR 3uU�N0
[
QAa,c†

α,+

]
�c

� ICN3�a ,RL$CN�jCRN R8 cj�j3c sCj@ N3<�jCq3 U�aCjw. j@nc. �c � ICN3�a ,RL$CN�jCRN R8 j@3
RU3a�jRac c†

β ,− )9l*
[
QAa,c†

α,+

]
= tAa,βαc†

β ,−.

BN j@Cc s�w. 2\Y VlYfSW ,�N $3 saCjj3N �c

∣∣φα,Aa
〉
= QAa |α,+〉=

{
tAa,βαc†

β ,−+ c†
α,+QAa

}
|0〉

= tAa,βα |β ,−〉+ c†
α,+QAa |0〉 . VlYfkW

+RLU�aCN< j@Cc 3\n�jCRN sCj@ 2\Y VlY94W. s3 N330 jR �ccnL3 j@�j

QAa |0〉= 0.
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#nj C8 QAa |0〉 += 0. j@3N j@3a3 sRnI0 NRj $3 j@3 U�aCjw 0Rn$ICN< UnyyI3 �N0 j@3 SUL(3)⊗

SUR(3) cwLL3jaw sRnI0 $3 $aRG3N jR SU(3)V Y BN U�ajC,nI�a. j@3 SUL(3)⊗SUR(3) cwLL3A
jaw R8 j@3 [+/ H�<a�N<C�N Cc cURNj�N3RncIw $aRG3N jR SUV (3). cCN,3 j@3 q�,nnL 0R3c
NRj c@�a3 j@3 cwLL3jaw R8 j@3 H�<a�N<C�NY �,,Ra0CN< jR j@3 +RI3L�N j@3Ra3L )9e* j@3
cwLL3jaw R8 j@3 R$c3aq30 cU3,janL Cc 03j3aLCN30 $w j@3 cwLL3jaw R8 j@3 <aRnN0 cj�j3Y
bCN,3

QVa |0〉= 0, QV |0〉= 0, VlYf:W

s3 c@RnI0 3uU3,j j@3 3uCcj3N,3 R8 SUV (3) LnIjCUI3jc s@C,@ ,�N $3 ,I�ccC~30 �,,Ra0CN<
jR j@3Ca $�awRN NnL$3aY bCN,3 j@Cc 8�,j Cc ,RLU�jC$I3 sCj@ j@3 �UUaRuCL�j3 SU(3) ��qRa
cwLL3jaw R$c3aq30 8Ra j@3 IRsAIwCN< @�0aRN cU3,janL. Cj Cc �ccnL30 j@3N j@�j

QAa |0〉 += 0. VlYf9W

�,,Ra0CN< jR j@3 ;RI0cjRN3 j@3Ra3L j@3a3 c@RnI0 $3 4 $RcRNc sCj@ N3<�jCq3 U�aCjw
�N0 cUCN y3aR s@C,@ �a3 L�ccI3ccY 2{3,jCq3Iw. C8 s3 c3j. 8Ra ,RNq3NC3N,3. j@3 3N3a<w R8
j@3 q�,nnL jR $3 y3aR. CY3Y.

H0
[+/ |0〉= 0, VlYffW

cCN,3
[
QAa,H0

[+/
]
= 0. 8Ra j@3 cj�j3 QAa |0〉. s3 @�q3

H0
[+/[QAa |0〉] = +QAaH0

[+/ |0〉= 0. VlYfeW

r3 c@RnI0 @�q3 j@3N 8 L�ccI3cc Uc3n0Rc,�I�a L3cRNcY i@3 @�0aRN cU3,janL c@Rsc
j@3 3uCcj3N,3 R8 4 Uc3n0Rc,�I�a L3cRNc π±.π0.K±.K0.K̄0 �N0 η s@C,@ �a3 Ln,@ IC<@j3a
j@�N j@3 a3cj R8 @�0aRNcY i@3w �a3 Ua3,Cc3Iw j@3 ;RI0cjRN3 $RcRNcY i@3 8�,j j@�j j@3w
�a3 NRj L�ccI3cc Cc � a3�3,jCRN R8 j@3 3uUIC,Cj $a3�GCN< R8 j@3 SUL(3)⊗SUR(3) cwLL3jaw
0n3 jR j@3 cL�II. �Ij@Rn<@ NRNy3aR. q�In3 R8 j@3 \n�aG L�cc3cY

+I�ccC,�IIw. j@3 ;RI0cjRN3 $RcRNc ,�N $3 qC3s30 �c L�ccI3cc 3u,Cj�jCRNc ICqCN< CN
j@3 \nRjC3Nj SUL(3)⊗SUR(3)/SUV (3)Y 2�,@ ;RI0cjRN3 $RcRN sRnI0 @�q3 �N �ccR,C�j30
CN03U3N03Nj ~3I0 φi. s@C,@ �a3 8nN,jCRNc RN j@3 KCNGRscGC cU�,3. �N0. ,�N $3 ,RII3,j30
CN � q3,jRa φ = (φ1,φ2,φ3,φ4,φ5,φ6,φ7,φ8). 03~NCN< � q3,jRa cU�,3Y BNj3a3cjCN<Iw. j@3a3
3uCcjc �N CcRLRaU@C, L�UUCN< $3js33N j@3 \nRjC3Nj cU�,3 SUL(3)⊗SUR(3)/SUV (3) �N0
j@3 ;RI0cjRN3 $RcRN ~3I0c )9l*Y mcCN< j@Cc L�UUCN<. $w cjn0wCN< j@3 ja�Nc8RaL�jCRNc R8
j@3 ;RI0cjRN3 $RcRNc nN03a SUL(3)⊗SUR(3). j@3 ;RI0cjRN3 $RcRNc ,�N $3 C03NjC~30 �c
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,RRa0CN�j3c R8 � U�a�L3jaCy�jCRN R8 � L�jaCu U R8 SU(3)Y � ,RNq3NC3Nj U�a�L3jaCy�jCRN
Cc <Cq3N $w

U(x) = e−i
√

2
f φ(x), VlYf4W

s@3a3

φ(x) =
8

∑
a=1

θaλa =





θ3 +
θ8√

3
θ1 − iθ2 θ4 − iθ5

θ1 + iθ5
θ8√

3
−θ3 θ6 − iθ7

θ4 + iθ5 θ6 + iθ7
−2√

3
θ8





=





π0 + 1√
3
η

√
2π+

√
2K+

√
2π− −π0 + 1√

3
η

√
2K0

√
2K− √

2K̄0 − 2√
3
η




. VlYfOW

BN 2\Y VlYfOW. j@3 a3I�jCRN $3js33N j@3 U@wcC,�I ~3I0c �N0 j@3 ,�aj3cC�N ,RLURN3Njc
@�c $33N nc30Y i@3 ,RNcj�Nj f Cc CNjaR0n,30 cn,@ j@�j j@3 �a<nL3Nj R8 j@3 3uURN3NjC�I
Cc 0CL3NcCRNI3cc- cCN,3 j@3 $RcRN ~3I0c @�q3 0CL3NcCRN R8 3N3a<w. f Lncj �IcR @�q3
0CL3NcCRN R8 3N3a<wY BN 8�,j. f ,�N $3 C03NjC~30 sCj@ j@3 UCRN 03,�w ,RNcj�Nj CN j@3
,@Ca�I ICLCj V f ≈ 93 K3pWY

BN j@3 N3uj c3,jCRNc s3 sCII CNjaR0n,3 j@3 @3�qw \n�aG cwLL3jaw �N0 s3 sCII c33
@Rs jR nc3 j@3 a3cnIjc 8RnN0 @3a3 jR ,RNcjan,j �N 3{3,jCq3 ~3I0 j@3Raw 03c,aC$CN< j@3
CNj3a�,jCRN R8 @3�qw @�0aRNc sCj@ IC<@j RN3cY #nj $38Ra3 0RCN< j@Cc. Cj Cc CNj3a3cjCN< jR
c@Rs @Rs j@3 cURNj�N3Rnc $a3�GCN< R8 � cwLL3jaw Cc a3I�j30 jR � NRNy3aR q�,nnL
3uU3,j�jCRN q�In3 R8 j@3 ~3I0cY BN 8�,j.

QA |0〉 += 0 ⇒ 〈0| q̄q |0〉 += 0.

r3 CIIncja�j3 j@Cc sCj@ j@3 cj�N0�a0 3u�LUI3 R8 j@3 K3uC,�N @�j URj3NjC�I. s@C,@. �c CN
,�c3 R8 j@3 L�ccI3cc [+/ H�<a�N<C�N. Cc CNq�aC�Nj nN03a <IR$�I U@�c3 ja�Nc8RaL�jCRNc
R8 j@3 ~3I0cY

lYlYk ;RI0cjRN3ȕc j@3Ra3L 8Ra j@3 L3uC,�N @�j URj3NjC�I

� cCLUI3 ,I�ccC,�I LR03I s@C,@ 3u@C$Cjc � ,RNjCNnRnc <�n<3 cwLL3jaw Cc j@3 RN3 <Cq3N
$w j@3 H�<a�N<C�N

L = ∂µφ∂ µφ∗ −V (φ ,φ∗), VlYezW
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sCj@
V (φ ,φ∗) = µ2φφ ∗+

1
4

λ (φφ ∗)2, VlYeSW

�N0 φ $3CN< � ,RLUI3u c,�I�a ~3I0Y i@Cc H�<a�N<C�N Cc ,I3�aIw CNq�aC�Nj nN03a j@3 <IR$�I
U@�c3 ja�Nc8RaL�jCRN

φ → e−iθ φ , φ∗ → eiθ φ∗, VlYelW

s@3a3 θ Cc �N �a$Cja�aw a3�I ,RNcj�NjY
�j j@3 ,I�ccC,�I I3q3I. j@3 <aRnN0 cj�j3 Ra q�,nnL R8 j@3 cwcj3L ,�N $3 8RnN0 $w j@3

,RN0CjCRN ∂V
∂φ = 0Y 7aRL 2\Y VlYeSW.

∂V
∂φ = µ2φ∗+

λ
2

φφ ∗φ∗ =

(
µ2 +

λ
2

φφ ∗
)

φ∗

=

(
µ2 +

λ
2
|φ |2

)
φ∗, VlYekW

s@3N λ ≤ 0. j@3 URj3NjC�I @�c NR cj�$I3 LCNCL� 8Ra � ~NCj3 q�In3 R8 φ Y r3. j@nc. �ccnL3
λ ≥ 0Y i@3N. 8Ra µ2 ≥ 0. j@3 URj3NjC�I V �,\nCa3c �N �$cRInj3 LCNCLnL �j φ = 0 �N0 j@3
q�,nnL @�c L�NC83cjIw j@3 c�L3 cwLL3jaw �c j@3 H�<a�N<C�NY #nj C8 µ2 ≤ 0. j@3 cwcj3L
@�c Cjc IRs3cj 3N3a<w 8Ra

|φ |2 =−2µ2

λ . VlYe:W

i@�j Cc. j@3a3 Cc �N CN~NCj3 NnL$3a R8 03<3N3a�j3 LCNCL� IwCN< RN � ,Ca,I3 s@C,@ @�c �
a�0Cnc <Cq3N $w

√
−2µ2

λ Y �II j@3c3 LCNCL� 0C{3a 8aRL RN3 �NRj@3a $w � a3I�jCq3 U@�c3
8�,jRa. $nj �II �a3 3\nCq�I3Nj j@aRn<@ j@3 ja�Nc8RaL�jCRN CN 2\Y VlYelWY i@nc. s@C,@3q3a
j@3 cRInjCRN Cc ,@Rc3N Cj sCII I3�0 jR j@3 c�L3 U@wcC,c. $nj RN,3 j@3 ,@RC,3 Cc L�03.
j@3 cwLL3jaw R8 j@3 H�<a�N<C�N Cc $aRG3N cURNj�N3RncIw VcCN,3 Cj Cc 0n3 jR j@3 a�N0RL
,@RC,3 s3 L�03WY 7Ra 3u�LUI3. I3j nc c3I3,j j@3 q�,nnL cn,@ j@�j j@3 3uU3,j�jCRN
q�In3 R8 j@3 ~3I0 �j j@3 q�,nnL Cc <Cq3N $w

〈φ〉= v√
2
, v ≡

√
−4µ2

λ . VlYe9W

rCj@CN j@Cc U�ajC,nI�a ,@RC,3. RNIw j@3 a3�I U�aj R8 φ �,\nCa3c � NRNy3aR q�,nnL 3uU3,A
j�jCRN q�In3. ~uCN< j@3 0Ca3,jCRN R8 j@3 cwLL3jaw $a3�G0RsNY

r3 NRs 03~N3 � ,RLUI3u ~3I0 χ = χ1 + iχ2. sCj@ χ1 �N0 χ2 $3CN< a3�I ~3I0c. cn,@
j@�j. CN j3aLc R8 χ. j@3 ~3I0 φ Cc saCjj3N �c

φ = 〈φ〉+ 1√
2

χ

=
1√
2
(v+χ1 + iχ2) . VlYefW
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BN j@Cc s�w. j@3 ~3I0c χ1 �N0 χ2 @�q3 y3aR q�,nnL 3uU3,j�jCRN q�In3 �N0 CN � \n�NjnL
qCcCRN j@3w ,�N a3Ua3c3Nj 3u,Cj�jCRNc R8 j@3 ~3I0c 8aRL j@3 q�,nnLY T�ajC,nI�aIw. 3u,CA
j�jCRNc CN j@3 0Ca3,jCRNc a�0C�I �N0 j�N<3NjC�I jR j@3 ,Ca,I3 R8 j@3 03<3N3a�j3 LCNCL�Y BN
j3aLc R8 j@3c3 ~3I0c. s3 @�q3. 8aRL 2\cY VlYeSW �N0 VlYefW

V =

(
µ2 +

λ
4

φφ ∗
)
(φφ ∗), VlYeeW

cn,@ j@�j

φφ ∗ =
1
2
[
(v+χ1)

2 +χ2
2
]
=

1
2
[
v2 +χ2

1 +χ2
2 +2vχ1

]

=
1
2

[
−4

µ2

λ +χ2
1 +χ2

2 +2vχ1

]
, VlYe4W

⇒ µ2 +
λ
4

φφ ∗ =
µ2

2
+

λ
8
(
χ2

1 +χ2
2 +2vχ1

)
. VlYeOW

i@3N.

V =

[
µ2

2
+

λ
8
(χ2

1 +χ2
2 +2vχ1)

]
1
2
[
v2 +χ2

1 +2vχ1 +χ2
2
]

=
µ2v2

4
+

(
µ2

4
+

λv2

16

)
(χ2

1 +χ2
2 +2vχ1)+

λ
16

(χ2
1 +χ2

2 +2vχ1)
2. VlY4zW

#w ncCN< 2\Y VlYe9W. s3 @�q3

V =
µ2v2

4
+

λ
16

(χ2
1 +χ2

2 +2vχ1)
2

=
µ2v2

4
+

λ
16

[(
χ2

1 +χ2
2
)2

+4v2χ2
1 +4vχ1(χ2

1 +χ2
2 )
]

=
µ2v2

4
+

λ
4

v2χ2
1 +

λ
16

(χ2
1 +χ2

2 )
[
(χ2

1 +χ2
2 )+4vχ1

]

=−µ2χ2
1 +

λ
16

(χ2
1 +χ2

2 )
[
4vχ1 +χ2

1 +χ2
2
]
+

µ2v2

4
. VlY4SW

bCLCI�aIw. 8aRL 2\Y VlYefW

∂µφ∂ µφ∗ =
1
2
(
∂µ χ1∂ µ χ1 +∂µ χ2∂ µ χ2

)
. VlY4lW

i@3N j@3 H�<a�N<C�N CN 2\Y VlYezW. $w ncCN< 2\cY VlY4SW �N0 VlY4lW. ,�N $3 saCjj3N
�c

L =
1
2
[
∂µ χ1∂ µ χ1 − (−2µ2)χ2

1
]
+

1
2

∂µ χ2∂ µ χ2

− λ
16
(
χ2

1 +χ2
2
)[

4vχ1 +χ2
1 +χ2

2
]
− 1

4
µ2v2, VlY4kW



+?�Ti2` lY bvKK2i`v �M/ bvKK2i`v #`2�FBM; le

�N0 j@3 U@�c3 cwLL3jaw Cc NRj L�NC83cj. CY3Y. Cj @�c $33N $aRG3N $w Rna ,@RC,3 R8 j@3
q�,nnL. CY3Y. cURNj�N3RncIwY i@3 ~3I0 χ1. s@C,@ a3Ua3c3Njc �n,jn�jCRNc CN j@3 0Ca3,jCRN
R8 j@3 cwLL3jaw $a3�G0RsN. �,\nCa3c � L�cc. $nj j@3 ~3I0 χ2. s@C,@ L3�cna3c 03qC�A
jCRNc CN j@3 0Ca3,jCRN R8 j@3 cwLL3jaw ,RNc3aq�jCRN. a3L�CNc L�ccI3ccY Bj Cc � ;RI0cjRN3
$RcRNY

#38Ra3 c@RsCN< @Rs jR nc3 j@3 a3cnIjc 8RnN0 CN j@3 ,naa3Nj c3,jCRN jR ,RNcjan,j �N
3{3,jCq3 ~3I0 j@3Raw 03c,aC$CN< j@3 CNj3a�,jCRN R8 @3�qw @�0aRNc sCj@ IC<@j RN3c. s3 N330
jR 03c,aC$3 cRL3 $�cC, UaRU3ajC3c R8 �NRj@3a CLURaj�Nj cwLL3jaw jR 0R j@Cc. s@C,@ Cc
j@3 ?3�qw \n�aG cwLL3jawY

lYk ?3�qw \n�aG cwLL3jaw

i@3a3 �a3 c3q3a�I a3�cRNc 8Ra s@C,@ j@3 cjaRN< CNj3a�,jCRNc R8 cwcj3Lc ,RNj�CNCN< @3�qw
\n�aGc �a3 3�cC3a jR nN03acj�N0 j@�N j@Rc3 CNqRIqCN< cwcj3Lc sCj@ IC<@j \n�aGcY QN3 R8
j@3L Cc j@3 �cwLUjRjC, 8a330RL- j@3 ,RnUICN< ,RNcj�Nj R8 [+/. s@C,@ Cc a3I�j30 jR j@3
CNj3a�,jCRN R8 \n�aGc �N0 <InRNc. $3,RL3c s3�G CN UaR,3cc3c sCj@ I�a<3 LRL3NjnL
ja�Nc83a. CY3Y. �j c@Raj 0Ccj�N,3cY �j I�a<3 0Ccj�N,3c VcL�II LRL3NjnL ja�Nc83aW. RN j@3
Rj@3a @�N0. j@3 ,RnUICN< $3,RL3c cjaRN<. I3�0CN< jR NRNAU3ajna$�jCq3 U@3NRL3N� cn,@
�c j@3 ,RN~N3L3Nj R8 \n�aGc �N0 <InRNcY i@3 3N3a<w c,�I3 s@C,@ c3U�a�j3c j@3c3
a3<CRNc R8 cL�II �N0 I�a<3 ,RnUICN< Cc Λ[+/ ∼ 200 K3p. � c,�I3 s@C,@ Cc 0wN�LC,�IIw
<3N3a�j30 $w [+/Y

r@3N j@3 L�cc R8 � \n�aG Q Cc Ln,@ I�a<3a j@�N Λ[+/. s3 c�w j@�j Q Cc � @3�qw
\n�aGY BN j@Cc s�w. j@3 \n�aGc R8 j@3 cj�N0�a0 LR03I ,�N $3 ,I�ccC~30 �c IC<@j \n�aGc
Vu. d �N0 sW �N0 @3�qw \n�aGc Vc. b �N0 tWY

+RNcC03a � L3cRN 8RaL30 $w � @3�qw �N0 � IC<@j \n�aGc. CY3Y. Qq̄Y bn,@ � cwcj3L
@�c � jwUC,�I cCy3 R8 j@3 Ra03a R8 Λ−1

[+/ �N0. ,RNcC03aCN< [+/ 0wN�LC,c. j@3 jwUC,�I LRA
L3NjnL ja�Nc83a $3js33N j@3 @3�qw �N0 IC<@j \n�aGc 8RaLCN< j@3 L3cRN Cc R8 j@3 Ra03a
R8 Λ[+/ )94*Y BN j@Cc s�w. j@3 q3IR,Cjw R8 j@3 @3�qw \n�aGc a3L�CNc �ILRcj nN,@�N<30-
C8 ∆p Cc j@3 q�aC�jCRN R8 j@3 LRL3NjnL R8 j@3 @3�qw \n�aG. ∆p ∼ Λ[+/. s@CI3 j@3 q�aC�A
jCRN R8 j@3 q3IR,Cjw R8 j@3 @3�qw \n�aG Cc ∆v = ∆p/mQ << 1Y �c � ,RNc3\n3N,3. CN j@3
ICLCj mQ → ∞. j@3 @3�qw \n�aG CN j@3 L3cRN ,�N $3 I�$3I30 $w � :Aq3,jRa q3IR,Cjw vµ

s@C,@ 0R3c NRj ,@�N<3 sCj@ jCL3Y i@3 @3�qw \n�aG j@3N $3@�q3c ICG3 � cj�jC, 3uj3aN�I
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cRna,3 j@�j ja�Nc8RaLc �c � ,RIRa jaCUI3j. �N0 j@3 L3cRN 0wN�LC,c a30n,3c jR j@�j R8
IC<@j \n�aGc CNj3a�,jCRNc sCj@ j@Cc ,RIRa cRna,3Y i@3a38Ra3. CN j@3 ICLCj mQ → ∞. j@3 L�cc
R8 j@3 @3�qw \n�aG UI�wc NR aRI3. j@nc. j@3 0wN�LC,c Cc nN,@�N<30 nN03a j@3 ,@�N<3
R8 @3�qw \n�aG ��qRacY i@Cc Cc ,�II30 j@3 @3�qw \n�aG ��qRa cwLL3jawY

bCN,3 j@3 @3�qw \n�aG $3@�q3c �c � cj�jC, cRna,3. j@3 RNIw cjaRN< CNj3a�,jCRN j@�j
j@3 @3�qw \n�aG ,�N @�q3 Cc sCj@ <InRNcY BN j@3 ICLCj mQ → ∞. j@Cc CNj3a�,jCRN Cc q3aw
cCLCI�a jR j@3 3I3,jaRL�<N3jC, CNj3a�,jCRN. sCj@ j@3 ,RIRa ,@�a<3 UI�wCN< j@3 aRI3 R8 j@3
3I3,jaC, ,@�a<3Y i@3 @3�qw \n�aG �,jc �c � cj�jC, cRna,3 R8 ,RIRa 3I3,jaC, ~3I0 IR,�ICy30
�j j@3 RaC<CNY i@3a38Ra3. j@3 cUCN R8 j@3 @3�qw \n�aG 03,RnUI3c. �N0 j@3 IC<@j \n�aG �N0
<InRNc ,�NNRj a3,R<NCy3 j@3 cUCN RaC3Nj�jCRN R8 j@3 @3�qw \n�aGY BN Rj@3a sRa0c. j@3
CNj3a�,jCRN 0R3c NRj 03U3N0 RN j@3 cUCN R8 j@3 @3�qw \n�aGY i@Cc Cc ,�II30 @3�qw \n�aG
cUCN cwLL3jawY

BN j@Cc s�w � L3cRN 8RaL30 $w � @3�qw �N0 � IC<@j \n�aGc a3c3L$I3c � @w0aR<3NICG3
�jRL CN j@3 [n�NjnL 2I3,jaR0wN�LC,c V[2/WY BN [2/. j@3 cU3,janL R$j�CN30 8Ra �
@w0aR<3NICG3 �jRL Cc CN03U3N03Nj R8 j@3 L�cc �N0 cUCN R8 j@3 Nn,I3nc- j@3 Nn,I3nc ,�N
$3 ja3�j30 �c � cj�jC, 3I3,jaC,�IIw ,@�a<30 cRna,3Y BN Rna ,�c3 j@3 @3�qw \n�aG sRnI0
UI�w j@3 aRI3 R8 j@3 Nn,I3nc. �N0 j@3 ,RIRa ~3I0 sRnI0 ,Raa3cURN0 jR j@3 3I3,jaC, ~3I0Y

lY: SU(4) ��qRa cwLL3jaw

�NRj@3a cwLL3jaw s@C,@ ,�N $3 nc30 jR 03c,aC$3 CNj3a�,jCRN R8 L3cRNc 8RaL30 $w �
@3�qw \n�aG. U�ajC,nI�aIw � c \n�aG. �N0 � IC<@j \n�aG Cc j@3 SU(4) cwLL3jaw- C8 s3 sRaG
sCj@ � jRj�I R8 : \n�aGc. j@3 @3�qw \n�aG c �N0 j@3 IC<@j \n�aGc u. d. s. j@3 ��qRa SU(3)

cwLL3jaw ,�N $3 3uj3N030 jR SU(4) $w ,RNcC03aCN< �II \n�aGc @�qCN< � cCLCI�a L�ccY
?Rs3q3a. j@3 L�cc R8 j@3 ,@�aL \n�aG V1.3 ;3pW Cc Ln,@ $C<<3a j@�N j@�j R8 j@3 IC<@j
\n�aGcY 7Ra j@Cc a3�cRN. SU(4) ,�NNRj $3 ,RNcC03a30 �c � <RR0 cwLL3jaw R8 N�jna3Y
M3q3aj@3I3cc. Cj Cc nc38nI CN ,I�ccC8wCN< �N0 Ua30C,jCN< j@3 3uCcj3N,3 R8 @�0aRNc @�qCN<
� c \n�aGY T�ajC,nI�aIw. 8Ra L3cRNc. cCN,3 8aRL <aRnU j@3Raw

4⊗ 4̄ = 1⊕15,

s3 sRnI0 3uU3,j � cCN<I3j �N0 � S9AUI3j R8 L3cRNcY �II j@3c3 L3cRNc @�q3 $33N 0CcA
,Rq3a30 Vc33 7C<Y lY9WY
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7C<na3 lY9- +RN~<na�jCRN R8 j@3 L3cRNc CN j@3 Iz −Y −C cU�,3 VIz ≡ j@Ca0 CcRcUCN ,RLA
URN3Nj. Y ≡ @wU3a,@�a<3. C ≡ ,@�aLW 8Ra Uc3n0Rc,�I�a L3cRNc VI38jW �N0 8Ra q3,jRa
L3cRNc VaC<@jWY i@3 ,3Nja�I UI�N3c a3Ua3c3Nj C = 0 L3cRNc �N0. 3u,3Uj 8Ra ηc �N0 J/ψ.
�a3 SU(3) LnIjCUI3jcY

lY9 �N 3{3,jCq3 j@3Raw

r@3N 03c,aC$CN< � U@wcC,�I cwcj3L. CN <3N3a�I. RN3 ,�N 8R,nc RN j@3 03<a33c R8 8a33A
0RL s@C,@ �a3 a3I3q�Nj �j j@3 0Ccj�N,3 c,�I3c nN03a ,RNcC03a�jCRN )9O*Y 7Ra 3u�LUI3. Cj
Cc s3IIAGNRs j@�j \n�NjnL L3,@�NC,c Cc � LRa3 8nN0�L3Nj�I j@3Raw j@�N ,I�ccC,�I L3A
,@�NC,cY ?Rs3q3a. Cj sRnI0 $3 � ,nL$3acRL3 j�cG jR 03c,aC$3 j@3 LRjCRN R8 � U3N0nInL
$w ncCN< \n�NjnL L3,@�NC,cY i@3 cj�j3 sRnI0 ,Raa3cURN0 jR � ,RLUIC,�j30 cnU3aURA
cCjCRN R8 3N3a<w 3C<3Ncj�j3c �UUaRuCL�jCN< j@3 ,I�ccC,�I LRjCRNY i@3 03c,aCUjCRN $�c30
RN ,I�ccC,�I L3,@�NC,c ,�N $3 ,RNcC03a30 �c �N 3{3,jCq3 j@3Raw R8 j@3 8nN0�L3Nj�I
\n�NjnL L3,@�NC,�I 03c,aCUjCRN. j@�jȕc Cj. � cwcj3L�jC, �UUaRuCL�jCRN R8 j@3 nN03aIwCN<
j@3Raw. s@C,@ Cc q�IC0 CN � ,3aj�CN 0RL�CN R8 3N3a<C3cY

2{3,jCq3 ~3I0 j@3RaC3c @�q3 $3,RL3 � q3aw CLURaj�Nj jRRI CN � q�aC3jw R8 �UUIC,�jCRNc
cn,@ �c ,RN03Nc30AL�jj3a. Nn,I3�a �N0 U�ajC,I3 U@wcC,cY i@3 nNC8wCN< ,@�a�,j3aCcjC, R8
�N 3{3,jCq3 ~3I0 j@3Raw Cc j@�j j@3w �a3 �UUIC,�$I3 8Ra 3N3a<C3c s@C,@ �a3 cL�II s@3N
,RLU�a30 jR �N 3N3a<w c,�I3 R8 j@3 nN03aIwCN<. LRa3 8nN0�L3Nj�I. j@3RawY bCN,3 j@3
L�CN UnaURc3 R8 �N 3{3,jCq3 ~3I0 j@3Raw Cc jR 3uUI�CN j@3 ,RNc3\n3N,3c R8 j@3 0wN�LC,c
CNqRIq30 CN � cU3,C~, 3N3a<w a3<CRN. Cj ,�N ,RNcC03a RNIw j@Rc3 03<a33c R8 8a330RL
s@C,@ �a3 a3I3q�Nj �j j@�j 3N3a<w a3<CRN �N0 j@3w LC<@j $3 0C{3a3Nj 8aRL j@3 03<a33c
R8 8a330RL R8 j@3 nN03aIwCN< j@3RawY

BN Rna ,�c3. CN s@C,@ s3 �a3 03�ICN< sCj@ j@3 cjaRN< CNj3a�,jCRN $3js33N @�0aRNc. j@3
8nN0�L3Nj�I j@3Raw 03c,aC$CN< cn,@ CNj3a�,jCRNc Cc [+/Y �N0. �c L3NjCRN30 CN b3,jCRN
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l. Cjc 03<a33c R8 8a330RL �a3 \n�aGc �N0 <InRNcY i@3 anNNCN< cjaRN< ,RnUICN< ,RNcj�Nj
αS(Q) 03c,aC$CN< j@3 cja3N<j@ R8 j@3 CNj3a�,jCRN $3js33N \n�aGc �N0 <InRNc L�G3c j@�j
�j IRs 3N3a<C3c �N0 LRL3Nj� (Q ≈ 1;3p). αS ≈ 1Y i@nc � ja3�jL3Nj $�c30 RN �N 3uA
U�NcCRN CN URs3ac R8 αS Cc NRj q�IC0. ,RNja�aw jR j@3 cCjn�jCRN �j @C<@ 3N3a<C3cY BN qC3s
R8 cn,@ � cCjn�jCRN. RN3 ,�N ,RNcC03a j@Rc3 03<a33c R8 8a330RL s@C,@ �a3 a3I3q�Nj jR
j@3 3N3a<w 0RL�CN nN03a CNq3cjC<�jCRN �N0 nc3 j@3L jR ,RNcjan,j � j@3Raw $w L3�Nc R8
j@3 a3I3q�Nj cwLL3jaC3c R8 j@3 nN03aIwCN< j@3Raw 8RIIRsCN< r3CN$3a<ȕc j@3Ra3L )fz.fS*-

r3CN$3a<ȕc i@3Ra3L

B8 RN3 saCj3c 0RsN j@3 LRcj <3N3a�I URccC$I3 H�<a�N<C�N. CN,In0CN< �II j3aLc ,RNA
cCcj3Nj sCj@ �ccnL30 cwLL3jaw UaCN,CUI3c. �N0 j@3N ,�I,nI�j3c L�jaCu 3I3L3Njc
sCj@ j@Cc H�<a�N<C�N jR �Nw <Cq3N Ra03a CN U3ajna$�jCRN j@3Raw j@3 a3cnIj sCII cCLA
UIw $3 j@3 LRcj <3N3a�I URccC$I3 SAL�jaCu ,RNcCcj3Nj sCj@ �N�IwjC,Cjw. U3ajna$�jCq3
nNCj�aw. ,Incj3a 03,RLURcCjCRN �N0 j@3 �ccnL30 cwLL3jaw UaCN,CUI3cY

F33UCN< CN LCN0 r3CN$3a<ȕc j@3Ra3L. �j IRs 3N3a<C3c s3 ,�N ,RNcC03a j@3 @�0aRNc
~3I0c �c $3CN< j@3 03<a33c R8 8a330RL R8 j@3 j@3RawY bn,@ � ,RNcC03a�jCRN a3c3L$I3c
j@3 vnG�s� j@3Raw R8 j@3 Nn,I3�a CNj3a�,jCRN. s@3a3 j@3 CNj3a�,jCRN $3js33N jsR Nn,I3A
RNc Cc 03c,aC$30 CN j3aLc R8 j@3 3u,@�N<3 R8 UCRNc �N0 NRj $w ncCN< \n�aGc �N0 <InRNc
Vc33 7C<Y lYfWY BN cn,@ � ,�c3. s3 sRaG j@3N sCj@ �N 3{3,jCq3 ~3I0 j@3Raw. CY3Y. � j@3Raw

{ {

{ {

p p

p p

u u

u

u

u

u

u

u

u

u

d d

dd

⇒(  ) 0  0

p p

pp

7C<na3 lYf- /C�<a�LL�jC, a3Ua3c3Nj�jCRN R8 j@3 Nn,I3�a CNj3a�,jCRN ,RNcC03aCN< j@3 CNA
j3a�,jCRN $3js33N \n�aGc �N0 <InRNc VI38jW �N0 ncCN< j@3 vnG�s� j@3Raw VaC<@jW. 8Ra
3N3a<C3c �aRnN0 j@3 j@a3c@RI0 R8 j@3 UaR,3ccY
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8RaLnI�j30 CN j3aLc R8 j@3 a3I3q�Nj 03<a33c R8 8a330RL 8Ra j@3 3N3a<w a3<CRN s3 �a3
CNj3a3cj30 CNY

B8 s3 nc3 r3CN$3a<ȕc j@3Ra3L jR <3j j@3 LRcj <3N3a�I H�<a�N<C�N 03c,aC$CN< j@3
CNj3a�,jCRN $3js33N @�0aRNc �j IRs 3N3a<C3c. Cj sCII $3 8RaLnI�j30 $w �N CN~NCj3 NnL$3a
R8 j3aLc �N0. j@nc. Cj 0R3c NRj c33L jRR nc38nIY 7Ra �N 3|,C3Nj ,�I,nI�jCRN. � ȒURs3aA
,RnNjCN<ȓ c,@3L3 Cc 3cj�$ICc@30- j@3 H�<a�N<C�N ,RNj�CNc j3aLc CNqRIqCN< �N CN,a3�cCN<
NnL$3a R8 03aCq�jCq3c �,jCN< RN j@3 @�0aRN ~3I0cY #w ncCN< j@3 73wNL�N anI3c. j@3c3
j3aLc �a3 ja�NcI�j30 �c URs3ac R8 LRL3NjnL 0CqC030 $w � c,�I3. cn,@ �c j@3 L�cc R8
� U�ajC,I3 NRj ,RNcC03a30 3uUIC,CjIwY

i@3 H�<a�N<C�N R$j�CN30 sCj@CN j@Cc �UUaR�,@ ,RNj�CNc �IcR j@3 cR ,�II30 IRsA3N3a<w
,RNcj�Njc Ra H2+c. s@C,@ $�cC,�IIw �,,RnNj 8Ra j@3 LCccCN< CN8RaL�jCRN V03<a33c R8
8a330RLW NRj CN,In030 s@3N ,RNcjan,jCN< j@3 H�<a�N<C�NY i@nc. j@3 RNIw s�w jR <3j
j@3c3 H2+c Cc $w ncCN< j@3 nN03aIwCN< j@3Raw VC8 j@3 ,�I,nI�jCRN Cc NRj ,nL$3acRL3W
Ra $w ~jjCN< j@3L jR j@3 3uU3aCL3Nj�I 0�j�Y 7Ra j@3 U@wcC,�I U@3NRL3N� s3 s�Nj jR
03c,aC$3. @Rs3q3a. Cj Cc 3NRn<@ jR ,RNcC03a j@3 IRs3cj Ra03a H�<a�N<C�N CN j@3 URs3a R8
LRL3NjnLY BN j@Cc ,�c3. NR H2+c �a3 a3\nCa30. <�CNCN<. j@nc. � Ua30C,jCq3 URs3aY

� j3,@NC,�I ,RLL3Nj Cc @3a3 CN Ra03a $38Ra3 UaR,330CN< 8naj@3aY 2{3,jCq3 j@3RaC3c
�a3 NRNAa3NRaL�ICy�$I3 CN j@3 ncn�I c3Nc3. cCN,3 CN,a3�cCN< �,,na�,w CLUIC3c CN,In0CN<
LRa3 �N0 LRa3 j3aLc CN j@3 H�<a�N<C�NY ?Rs3q3a. �c IRN< �c RN3 ,RNcC03ac �II j3aLc
s@C,@ �a3 U3aLCjj30 $w j@3 cwLL3jaC3c R8 j@3 nN03aIwCN< j@3Raw. 0Cq3a<3N,3c j@�j R,A
,na CN ,�I,nI�jCRNc nU jR �Nw <Cq3N Ra03a R8 LRL3NjnLgc,�I3 ,�N $3 a3NRaL�ICy30 $w
a303~NCN< j@3 ~3I0c �N0 U�a�L3j3ac VICG3 ,RnUICN<c. H2+cW �UU3�aCN< CN j@3 3{3,jCq3
H�<a�N<C�NY

lY9YS 2{3,jCq3 H�<a�N<C�N $�c30 RN j@3 @3�qw \n�aG cwLL3jaw

�N 3{3,jCq3 ~3I0 j@3Raw 03c,aC$CN< j@3 CNj3a�,jCRNc R8 L3cRNc ,RNcCcjCN< R8 � @3�qw
\n�aG @�c $33N cjn0C30 CN 03j�CI V8Ra CNcj�N,3W CN `38Y ):l.fl.fk*Y BN j@Cc 8RaL3a sRaG. Cj Cc
c@RsN j@�j ,RNcC03aCN< j@3 @3�qw \n�aG �N0 ,@Ca�I cwLL3jaC3c. j@3 c,�jj3aCN< $3js33N
;RI0cjRN3 $RcRNc �N0 D L3cRNc ,�N $3 03c,aC$30 $w j@3 I3�0CN< Ra03a H�<a�N<C�N

L?[ = DµHDµH† −M2HH†, VlY4:W
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s@C,@ ,Raa3cURN0c jR j@3 GCN3jC, �N0 L�cc j3aLc 8Ra j@3 @3�qw L3cRN. sCj@

H = (D0 D+ D+
s ). VlY49W

BN 2\Y VlY4:W j@3 ;RI0cjRN3 $RcRNc �a3 ,@Ca�IIw ,RnUI30 j@aRn<@ j@3 CNjaR0n,jCRN R8 j@3
,Rq�aC�Nj 03aCq�jCq3 Dµ �c

Dµ = ∂µ +Γµ ,

Γµ =
1
2

(
u†∂µu+u∂µu†

)
, VlY4fW

s@3a3

u2 =U, VlY4eW

�N0. �c s3 c�s CN c3,jCRN l.

U = exp

(
i
√

2φ
f

)
, VlY44W

φ =





1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K0

K− K̄0 − 2√
6
η




. VlY4OW

BN Rna sRaG s3 �a3 CNj3a3cj30 CN 03c,aC$CN< � UaR,3cc R8 j@3 jwU3 φH → φH. s3 j@nc
N330 jR C03NjC8w j@3 j3aLc CNqRIqCN< jsR Uc3n0Rc,�I�a ~3I0c �N0 jsR @3�qw ~3I0c CN j@3
H�<a�N<C�N R8 2\Y VlY4:WY mcCN< 2\cY VlY4fW �N0 VlY4:W. s3 R$j�CN j@3 j3aLc CNqRIqCN<
jsR @3�qw @�0aRN ~3I0c �c

L?[ = ∂µHΓµH† +HΓ†
µ∂ µH† +HΓ†

µΓµH†. VlYOzW

iR <3j NRs j@3 j3aLc nU jR jsR ;RI0cjRN3 $RcRN ~3I0c. s3 N330 jR L�G3 � i�wIRa
3uU�NcCRN R8 Γµ nU jR Ra03a φ 2Y 7aRL 2\cY VlY4eW �N0 VlY4OW

u = ei φ√
2 f =

∞

∑
n=0

1
n!

(
i

φ√
2 f

)n
= 1+ i

φ√
2 f

− φ 2

4 f 2 + . . .

∂µu =
i√
2 f

∂µφ − 1
4 f 2

(
φ∂µφ +∂µφφ

)
+ . . .

cn,@ j@�j. nU jR Ra03a φ 2

Γµ =
1

4 f 2

(
φ∂µφ −∂µφφ

)
=

1
4 f 2

[
φ ,∂µφ

]
,

Γ†
µ =

1
4 f 2

(
∂µφφ −φ∂µφ

)
=−Γµ . VlYOSW
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mcCN< NRs 2\Y VlYOSW CN 2\Y VlYOzW. s3 <3j

L?[ =
1

4 f 2

{
∂µH[φ ,∂ µφ ]H† −H

[
φ ,∂µφ

]
∂ µH†

}
. VlYOlW

mcCN< j@Cc H�<a�N<C�N s3 sCII R$j�CN j@3 IRs3cj Ra03a �LUICjn03c 03c,aC$CN< j@3 CNj3aA
�,jCRN $3js33N � D L3cRN �N0 � Uc3n0Rc,�I�a. �c s3 sCII c@Rs CN j@3 N3uj ,@�Uj3aY

lY9Yl 2{3,jCq3 H�<a�N<C�N $�c30 RN SU(4)

BN `38Y ):k*. j@3 CNj3a�,jCRN $3js33N @3�qw �N0 IC<@j Uc3n0Rc,�I�ac Cc 03c,aC$30 $w 3uA
j3N0CN< j@3 SU(3) ,@Ca�I H�<a�N<C�N jR SU(4)Y bn,@ �N 3uj3NcCRN Cc $nCIj ~acj $w CN,In0CN<
j@3 @3�qw Uc3n0Rc,�I�ac CNjR j@3 L�jaCu φ s@Rc3 3I3L3Njc �a3 j@3 ;RI0cjRN3 $RcRN
~3I0c. CY3Y. π. K. η . cn,@ j@�j

φ =





π0
√

2
+ η√

6
+ ηc√

12
π+ K+ D̄0

π− − π0
√

2
+ η√

6
+ ηc√

12
K0 D−

K− K̄0 − 2η√
6
+ ηc√

12
D−

c

D0 D+ D+
s − 3ηc√

12




. VlYOkW

BN j@Cc s�w. j@3 H�<a�N<C�N. $w �N�IR<w jR j@3 SU(3) ,@Ca�I H�<a�N<C�N. a3�0c �c

L =
1

12 f 2 Tr
(

JµJµ +Mφ 4
)
, VlYO:W

s@3a3

M =





m2
π 0 0 0

0 m2
π 0 0

0 0 2m2
K −m2

π 0

0 0 0 2m2
d −m2

π




, VlYO9W

sCj@ j@3 ,naa3Nj Jµ $3CN<
Jµ =

[
∂µφ ,φ

]
. VlYOfW

i@3 N3uj cj3U ,RNcCcjc CN C03NjC8wCN< j3aLc CN j@3 ,naa3Nj Jµ s@C,@ ,RnI0 $3 a3I�j30
jR j@3 3u,@�N<3 R8 @3�qw q3,jRa L3cRNc �N0 cnUUa3cc j@Rc3 ,RNjaC$njCRNcY BN j@Cc s�w
j@3 SU(4) cwLL3jaw sRnI0 $3 $aRG3N 0RsN jR SU(3)Y 7Ra C03NjC8wCN< j@Rc3 j3aLc CN j@3
Jµ ,naa3Nj. j@3 �nj@Rac R8 `38Y ):k* 03,RLURc3 j@3 L�jaCu φ R8 2\Y VlYOkW CNjR Cjc SU(3)

,RLURN3Njc

φ =



 φ8 +
1√
2
φ1I3 φ3

φ3̄ − 3√
2
φ1



 , VlYOeW
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s@3a3

φ8 =





π0
√

2
+ η√

6
π+ K+

π− − π0
√

2
+ η√

6
K0

K− K̄ − 2η√
6




, φ3 =





D̄0

D−

D−
s




, φ1 = ηc, VlYO4W

�N0 I3 Cc j@3 C03NjCjw L�jaCu 3×3Y /3~NCN< NRs ,naa3Njc 8Ra 3�,@ R8 j@3 SU(3) ,RLURA
N3Njc R8 φ . CY3Y

Jµ
ab = [∂ µφa,φb], a,b = 1,3, 3̄,8, VlYOOW

j@3 j3aL JµJµ ,�N $3 saCjj3N CN j3aLc R8 Jµ
88J88µ . Jµ

3̄8J38µ . 3j,Y BNj3a3cjCN<Iw. j3aLc R8 j@3
jwU3 JµJµ CN j@3 ,@Ca�I H�<a�N<C�N ,�N $3 CNj3aUa3j30 CN j3aLc R8 j@3 @C003N IR,�I cwLA
L3jaw �UUaR�,@ 03q3IRU30 CN `38Y )f:*. �c j@3 3u,@�N<3 R8 q3,jRa L3cRNc. ICG3 ρ, ω, φ .
CN j@3 tA,@�NN3I $3js33N jsR Uc3n0Rc,�I�ac. CN j@3 ICLCj �j s@C,@ j@3 :ALRL3NjnL
c\n�a30 R8 j@3 3u,@�N<30 q3,jRa L3cRNc. q2. Cc Ln,@ cL�II3a j@�N j@3 L�cc c\n�a30
R8 j@3 q3,jRa L3cRNc. m2

V Vc33 7C<Y lYeWY mcCN< j@Cc 8�,j. j@3 �nj@Rac R8 `38Y ):k* C03NjC8w

P

P

P

P

q2 << mV
2

P P

P P

V(q) 

7C<na3 lYe- r@3N q2 << m2
V . j@3 UaRU�<�jRa R8 j@3 q3,jRa L3cRN 1/(q2 −m2

V )∼−1/m2
V

�N0 j@3 0C�<a�L R8 j@3 I38j $3,RL3c � ,RNj�,j 0C�<a�L $3js33N 8Rna Uc3n0Rc,�I�acY BN
`38Y )f:*. j@3 R$j�CN30 ,RNj�,j CNj3a�,jCRN. nN03a cn,@ � ICLCj. Cc Ua3,Cc3Iw j@3 RN3 8RnN0
sCj@ j@3 3{3,jCq3 H�<a�N<C�N $�c30 RN j@3 ,@Ca�I cwLL3jawY

j@3 UC3,3c R8 j@3 H�<a�N<C�N a3I�j30 jR j@3 3u,@�N<3 R8 ,@�aL30 q3,jRa L3cRNc $w IRRGA
CN< 8Ra j@Rc3 ,naa3Njc ,�aawCN< 3uUIC,CjIw ,@�aL \n�NjnL NnL$3aY b3U�a�jCRN R8 j@Rc3
j3aLc a3I�j30 jR j@3 3u,@�N<3 R8 q3,jRa L3cRNc sCj@ @C003N ,@�aL Cc �IcR a3\nCa30 �N0
Cc LRa3 cn$jI3Y r3 a383a jR j@3 a3�03a jR `38Y ):k* 8Ra LRa3 03j�CIcY

QN,3 j@Cc Cc 0RN3. j@3w cnUUa3cc cn,@ ,RNjaC$njCRNc $w LnIjCUIwCN< j@3L $w 8�,jRac
ICG3

γ =

(
mL

mH

)2
, ψ3 =

1
3
+

2
3

(
mL

mJ/ψ

)
, ψ5 =−1

3
+

4
3

(
mL

mJ/ψ

)2

, VlYSzzW

s@3a3. mL(mH) Cc �N �q3a�<3 L�cc q�In3 a3Ua3c3NjCN< j@3 L�cc R8 j@3 IC<@j V@3�qwW
q3,jRa L3cRNc. (mL ∼ 800 K3p, mH ∼ 2050 K3p)Y BN j@Cc s�w. j@3 ~N�I 8RaL 8Ra j@3
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H�<a�N<C�N Cc <Cq3N $w

LSU(4) =
1

12 f 2

[
Tr
{

J88µJµ
88 +2J33̄µJµ

88 + J33̄µ Jµ
33̄

}
+

8
3

γJ3̄1µJµ
13 +

4√
3

γ
(

J3̄1µJµ
83

+J3̄8µJµ
13

)
+2γJ3̄8µJµ

83 +ψ5J3̄3µJµ
3̄3 +LL�cc

]
. VlYSzSW

i@3 CNj3a�,jCRN $3js33N � D∗ �N0 � F�RN. �N0 Cjȕc ,RnUI30 ,@�NN3Ic. ,�N $3 R$A
j�CN30 CN � cCLCI�a s�w $w ncCN< j@3 ,naa3Nj )f9*

Jµ =
[
∂µV ν ,Vν

]
, VlYSzlW

s@3a3

Vµ =





ρ0
µ√
2
+

ωµ√
6
+

J/ψµ√
12

ρ+
µ K∗+

µ D̄∗0
µ

ρ∗−
µ

−ρ0
µ√
2
+

ωµ√
6
+

J/ψµ√
12

K∗−
µ K̄∗0

µ
−2ωµ√

6
+

J/ψµ√
12

D∗−
sµ

D∗0
µ D∗+

µ D∗+
sµ

−3J/ψµ√
12




, VlYSzkW

�N0. j@3N. j@3 ,naa3Nj CN 2\Y VlYSzlW Cc 03,RLURc30 CNjR Cjc SU(3) ,RLURN3Njc. �c 0RN3
CN 2\Y VlYOeWY 7CN�IIw. j@3 j3aLc CN j@3 H�<a�N<C�N s@C,@ sRnI0 03U3N0 RN Tr

(
JµJ µ

)
.

�N0 s@C,@ �a3 a3I�j30 jR j@3 3u,@�N<3 R8 @3�qw q3,jRa L3cRNc. �a3 cnUUa3cc30Y
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i@3a3 �a3 L�Nw 3u�LUI3c R8 jsRA$R0w CNj3a�,jCRNc Ra jsRA$R0w cwcj3Lc CN U@wcC,cY �
jwUC,�I RN3 Cc j@3 CNj3a�,jCRN $3js33N j@3 LRRN �N0 j@3 3�aj@. s@C,@ Cc CLURaj�Nj jR nNA
03acj�N0 j@3 LRRNȕc Ra$Cjd �NRj@3a 3u�LUI3 sRnI0 $3 � ,RIICcCRN R8 jsR L�ccCq3 $R0C3c.
ICG3 jsR ,�ac RN � aR�0. Ra s3 ,�N 3q3N ,RNcC03a j@3 CNj3a�,jCRN $3js33N jsR URCNjAICG3
U�ajC,I3cY

?3a3. CN U�ajC,nI�a. s3 �a3 CNj3a3cj30 CN j@3 CNj3a�,jCRNc $3js33N jsR @�0aRNcY iR $3
LRa3 cU3,C~,. s3 �a3 <RCN< jR 8R,nc RN j@3 CNj3a�,jCRN $3js33N jsR L3cRNc $w ncCN<
3{3,jCq3 H�<a�N<C�Nc jR 03c,aC$3 j@3 cwcj3LY #nj $38Ra3 3Nj3aCN< CNjR j@3 03j�CIc R8
@Rs jR 0R j@�j. I3jȕc j�G3 � IRRG �j cRL3 <3N3a�I �cU3,jc R8 j@3 c,�jj3aCN< j@3RawY

kYS b,�jj3aCN<- � ,I�ccC,�I qC3s

�j j@3 ,I�ccC,�I I3q3I. s@3N s3 a383a jR c,�jj3aCN< Cj NRaL�IIw L3�Nc � ,RIICcCRNY +RIICcCRNc
,�N $3 ,I�ccC~30 �c 3I�cjC, Ra CN3I�cjC,. 03U3N0CN< RN s@3j@3a j@3 L3,@�NC,�I 3N3a<w
a3I�j30 jR j@3 cwcj3L R8 U�ajC,I3c Cc ,RNc3aq30 Ra NRj. a3cU3,jCq3IwY

BN j@3 cCLUI3cj q3acCRN. �II ,RIICcCRN 3uU3aCL3Njc cj�aj sCj@ � UaRE3,jCI3 �UUaR�,@CN<
� j�a<3j 8aRL � 0Ccj�N,3 s@3a3 j@3 UaRE3,jCI3 ,�N $3 ja3�j30 �c LRqCN< �ILRcj 8a33Iw.
�N0 $Rj@ UaRE3,jCI3 �N0 j�a<3j �a3 ,RNcC03a30 �c URCNj U�ajC,I3c )ff*Y bR j@3 C03� Cc 3cA
c3NjC�IIw jR I3j jsR U�ajC,I3c ,RIIC03 �<�CNcj 3�,@ Rj@3a �N0 R$c3aq3 s@�j ,RL3c RnjY

kf
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b,�jj3aCN< V,I�ccC,�IIwW

� UaR,3cc CN s@C,@ U�ajC,I3c �a3 03�3,j30

Ë 2I�cjC,- L3,@�NC,�I 3N3a<w R8 j@3 cwcj3L Cc ,RNc3aq30Y

Ë BN3I�cjC,- L3,@�NC,�I 3N3a<w R8 j@3 cwcj3L Cc NRj ,RNc3aq30Y

�c �N 3u�LUI3. sCj@CN j@3 ,I�ccC,�I UC,jna3. RN3 ,�N ,RNcC03a � ~u30 j�a<3j �c �
q3aw L�ccCq3 U�ajC,I3. s@C,@ ,�N $3 LR03I30 �c � @�a0 cU@3a3 Vc33 7C<Y kYSW. CN cn,@
� s�w j@�j s@3N j@3 UaRE3,jCI3 @Cjc j@3 j�a<3j j@3 I�jj3a a3L�CNc $�cC,�IIw �j a3cj. �N0
j@3 ja�E3,jRaw R8 j@3 8RaL3a Cc 03�3,j30Y B8 j@3 UaRE3,jCI3 LCcc3c j@3 j�a<3j CNcj3�0. Cj sCII

7C<na3 kYS- b,�jj3aCN< RN � @�a0 cU@3a3Y

cCLUIw U�cc j@aRn<@ �N0 j@3a3 sCII $3 NR 03�3,jCRNY i@nc. CN j@Cc 3u�LUI3. j@3a3 Cc �
,RIICcCRN �c 8�a �c j@3 UaRE3,jCI3 ,�N a3�,@ j@3 �a3� σ = πR2. s@3a3 R Cc j@3 a�0Cnc R8
j@3 j�a<3jY B8 s3 8naj@3a LR03I j@3 UaRE3,jCI3 �c $3CN< � @�a0 cU@3a3 R8 a�0Cnc r Vc33
7C<Y kYlW. CNcj3�0 R8 $3CN< � URCNj U�ajC,I3. j@3N. j@3a3 sCII $3 � ,RIICcCRN $3js33N j@3

r

R

b

7C<na3 kYl- +RIICcCRN $3js33N jsR @�a0 cU@3a3cY

UaRE3,jCI3 �N0 j@3 j�a<3j C8 j@3 ,3Nj3a R8 j@3 UaRE3,jCI3 IC3c CNcC03 � ,Ca,I3 sCj@ j@3 ,3Nj3a
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RN j@3 j�a<3j �N0 a�0Cnc r+R. j@3a38Ra3. I3�0CN< jR �N 3{3,jCq3 �a3� 8Ra j@3 ,RIICcCRN �c
σ = π(r+R)2Y

?Rs3q3a. CN �jRLC,gNn,I3�a U@wcC,c. j@3 j�a<3j Cc NRj cRL3j@CN< j@�j wRn 3Cj@3a @Cj Ra
LCcc $nj a�j@3a Cc cRL3j@CN< 8Ra s@C,@ j@3 ,IRc3a j@3 UaRE3,jCI3 ,RL3c j@3 <a3�j3a j@3
03�3,jCRN Cc- s@3N � UaRE3,jCI3 <3j ,IRc3a jR j@3 j�a<3j. j@3 I�jj3a 3u3ajc � 8Ra,3 RN j@3
UaRE3,jCI3. ,naqCN< Cjc ja�E3,jRaw. �N0 LRq3c �s�w CN � 0C{3a3Nj 0Ca3,jCRN Vc33 7C<Y kYkWY
i@3 UaRE3,jCI3 ,RnI0 �IcR ,a�c@ CNjR j@3 j�a<3j. �N0 03U3N0CN< RN j@3 UaRU3ajC3c R8 j@3
j�a<3j. L�w NRj a3A3L3a<3 �<�CNY

θ

7C<na3 kYk- i@3 UaRE3,jCI3 �UUaR�,@CN< j@3 j�a<3j 8aRL j@3 I38jY �c Cj UaR,330c Cj 833Ic j@3
Ua3c3N,3 R8 j@3 j�a<3j. CN j@Cc ,�c3. j@aRn<@ � a3UnIcCq3 CNj3a�,jCRN. ,naq3c Cjc ja�E3,jRaw
�N0 LRq3c �s�w CN � 0C{3a3Nj 0Ca3,jCRNY

i@3c3 3u�LUI3c c3aq3 nc jR CIIncja�j3 j@3 ,RN,3Uj R8 j@3 ,aRcc c3,jCRN- σ 03U3N0c
RN j@3 UaRU3ajC3c R8 j@3 j�a<3j �N0 j@3 UaRE3,jCI3 �N0 ,�N $3 CNj3aUa3j30 �c j@3 3{3,jCq3
�a3� j@�j j@3 j�a<3j Ua3c3Njc jR j@3 UaRE3,jCI3 8Ra Cjc c,�jj3aCN<Y

i@3 R$c3aq�jCRN R8 � UaRE3,jCI3 s@C,@ @�c $33N 03�3,j30 cCLUIw CN8RaLc nc �$Rnj
j@3 Ua3c3N,3 R8 j@3 j�a<3jY B8 j@3 c�L3 3uU3aCL3Nj Cc a3U3�j30. j@�j Cc. L�Nw 0C{3aA
3Nj ,RIICcCRNc R8 cCLCI�a UaRE3,jCI3c �N0 j�a<3jc �a3 cjn0C30. j@3N Cj Cc URccC$I3 jR R$j�CN
CN8RaL�jCRN RN j@3 N�jna3 R8 j@3 UaRE3,jCI3 �N0 j@3 j�a<3j �c s3II �c j@3Ca CNj3a�,jCRNcY

� cCLUI3 L3j@R0 jR 0R j@Cc Cc $w @�qCN< L�Nw j�a<3jc CN � cCN<I3 �cc3L$Iw �N0 $w
~aCN< � s@RI3 $3�L R8 UaRE3,jCI3cY +RNjCNnCN< sCj@ j@3 @�a0AcU@3a3 3u�LUI3. s3 ,�N
,RNcC03a � cCN<I3 UaRE3,jCI3 ja�q3ICN< j@aRn<@ �N �cc3L$Iw R8 @�a0AcU@3a3 j�a<3jc Vc33
7C<Y kY:WY

bCN,3 j@3 Ua3,Cc3 ICN3 R8 �UUaR�,@ R8 j@3 UaRE3,jCI3 Cc NRj GNRs. s3 0RNȕj GNRs
s@3j@3a j@3 UaRE3,jCI3 sCII @Cj. Ra NRj. RN3 R8 j@3 j�a<3jcY #nj s3 ,�N 03j3aLCN3 j@3
UaR$�$CICjw. P@Cj. j@�j j@3 UaRE3,jCI3 sCII L�G3 � @Cj- C8 s3 ,RNcC03a j�a<3jc s@C,@ �a3 a�NA
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cross section σ

7C<na3 kY:- � j�a<3j �cc3L$Iw sCj@ c3q3a�I @�a0AcU@3a3 j�a<3jc. �c c33N @3�0ARN $w
j@3 CN,RLCN< UaRE3,jCI3Y

0RLIw 0CcjaC$nj30 CN j@3 �cc3L$Iw �N0 j@�j s3 @�q3 3NRn<@ NnL$3a R8 j@3L. s3 ,�N
03~N3 � j�a<3j 03NcCjw ηj�aY i@Cc 03NcCjw ,Raa3cURN0c jR j@3 NnL$3a R8 j�a<3jc U3a nNCj
�a3� �c qC3s30 8aRL j@3 CN,C03Nj 0Ca3,jCRNY B8 s3 ,�II A jR j@3 jRj�I �a3� R8 j@3 j�a<3j �cA
c3L$Iw. s3 @�q3 j@3N ηj�aA j�a<3jcY B8 s3 03NRj3 σ jR j@3 ,aRcc c3,jCRN ,Raa3cURN0CN<
jR 3�,@ j�a<3j. �c c33N 8aRL j@3 CN,C03Nj 0Ca3,jCRN. s3 @�q3 j@�j ηj�aAσ a3Ua3c3Njc j@3
jRj�I �a3� R8 �II j@3 j�a<3jcY r3 @�q3 j@3N

P@Cj =
ηAσ

A
= ηj�aσ . VkYSW

B8 s3 @�q3 � $3�L 8RaL30 $w � I�a<3 NnL$3a R8 CN,C03Nj UaRE3,jCI3c VNCN,W. j@3 NnL$3a
R8 c,�jj3a30 UaRE3,jCI3c VNc,W CN j@3N <Cq3N cCLUIw $w j@3 UaR0n,j R8 j@3 �$Rq3 UaR$�$CICjw
�N0 NCN,

Nc,j = NCN,σηj�a, VkYlW

cCN,3 s3 ,�N L3�cna3 Nc,j. NCN, �N0 s3 GNRs j@3 j�a<3j 03NcCjw. s3 ,�N 03j3aLCN3 σ .
s@C,@ Cc. �c c@RsN CN 2\Y VkYSW. a3I�j30 jR j@3 UaR$�$CICjw R8 c,�jj3aCN<Y

+RNcC03aCN< j@3 UaRE3,jCI3 �N0 j@3 j�a<3j �c a3I�jCqCcjC, U�ajC,I3c 0R3cNȕj ,@�N<3
Ln,@ j@3 �$Rq3 03c,aCUjCRN R8 j@3 c,�jj3aCN<- s3 cCLUI3 N330 jR j�G3 CNjR �,,RnNj
j@3 ,RNjaC$njCRN R8 j@3 L�cc R8 j@3 UaRE3,jCI3 �N0 j@3 j�a<3j CN j@3 3uUa3ccCRN R8 j@3Ca
L3,@�NC,�I 3N3a<C3cY #nj @Rs RN3 c@RnI0 03c,aC$3 j@3 c,�jj3aCN< $3js33N @�0aRNcY
r3 �Ncs3a j@Cc \n3cjCRN CN j@3 N3uj c3,jCRNY
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kYl b,�jj3aCN<- � \n�NjnL L3,@�NC,�I qC3s

�j j@3 \n�NjnL I3q3I. s3 ,�N �IcR ,I�ccC8w j@3 c,�jj3aCN< $3js33N U�ajC,I3c )fe* �c- V�W
3I�cjC,. CN s@C,@ ,�c3 jsR U�ajC,I3c �a3 cCLUIw c,�jj3a30 sCj@Rnj ,@�N<CN< j@3Ca CNj3aN�I
cjan,jna3. CY3Y. A+B → A+Bd V$W CN3I�cjC,. s@3a3 j@3 U�ajC,I3c nN03a<R � ,@�N<3 R8 j@3Ca
CNj3aN�I \n�NjnL cj�j3 �c � ,RNc3\n3N,3 R8 j@3 ,RIICcCRN. 8Ra 3u�LUI3. A+B → A′+B.
sCj@ A′ a3Ua3c3NjCN< j@3 N3s CNj3aN�I cj�j3 R8 AY BN j@Cc ,�c3 Cj Cc �IcR URccC$I3 j@�j
A+B cUICjc CNjR jsR 0C{3a3Nj U�ajC,I3c Ra CNjR � ~N�I cj�j3 8RaL30 $w LRa3gI3cc j@�N jsR
U�ajC,I3cY

MRs. CN j@3 \n�NjnL sRaI0. U�ajC,I3c @�q3 � s�q3I3N<j@ �ccR,C�j30 sCj@ j@3L. j@3
03 #aR<IC3 s�q3I3N<j@. s@C,@ Cc 03j3aLCN30 $w j@3Ca 3N3a<C3cY ?C<@3a 3N3a<C3c L3�Nc
cL�II3a s�q3I3N<j@Y

H3j nc ,RNcC03a. 8Ra 3u�LUI3. j@3 UaR,3cc e−+ p→ e−+ pY BN 8nN,jCRN R8 j@3 3N3a<w R8
j@3 3I3,jaRN s3 ,�N �IcR @�q3 0C{3a3Nj UC,jna3c 8Ra j@3 c,�jj3aCN<- �j q3aw IRs 3N3a<C3c.
�j s@C,@ j@3 03 #aR<IC3 s�q3I3N<j@ R8 j@3 3I3,jaRN λ >> rp. sCj@ rp $3CN< j@3 a�0Cnc R8
j@3 UaRjRN. 8aRL j@3 URCNj R8 qC3s R8 j@3 3I3,jaRN. j@3 UaRjRN ,�N $3 ,RNcC03a30 �c �
@�a0AcU@3a3Y BN j@Cc s�w. j@3 UaR,3cc e−+ p → e−+ p ,�N $3 03c,aC$30 �c �N 3I�cjC,
,RIICcCRN $3js33N �N 3I3,jaRN �N0 � URCNjAICG3 UaRjRNY

B8 s3 CL�<CN3 � 8nN,jCRN F 03c,aC$CN< j@3 CNN3a cjan,jna3 R8 j@3 UaRjRN. j@Cc 8nN,jCRN
c@RnI0 $3 a3I�j30 jR j@3 NnL$3a R8 jCL3c �N 3I3,jaRNAUaRjRN c,�jj3aCN< R,,nac. CY3Y. Cj
c@RnI0 $3 a3I�j30 jR j@3 ,aRcc c3,jCRN R8 j@3 UaR,3cc σ Y � c,@3L�jC, a3Ua3c3Nj�jCRN R8
F q3acnc j@3 8a�,jCRN R8 j@3 UaRjRN s@C,@ j@3 3I3,jaRN Ȓc33cȓ. χ. c@RnI0 IRRG cRL3j@CN<
ICG3 j@3 UIRj c@RsN CN 7C<Y kY9 Vc33 `38Y )f4*WY B8 j@3 3N3a<w R8 j@3 3I3,jaRN Cc CN,a3�c30

F

11/3 χ
7C<na3 kY9- B8 j@3 UaRjRN Cc � URCNjAICG3 U�ajC,I3. s3 3uU3,j χ = 1 �Is�wcY � IR<�aCj@LC,
c,�I3 @�c $33N nc30 CN j@3 �$c,Ccc� �uCcY

cn,@ j@�j λ ≈ rp. j@3 3I3,jaRN cj�ajc jR Ȓc33ȓ j@3 ,RNcjCjn3Njc R8 j@3 UaRjRN. j@3 \n�aGc.
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CNj3a�,jCN< CN j@Cc s�w sCj@ j@3LY �c � ,RNc3\n3N,3 R8 j@Cc CNj3a�,jCRN. j@3 ~N�I cj�j3 Cc
NR IRN<3a 8RaL30 $w �N 3I3,jaRN �N0 � UaRjRN. �N0 s3 ,�N @�q3 cRL3j@CN< ICG3 e−+ p →

e−+ γ +X Y bCN,3 j@3 UaRjRN Cc ,RNcjCjnj30 $w j@a33 \n�aGc. 3�,@ R8 j@3L ,�aawCN< RN3
j@Ca0 R8 j@3 LRL3NjnL R8 j@3 UaRjRN. s3 LC<@j 3uU3,j j@3 UIRj c@RsN CN 7C<Y kYf 8Ra F

qcY χY

11/3

F

χ
7C<na3 kYf- B8 j@3 UaRjRN Cc NRj �NwLRa3 � URCNjAICG3 U�ajC,I3 �N0 3�,@ \n�aG ,�aaC3c Sgk
R8 Cjc LRL3NjnL. s3 LC<@j 3uU3,j χ = 1/3 �Is�wcY

MRj3. @Rs3q3a. j@�j j@3 j@a33 \n�aGc 8RaLCN< j@3 UaRjRN �a3 CNcC03 j@3 UaRjRN. CY3Y.
j@3w �a3 $RnN0 jR<3j@3a CN j@3 a�0Cnc rpY i@nc. cCN,3 s3 GNRs sCj@ cRL3 Ua3,CcCRN j@3Ca
URcCjCRNc. $w j@3 ?3Cc3N$3a<ȕc nN,3aj�CNjw a3I�jCRN $3js33N URcCjCRN �N0 LRL3NjnL.
j@3 LRL3NjnL R8 j@3 \n�aGc. �N0. j@nc. χ. Lncj $3 cRL3s@�j nN,3aj�CNY r3 3uU3,j
j@3N cRL3j@CN< ICG3 j@3 UIRj c@RsN CN 7C<Y kYeY

11/3

F

χ

7C<na3 kYe- /n3 jR j@3 ?3Cc3N$3a< UaCN,CUI3. j@3 LRL3NjnL R8 j@3 \n�aGc CNcC03 j@3
UaRjRN c@RnI0 $3 cUa3�0 RnjY

7Ra @C<@Iw 3N3a<3jC, 3I3,jaRNc. cn,@ j@�j. λ << rp. j@3 3I3,jaRN sCII NRj cCLUIw Ȓc33ȓ
j@3 \n�aGc CNcC03 j@3 UaRjRNY Bj sRnI0 �IcR Ȓc33ȓ j@3 <InRNc s@C,@ �a3 $3CN< 3u,@�N<30
$3js33N j@3 \n�aGcY r@3N � \n�aG a�0C�j3c � <InRN. U�aj R8 j@3 LRL3NjnL R8 j@3 \n�aG
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Cc ja�Nc83aa30 jR j@3 <InRN. j@nc. IRs3aCN< Cjc q�In3Y #nj cCN,3 <InRNc @�q3 NR 3I3,jaC,
,@�a<3. j@3 3I3,jaRN ,�N NRj Ȓc33ȓ j@3L 0Ca3,jIwY i@3 ,RNc3\n3N,3 Cc j@�j j@3 s@RI3
LRL3NjnL. �N0 j@3N χ. 0CcjaC$njCRN Cc c@C8j30 jR IRs3a q�In3c �N0 s3 3uU3,j 8Ra j@3
UIRj F qcY χ cRL3j@CN< ICG3 j@3 RN3 c@RsN CN 7C<Y kY4Y i@3 ,IRc3a wRn IRRG. CY3Y. s@3N
CN,a3�cCN< j@3 3N3a<w R8 j@3 CN,C03Nj 3I3,jaRN. j@3 $C<<3a sRnI0 $3 j@3 <InRN a�0C�jCRN
�N0. j@3N. j@3 c@C8jY BN j@Cc s�w. j@3 U3�G �j χ = 1/3 sRnI0 $3 s�c@30 RnjY

χ1

σ

1/3

F

!

7C<na3 kY4- i@3 U3�G �j χ = 1/3 $3,RL3c I3cc UaRNRnN,30 s@3N CN,a3�cCN< j@3 3N3a<w
R8 j@3 CN,C03Nj 3I3,jaRN V0�c@30. j@CN. �N0 j@C,G ICN3cW. �c � ,RNc3\n3N,3 R8 j@3 <InRN
3u,@�N<3 $3js33N \n�aGc

i@nc. j@3 j3aL ,aRcc c3,jCRN. �c CN j@3 ,I�ccC,�I 03c,aCUjCRN R8 j@3 c,�jj3aCN<. Cc nc30
jR CN0C,�j3 j@3 UaR$�$CICjw j@�j jsR U�ajC,I3c sCII ,RIIC03 �N0 a3�,j CN � ,3aj�CN s�w �N0
,�N $3 R$j�CN30 �c

σ =
NnL$3a R8 CNj3a�,jCRNc U3a nNCj jCL3 U3a j�a<3j U�ajC,I3

CN,C03Nj �nu , VkYkW

s@3a3 j@3 CN,C03Nj �nu Cc j@3 NnL$3a R8 CN,C03Nj U�ajC,I3c U3a nNCj �a3� �N0 nNCj jCL3Y
BN <3N3a�I. s3 ,�N @�q3 L�Nw URccC$I3 Rnj,RL3c 8Ra � <Cq3N c3j R8 CN,C03Nj U�ajC,I3c.

�N0 3�,@ R8 s@C,@ @�q3 � 0C{3a3Nj ,aRcc c3,jCRN σiY i@3 jRj�I ,aRcc c3,jCRN Cc R$j�CN30
$w cnLLCN< Rq3a �II URccC$I3 LR03c R8 c,�jj3aCN< Ra ,@�NN3Ic

σ =
n

∑
i=1

σi, 8Ra n URccC$I3 ,@�NN3Ic. VkY:W

�c s3 0Cc,ncc CN j@3 N3uj c3,jCRN. jR 03j3aLCN3 j@3Ra3jC,�IIw j@3 ,aRcc c3,jCRN 8Ra �
<Cq3N UaR,3cc s3 03~N3 j@3 cR ,�II30 c,�jj3aCN< L�jaCu Ra j@3 SAL�jaCuY
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kYk b,�jj3aCN< L�jaCu

H3j nc �ccnL3 j@�j j@3 8Ra,3c �,jCN< $3js33N jsR U�ajC,I3c s@C,@ CNj3a�,j �a3 R8 cn|A
,C3Nj c@Raj a�N<3 cn,@ j@�j j@3 CNCjC�I cj�j3 $38Ra3 j@3 ,RIICcCRN. �c s3II �c j@3 ~N�I cj�j3
�8j3a j@3 ,RIICcCRN. ,�N $3 ,RNcC03a30 jR $3 8RaL30 R8 8a33 U�ajC,I3c )fO*Y

i@3 $3<CNNCN< R8 j@3 3uU3aCL3Nj �N0 j@3 LRL3Nj s@3N j@3 L3�cna3L3Nj Cc 0RN3.
Cc j@3N L�j@3L�jC,�IIw 3uUa3cc30 �c �N CN~NCj3Iw a3LRj3 jCL3 CN j@3 U�cj. t =−∞. �N0 �N
CN~NCj3Iw a3LRj3 jCL3 CN j@3 8njna3. t =+∞. �N0 j@3 c,�jj3aCN< UaR,3cc Cc j@3N 03c,aC$30
CN j3aLc R8 ȒCNȓ �N0 ȒRnjȓ cj�j3cY r3 ,�N 03~N3 � cj�j3 |ψ〉CN ,Raa3cURN0CN< jR � U@wcC,�I
cwcj3L ,@�a�,j3aCy30 $w j@3 ,RN~<na�jCRN ψ �j jCL3 t = −∞Y bCN,3 j@3 cj�j3c ,�N $3
,RnNj30 �c 8a33 U�ajC,I3c. s3 @�q3. 8Ra 3u�LUI3. |0〉CN �j t = −∞ 8Ra j@3 q�,nnL. |p1〉CN

8Ra RN3 U�ajC,I3 �j t =−∞. |p1, p2〉CN 8Ra jsR U�ajC,I3c �j t =−∞. 3j,Y. sCj@ 8Rna LRL3Nj�
p1. p2. 3j,Y bCLCI�aIw. s3 ,�N saCj3 j@3 cj�j3 |φ〉Rnj ,Raa3cURN0CN< jR � cwcj3L ,@�a�,A
j3aCy30 $w j@3 ,RN~<na�jCRN φ �j jCL3 t = +∞ �N0 s3 @�q3 |0〉Rnj. |p′1〉Rnj. |p′1, p′2〉Rnj 8Ra
j@3 q�,nnL. RN3 U�ajC,I3. jsR U�ajC,I3c. 3j,Y. cj�j3c sCj@ 8RnaALRL3Nj� p′1. p′2. 3j,Y B8 �
cwcj3L sCj@Rnj �Nw U�ajC,I3c �j t = −∞ sCII NRj @�q3 �Nw U�ajC,I3c �j t = +∞. s3 @�q3
|0〉CN = |0〉RnjY BN j@3 c�L3 s�w. 8Ra RN3 U�ajC,I3. s3 @�q3 |p1〉CN = |p′1〉Rnj. $nj 8Ra jsR Ra
LRa3 U�ajC,I3c

|p1, p2, . . .〉CN +=
∣∣p′1, p′2, . . .

〉
Rnj , VkY9W

C8 j@3a3 Cc CNj3a�,jCRNY i@3 UaR$�$CICjw j@�j cj�ajCN< sCj@ jsR U�ajC,I3c sCj@ 8Rna LRL3Nj�
p1, p2 �j t =−∞ s3 sCII @�q3 jsR U�ajC,I3c sCj@ 8Rna LRL3Nj� p′1, p′2 s@3N L3�cnaCN< Cc
<Cq3N j@3N $w ∣∣∣

Rnj

〈
p′1 p′2

∣∣p1, p2
〉

CN

∣∣∣
2
. VkYfW

T@wcC,�I cj�j3c �a3 a3Ua3c3Nj30 $w nNCj q3,jRac. j@nc. $Rj@ j@3 ȒCNȓ �N0 ȒRnjȓ $�c3c
�a3 Raj@RNRaL�IY #nj j@Cc L3�Nc j@�j j@3a3 c@RnI0 $3 � L�jaCu. S. j@�j ja�Nc8RaLc j@3
ȒCNȓ $�c3c CNjR j@3 ȒRnjȓ $�cCc

|φ〉Rnj = S |ψ〉CN , VkYeW

sCj@ S ·S† = I 0n3 jR j@3 Raj@RNRaL�ICjw R8 j@3 ȒCNȓ �N0 ȒRnjȓ cj�j3cY i@3 L�jaCu S Cc ,�II30
c,�jj3aCN< L�jaCu Ra SAL�jaCu. �N0 Cj a3Ua3c3Njc j@3 UaR$�$CICjw �LUICjn03 8Ra cRL3 cj�j3
|ψ〉 CN j@3 0Ccj�Nj U�cj. s@3a3 �II U�ajC,I3c 3LCjj30 $w j@3 cRna,3 �a3 C03�ICy30 jR $3
NRNACNj3a�,jCN<. jR 3qRIq3 CNjR cRL3 Rj@3a cj�j3 |φ〉 CN j@3 8njna3. s@3a3 j@3 03j3,jRa Cc
�IcR C03�ICy30 jR �$cRa$ RNIw 8a33. NRNACNj3a�,jCN<. U�ajC,I3cY
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KRcj R8 j@3 jCL3c CN � c,�jj3aCN< a3�,jCRN. U�ajC,I3c Encj yCU $w 3�,@ Rj@3a �N0 NRj@CN<
@�UU3NcY iR �,,RnNj 8Ra j@Cc. j@3 SAL�jaCu Cc ,RLLRNIw saCjj3N �c )ez*

Sab = Iab − i
√ρa

√ρbTab, VkY4W

s@3a3 a �N0 b �a3 ,@�NN3I CN0C,3c cU3,C8wCN< �II UaRU3ajC3c R8 j@3 ,@�NN3I V8Rna LRA
L3Nj�. cUCN. 3j,YW. ρa VρbW Cc � GCN3L�jC, 8�,jRa a3I�j30 jR j@3 U@�c3 cU�,3 8Ra ,@�NN3I a

V,@�NN3I bW. �N0 Tab Cc � L�jaCu CN j@3 ,@�NN3I cU�,3 s@C,@ ,RNj�CNc �II j@3 CN8RaL�jCRN
�$Rnj j@3 c,�jj3aCN< $3js33N j@3 U�ajC,I3c CNqRIq30Y i@Cc Tab L�jaCu Cc ncn�IIw ,�II30 j@3
T AL�jaCu. �N0 Cj ,�N $3 ,RLUnj30 8aRL � <Cq3N j@3RawY Q$c3aq�$I3c ICG3 ,aRcc c3,jCRNc.
03,�w sC0j@c. 3j,Y. �a3 0Ca3,jIw a3I�j30 jR j@3 T AL�jaCu R8 j@3 UaR,3ccY

bR j@3 N3uj \n3cjCRN c@RnI0 $3 @Rs jR ,�I,nI�j3 j@3 T AL�jaCu 8aRL � <Cq3N j@3A
RawY T�ajC,nI�aIw. Rna <R�I Cc jR 03j3aLCN3 j@3 T AL�jaCu 03c,aC$CN< j@3 CNj3a�,jCRN $3A
js33N � @3�qw Uc3n0Rc,�I�agq3,jRa L3cRN VHW �N0 � IC<@j Uc3n0Rc,�I�a L3cRN Vφ W 8Ra
cja�N<3N3cc R8 j@3 cwcj3L +1 �N0 ,@�aL +1 Ra −1Y bn,@ T AL�jaC,3c. �c s3 sCII c33 CN
j@3 N3uj ,@�Uj3a. sRnI0 ,RNcjCjnj3 j@3 CNUnj 8Ra cRIqCN< j@3 j@a33A$R0w 3\n�jCRNc 8Ra j@3
KDD̄∗ cwcj3LY

kY: /3j3aLCN�jCRN R8 j@3 T AL�jaCu

H3j nc ,RNcC03a. 8Ra 3u�LUI3. j@3 CNj3a�,jCRN $3js33N � @3�qw Uc3n0Rc,�I�a. ICG3 j@3
/ L3cRN. �N0 � IC<@j Uc3n0Rc,�I�a. ICG3 � UCRN Ra G�RNY r3 s�Nj jR 03c,aC$3 Cjc CNj3aA
�,jCRN �j ,3Nj3a R8 L�cc 3N3a<C3c ,IRc3 jR j@3 j@a3c@RI0 R8 j@3 ,@�NN3I. CY3Y. ,IRc3 jR
j@3 cnL R8 j@3 L�cc3c R8 j@3 jsR @�0aRNcY BN cn,@ � cCjn�jCRN. j@3 LRL3Nj� a3I�j30 jR
j@3c3 @�0aRNc �a3 cL�II s@3N ,RLU�a30 jR j@3Ca 3N3a<C3c �N0 j@3Ca CNj3aN�I cjan,jna3
Cc R8 NR a3I3q�N,3 8Ra nN03acj�N0CN< j@3 CNj3a�,jCRN $3js33N j@3LY BN j@Cc s�w. s3 ,�N
,RNcC03a � \n�NjnL ~3I0 �ccR,C�j30 sCj@ 3�,@ @�0aRN �N0 nc3 �N 3{3,jCq3 H�<a�N<C�N
jR 03c,aC$3 j@3 CNj3a�,jCRNY

�c 3uUI�CN30 CN c3,jCRN lY9. cn,@ �N 3{3,jCq3 H�<a�N<C�N Cc $nCIj $w CLUI3L3NjCN<
j@3 �UUaRUaC�j3 cwLL3jaC3c a3I�j30 jR j@3 cwcj3L nN03a cjn0w. ICG3 j@3 ,@Ca�I cwLL3jaw
�N0 j@3 @3�qw \n�aG cwLL3jawY r3 ,RnI0 NRs �cG @Rs jR 03j3aLCN3 j@3 CNj3a�,jCRN
$3js33N jsR @�0aRNc ICG3 � D L3cRN �N0 � IC<@j Uc3n0Rc,�I�a Va3Ua3c3Nj30 $w φ WY �
s�w jR �Ncs3a j@Cc \n3cjCRN Cc jR j@CNG CN j3aLc R8 73wNL�N 0C�<a�LcY i@3 cCLUI3cj
,RNjaC$njCRN jR j@3 c,�jj3aCN< Dφ → Dφ Cc c@RsN CN j@3 ~acj 0C�<a�L R8 7C<Y kYO. s@C,@ Cc
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� ,RNj�,j CNj3a�,jCRN $3js33N D �N0 φ Y bn,@ ,RNj�,j CNj3a�,jCRN ,Raa3cURN0c Ua3,Cc3Iw

D

Φ

D D D D D D D

Φ Φ Φ Φ Φ Φ Φ

TDΦ→DΦ = + + + ...

7C<na3 kYO- /C�<a�Lc 8Ra j@3 ,�I,nI�jCRN R8 j@3 �LUICjn03 8Ra j@3 a3�,jCRN Dφ → Dφ Y

jR j@3 ,RNjaC$njCRN RaC<CN�jCN< 8aRL j@3 3{3,jCq3 H�<a�N<C�N �8j3a �UUIwCN< j@3 73wNL�N
anI3c jR CjY B8 V a3Ua3c3Njc j@Cc ,RNjaC$njCRN. s@C,@ Cc ,�II30 j@3 ja33 I3q3I ,RNjaC$njCRN.
s3 nc3 j@3 ,RNq3NjCRN

− iV = iL , VkYOW

s@3a3 L . CN <3N3a�I. 03U3N0c RN j@3 $�a3 L�cc3c mi �N0 ,RnUICN<c fiY
?Rs3q3a. s3 ,�N @�q3 LRa3 URccC$I3 s�wc R8 @�qCN< � ~N�I Dφ ~N�I cj�j3 �c �

,RNc3\n3N,3 R8 j@3 CNj3a�,jCRN $3js33N � D �N0 � φ CN j@3 CNCjC�I cj�j3Y 7Ra 3u�LUI3.
s3 ,RnI0 UaR0n,3 � qCajn�I Dφ cj�j3. a3Ua3c3Nj30 �c CNj3aN�I ICN3c CN j@3 c3,RN0 0C�<a�L
R8 7C<Y kYO. s@C,@ <Cq3 aCc3 jR � IRRU 8nN,jCRN R8 jsR UaRU�<�jRacY

H3jȕc 3q�In�j3 j@3 ,RNjaC$njCRN R8 j@3 c3,RN0 0C�<a�L CN 7C<Y kYOY BN 7C<Y kYSz s3
c@Rs j@3 8Rna LRL3NjnL �ccR,C�j30 sCj@ 3�,@ R8 j@3 U�ajC,I3c CNqRIq30 CN j@3 UaR,3cc
Vs3 03NRj3 $w P j@3 jRj�I 8Rna LRL3NjnL R8 j@3 cwcj3LWY mcCN< j@3 73wNL�N anI3c. �c

D(p)

Φ(k) Φ(k')

D(p')

Φ(P-q)

D(q)

7C<na3 kYSz- /C�<a�L a3I�j30 jR T (2)Y � qCajn�I Dφ cj�j3 Cc UaR0n,30Y

s3 @�q3 0Cc,ncc30 3�aIC3a. 3�,@ q3aj3u Dφ → Dφ CN j@3 0C�<a�L R8 7C<Y kYSz ,RNjaC$nj3c
sCj@ �N �LUICjn03 V . s@CI3 j@3 IRRU ,RNjaC$nj3 sCj@ � IRRU 8nN,jCRN GY #Rj@. V �N0 G.
03U3N0 RN j@3 LR03I s3 �a3 sRaGCN< sCj@. $nj. CN <3N3a�I C8 s3 �a3 RNIw ,RN,3aN30
�$Rnj j@3Ca LRL3Nj� 03U3N03N,3. s3 @�q3 j@3N V ≡V (p,k,q) �N0 G ≡ G(P,q)Y BN j@Cc
s�w. j@3 0C�<a�L CN 7C<Y kYSz ,RNjaC$nj3c jR j@3 c,�jj3aCN< sCj@ �N �LUICjn03. T (2). <Cq3N



+?�Ti2` kY irQA#Q/v BMi2`�+iBQMb :f

$w

−iT (2) = (−iV )(+iG)(−iV ) =−iV GV,

=−i
∫ d4q

(2π)4V (p,k,q)
1

q2 −M2 + iε
1

(P−q)2 −m2 + iε V (q,k′, p′), VkYSzW

s@3a3 M VmW Cc j@3 L�cc R8 j@3 U�ajC,I3 D Vφ WY i@3 CNj3<a�jCRN RN d4q Cc a3I�j30 jR
j@3 8�,j R8 @�qCN< � qCajn�I cj�j3 Dφ . s@3a3 j@3 LRL3Nj� R8 D �N0 φ ,�N $3 �Nwj@CN<
,RLU�jC$I3 sCj@ j@3 8Rna LRL3NjnL ,RNc3aq�jCRN cCN,3 j@3w �a3 R{ j@3 L�cc c@3II. Ra
R{Ac@3IIY i@Cc cCjn�jCRN Cc 0C{3a3Nj jR j@3 RN3 R8 j@3 U�ajC,I3c a3Ua3c3Nj30 $w 3uj3aN�I
ICN3c CN j@3 0C�<a�L. s@C,@ �a3 RN j@3 L�cc c@3II. Ra cCLUIw. RNAc@3II. CY3Y. p2 = M2 �N0
k2 = m2Y

i@3 s@RI3 ,RLUIC,�jCRN R8 03j3aLCNCN< j@3 �LUICjn03 T (2) Cc CN cRIqCN< j@3 CNj3<a�I
CN 2\Y VkYSzW. s@C,@ CLUIC3c ,RNcC03aCN< V R{Ac@3IIY ?Rs3q3a. �c c@RsN CN `38Y )eS*. s3
,�N cRIq3 2\Y VkYSzW ,RNcC03aCN< V RNAc@3IIY 2cU3,C�IIw s@3N s3 �a3 �j ,3Nj3a R8 L�cc
3N3a<C3c N3�a j@3 j@a3c@RI0 R8 j@3 ,@�NN3I. �c CN Rna ,�c3. s@3a3 j@3 sAs�q3 U�aj R8 V .
Vs. s@C,@ Cc R$j�CN30 �c

Vs =
1
2

∫ 1

−1
d cosθ V, VkYSSW

sCj@ θ $3CN< j@3 �N<I3 8RaL30 $w j@3 q3,jRac #»p ′ �N0 #»
k ′ CN j@3 ,3Nj3a R8 L�cc 8a�L3. Cc

j@3 LRcj a3I3q�Nj jR 03c,aC$3 j@3 c,�jj3aCN<Y
i@3 �a<nL3Nj <Cq3N CN `38Y )eS* Cc j@3 8RIIRsCN<- j@3 �LUICjn03 Vs(p,k,q) ,�N $3

saCjj3N �c

Vs(p,k,q) =V RNAc@3II
s (p,k)+β (q2 −M2)+β ′[(P−q)2 −m2],

≡V RNAc@3II
s (p,k)+V R{Ac@3II

s , VkYSlW

s@3a3 β �N0 β ′ �a3 ,R3|,C3Njc s@C,@ LC<@j �UU3�a $3,�nc3 R8 j@3 c3U�a�jCRN CNjR RNA
c@3II �N0 R{Ac@3II U�ajcY BN j@Cc s�w. C8 j@3 R{Ac@3II D �N0 φ U�ajC,I3c sRnI0 $3 UI�,30
RNAc@3II. s3 sRnI0 a3,Rq3a j@3 RNAc@3II �LUICjn03. R$j�CN30 8aRL 2\Y VkYOWY
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B8 s3 NRs ,�cj 2\Y VkYSlW CNjR 2\Y VkYSzW. s3 <3j

T (2) =
∫ d4q

(2π)4 (V
RNAc@3II
s +V R{Ac@3II

s )
1

q2 −M2 + iε
1

(P−q)2 −m2 + iε (V
RNAc@3II
s +V R{Ac@3II

s )

=V RNAc@3II
s

[∫ d4q
(2π)4

1
q2 −M2 + iε

1
(P−q)2 −m2 − iε

]
V RNAc@3II

s

+V RNAc@3II
s

∫ d4q
(2π)4

[
1

q2 −M2 + iε
1

(P−q)2 −m2 − iε V R{Ac@3II
s

]

+
∫ d4q

(2π)4

[
V R{Ac@3II

s
1

q2 −M2 + iε
1

(P−q)2 −m2 − iε

]
V RNAc@3II

s

+
∫ d4q

(2π)4

[
V R{Ac@3II

s
1

q2 −M2 + iε
1

(P−q)2 −m2 − iε V R{Ac@3II
s

]
. VkYSkW

�c c@RsN CN `38Y )eS*. j@3 j3aLc CNqRIqCN< V R{Ac@3II
s UaR0n,3 ,RNjaC$njCRNc sCj@ j@3 c�L3

cjan,jna3 CN j@3 0wN�LC,�I q�aC�$I3c �c j@3 ja33 I3q3I ,RNjaC$njCRN. CN cn,@ � s�w j@�j
j@3w ,�N $3 �$cRa$30 CNjR j@3 U�a�L3j3ac. ICG3 ,RnUICN< ,RNcj�Njc �N0 L�cc3c. R8 j@3
H�<a�N<C�N nc30 jR <3j V RNAc@3II

s Y BN Rj@3a sRa0c. C8 j@3 H�<a�N<C�N nc30 jR <3j V RNAc@3II
s

@�c ,RnUICN< ,RNcj�Njc <Cq3N $w fi �N0 L�cc3c <Cq3N $w mi. 2\Y VkYSkW ,�N $3 saCjj3N
�c

T (2) =V RNAc@3II
s ( fi +δ fi,mi +δmi)

[∫ d4q
(2π)4

1
q2 −M2 + iε

1
(P−q)2 −m2 + iε

]

×V RNAc@3II
s ( fi +δ fi,mi +δmi). VkYS:W

i@Cc cn<<3cj j@�j j@3 ,RNjaC$njCRN 8aRL j@3 R{Ac@3II U�aj R8 j@3 �LUICjn03 Vs ,�N $3
a3�$cRa$30 CN fi �N0 mi $w a3NRaL�ICyCN< j@3LY ?Rs3q3a. C8 s3 ,RNcC03a 0Ca3,jIw j@3
U@wcC,�I q�In3c 8Ra j@3 ,RnUICN< ,RNcj�Njc �N0 L�cc3c �UU3�aCN< CN j@3 H�<a�N<C�N
nc30. j@3 ,RNjaC$njCRN jR j@3 c,�jj3aCN< �aCcCN< 8aRL j@3 R{Ac@3II U�aj R8 j@3 �LUICjn03 CN
2\Y VkYSlW sRnI0 $3 �njRL�jC,�IIw CN,In030 �N0 s3 ,�N 3q�In�j3 j@3 0C�<a�L c@RsN CN
7C<Y kYSz $w ncCN< V RNAc@3II

s ( f U@wcC,�I
i ,mU@wcC,�I

i )Y
BN j@Cc s�w. 8aRL 2\Y VkYS:W. s3 @�q3

T (2) =V RNAc@3II
s ( f U@wcC,�I

i ,mU@wcC,�I
i ) ·G ·V RNAc@3II

s ( f U@wcC,�I
i ,mU@wcC,�I

i ), VkYS9W

s@3a3
G =

∫ d4q
(2π)4

1
q2 −M2 + iε

1
(P−q)2 −m2 + iε . VkYSfW

QN3 ,�N UaR,330 cCLCI�aIw 8Ra �II j@3 Rj@3a 0C�<a�Lc c@RsN CN 7C<Y kYO. �aaCqCN< j@3N
jR j@3 ,RN,IncCRN j@�j j@3 T AL�jaCu 03c,aC$CN< j@3 CNj3a�,jCRN CN sAs�q3 $3js33N � D
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L3cRN �N0 � IC<@j Uc3n0Rc,�I�a Cc <Cq3N $w

T =V RNAc@3II
s +V RNAc@3II

s GV RNAc@3II
s +V RNAc@3II

s GV RNAc@3II
s GV RNAc@3II

s + . . .

VkYSeW

i@Cc Cc � c3aC3c s@C,@ ,�N $3 cnLL30 nU �N0 3cj�$ICc@3c j@�j

T =
[
1−V RNAc@3II

s ·G
]−1

V RNAc@3II
s . VkYS4W

2\n�jCRN VkYS4W ,Raa3cURN0c jR j@3 #3j@3Ab�IU3j3a 3\n�jCRN CN Cjc RNAc@3II 8�,jRaCy30
8RaL )elĢe:*Y

i@3 #3j@3Ab�IU3j3a 3\n�jCRN 03c,aC$CN< j@3 CNj3a�,jCRN $3js33N jsR U�ajC,I3c Cc
<Cq3N $w )e9*

T =V +V GT =V +
∫ d4q

(2π)4V (p,k,q)
1

q2 −m2 + iε
1

(P−q)2 −M2 + iε T (q.p′.k′),

s@3a3 V Cc j@3 G3aN3I R8 j@3 3\n�jCRNY 7�,jRaCyCN< V �N0. j@nc T . RnjcC03 j@3 CNj3<a�I.
,RNq3ajc j@3 CNj3<a�I 3\n�jCRN CNjR �N �I<3$a�C, 3\n�jCRN. s@3a3

T =V +V GT ⇒ (1−V G)T =V,

⇒ T = (1−V G)−1V,

sCj@ G <Cq3N $w 2\Y VkYSfWY bn,@ �UUaRuCL�jCRN. LRjCq�j30. CN Rna ,�c3. $w j@3 nc3 R8
�N sAs�q3 G3aN3I V . �N0 j@3 8�,j j@�j j@3 R{Ac@3II 03U3N03N,3 R8 j@3 G3aN3I UaR0n,3c
IRRU CNj3<a�Ic s@Rc3 ,RNjaC$njCRNc ,�N $3 �$cRa$30 CN j@3 U�a�L3j3ac �UU3�aCN< CN j@3
c�L3 G3aN3I. @�c $33N UaRq30 jR $3 q3aw cn,,3cc8nI s@3N 03c,aC$CN< j@3 CNj3a�,jCRN R8
L3cRNc �N0 $�awRNc �j 3N3a<C3c N3�a$w j@3 ,Raa3cURN0CN< j@a3c@RI0cY

bR. CN Ra03a jR ,�I,nI�j3 j@3 T AL�jaCu 8aRL 2\Y VkYS4W. s3 N330 NRj RNIw j@3 sAs�q3
�LUICjn03 V . s@C,@ Cc R$j�CN30 8aRL �N 3{3,jCq3 H�<a�N<C�N. $nj �IcR j@3 IRRU 8nN,jCRN
G <Cq3N CN 2\Y VkYSfWY +RnNjCN< j@3 URs3ac R8 q CN j@3 NnL3a�jRa �c s3II �c CN j@3 03A
NRLCN�jRa s3 c33 j@�j j@3 CNj3<a�I CN 2\Y VkYSfW Cc IR<�aCj@LC,�IIw 0Cq3a<3Nj- �c q2 → ∞.
j@3 CNj3<a�I $3@�q3c �c

∫
d4q 1

q4 . s@C,@ Cc �N�IR<Rnc jR
∫

dx1
x = logxY i@Cc L3�Nc j@�j s3

N330 jR a3<nI�aCy3 j@3 CNj3<a�IY i@3 a3<nI�aCy�jCRN UaR,30na3 sCII CNjaR0n,3 � U�a�L3j3a
CN j@3 j@3Raw. s@C,@ ,�N $3 � ,njAR{. C8 s3 03,C03 jR cCLUIw ,nj j@3 CNj3<a�jCRN �8j3a cRL3
q�In3 R8 j@3 j@a33 LRL3NjnL. Ra � cn$ja�,jCRN ,RNcj�Nj. C8 0CL3NcCRN�I a3<nI�aCy�jCRN
Cc nc30 jR 03�I sCj@ j@3 0Cq3a<3N,3Y BN j@Cc j@3cCc s3 @�q3 a3<nI�aCy30 j@3 CNj3<a�I CN
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2\Y VkYSfW $w ncCN< 0CL3NcCRN�I a3<nI�aCy�jCRNY i@Cc L3j@R0 ,RNcCcjc R8 3q�In�jCN< j@3
CNj3<a�I CN �N nA0CL3NcCRN�I cU�,3. s@3a3 s3 �a3 �$I3 jR U3a8RaL j@3 CNj3<a�jCRN. �N0
,RNcC03a j@3 ICLCj n → 4 �8j3as�a0cY BN j@Cc s�w. 2\Y VkYSfW $3,RL3c

GDθ (
√

s) =
1

16π2

{
a(µ)+ ln

M2

µ2 +
m2 −M2 + s

2s
ln

m2

M2

+
| #»p ,YL|√

s
[
ln
(
s− (M2 −m2)+2| #»p ,YL|

√
s
)
+ ln(s+(M2 −m2)+2| #»p ,YL|

√
s)

− ln(−s+(M2 −m2)+2| #»p ,YL|
√

s)− ln(−s− (M2 −m2)+2| #»p ,YL|
√

s)
]}

,

VkYSOW

s@3a3 µ Cc j@3 a3<nI�aCy�jCRN c,�I3. a(µ) Cc j@3 cn$ja�,jCRN ,RNcj�Nj �j j@Cc c,�I3 �N0
| #»p ,YL| a3Ua3c3Njc j@3 ,3Nj3a R8 L�cc LRL3NjnL R8 j@3 cwcj3LY � ,@�N<3 CN µ UaR0n,3c
� ,@�N<3 CN j@3 q�In3 a(µ) cCN,3 j@3w �a3 NRj CN03U3N03Nj U�a�L3j3acY bCN,3 j@3 CNj3aA
N�I cjan,jna3 R8 j@3 @�0aRNc Cc NRj a3I3q�Nj CN Rna 03c,aCUjCRN. � jwUC,�I c,�I3 µ ∼ 1000

K3p Cc nc30. 8Ra s@C,@. q�In3c R8 a(µ) ∼ −2 �a3 8RnN0 CN 0C{3a3Nj jsR @�0aRN cwcA
j3Lc s@3N ncCN< j@3 ,Raa3cURN0CN< T AL�jaCu jR ~j j@3 0�j� RN R$c3aq�$I3c ICG3 ,aRcc
c3,jCRNcY i@3c3 q�In3c R8 µ �N0 a(µ) ,�N $3 ,RNcC03a30 R8 N�jna�Ic cCy3 cCN,3 j@3w
�a3 ICNG30 jR ,njAR{c �aRnN0 1000 K3p s@3N a3<nI�aCyCN< j@3 IRRU 8nN,jCRNcY +njAR{c
∼ 1000 K3p �IcR ,Raa3cURN0 jR � jwUC,�I �q3a�<3 @�0aRN cCy3 8aRL j@3 URCNj R8 qC3s
R8 �N 3{3,jCq3 ~3I0 j@3Raw s@3a3 j@3 03<a33c R8 8a330RL �a3 j@3 @�0aRNc �N0 NRj j@3
\n�aGcY

H3jȕc <R $�,G jR j@3 ,�I,nI�jCRN R8 j@3 T AL�jaCu 8Ra j@3 UaR,3cc Dφ → Dφ Y i@3 0C�A
<a�L c@RsN CN 7C<Y kYSz c@Rsc j@3 CNj3a�,jCRN UaR,330CN< j@aRn<@ � qCajn�I Dφ Y MRj3.
@Rs3q3a. j@�j j@3a3 ,�N $3 Rj@3a CNj3aL30C�j3 cj�j3c. CY3Y. Rj@3a jsR @�0aRNc sCj@ j@3
c�L3 \n�NjnL NnL$3ac �c Dφ Y bn,@ j@�j C8 s3 03NRj3 j@3c3 @�0aRNc �c D′ �N0 φ ′.
a3cU3,jCq3Iw. s3 ,�N �IcR @�q3 �N CNj3aL30C�j3 D′φ ′ cj�j3 �c c@RsN CN 7C<Y kYSSY r3 c�w

D

+

D D

=

DD DD'

'

D

7C<na3 kYSS- QN3 IRRU ,RNjaC$njCRN jR j@3 T AL�jaCu j�GCN< CN ,RNcC03a�jCRN j@3 ,RnUI30
,@�NN3I D′φ ′Y

j@�j D′φ ′ Cc � ,RnUI30 ,@�NN3I R8 Dφ Y i@Cc L3�Nc j@�j jR <3j j@3 T AL�jaCu a3I�j30 jR j@3
CNj3a�,jCRN R8 j@3 jsR @�0aRNc s3 N330 jR ,RNcC03a �II j@3 a3I3q�Nj jsRA@�0aRN ,RnUI30
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,@�NN3Ic 8Ra j@3 3N3a<w a3<CRN s3 s�Nj jR 3uUIRa3Y BN j@Cc s�w j@3 G3aN3I V RNAc@3II
s CN 2\Y

VkYS4W $3,RL3c � L�jaCu CN j@3 ,RnUI30 ,@�NN3I cU�,3

V RNAc@3II
s =





V11 V12 . . . V1n

V21 V22 . . . V2n
YYY YYY Y Y Y YYY

Vn1 Vn2 . . . Vnn




, VkYlzW

s@3a3 Vi j. i, j = 1,2, . . . ,n. ,Raa3cURN0c jR j@3 RNAc@3II �LUICjn03 R$j�CN30 8aRL j@3 H�A
<a�N<C�N 8Ra j@3 ja�NcCjCRN $3js33N j@3 ,@�NN3I i. ,RNcjCjnj30 $w � @3�qw L3cRNc Hi

�N0 � IC<@j L3cRN φi. �N0 j@3 ,@�NN3I j. 8RaL30 $w j@3 L3cRNc Hj �N0 φ jY i@3 CN03u n

a3Ua3c3Njc j@3 jRj�I NnL$3a R8 ,RnUI30 ,@�NN3Ic ,RNcC03a30Y
bCLCI�aIw. j@3 IRRU 8nN,jCRN G CN 2\Y VkYS4W. s@C,@ �,,RnNjc 8Ra j@3 CNj3aL30C�j3

qCajn�I cj�j3c. $3,RL3c � 0C�<RN�I L�jaCu CN j@3 ,RnUI30 ,@�NN3I cU�,3

G =





G11 0 . . . 0

0 G22 . . . 0
YYY Y Y Y YYY
0 0 . . . Gnn




, VkYlSW

BN j@Cc s�w

T =





T11 T12 . . . T1n

T21 T22 . . . T2n
YYY YYY YYY

Tn1 Tn2 . . . Tnn




, VkYllW

�N0 j@3 3\n�jCRN
T = [I −V ·G]−1 ·V, VkYlkW

Cc �N �I<3$a�C, L�jaCu 3\n�jCRN. s@3a3 I Cc j@3 n× n C03NjCjw L�jaCuY BN j@Cc s�w. �N
3I3L3Nj R8 j@3 T AL�jaCu Cc <Cq3N $w

Ti j =Vi j +
n

∑
k=1

VikGkkVk j +
n

∑
k=1

n

∑
k′=1

VikGkkVkk′Gk′k′Vk′ j + . . . , VkYl:W

CN,RaURa�jCN< CN j@Cc 8RaL j@3 ,RNjaC$njCRN 8aRL �II j@3 ,RnUI30 ,@�NN3Ic qC� qCajn�I cj�j3c
jR j@3 c,�jj3aCN< $3js33N j@3 U�ajC,I3c CNqRIq30 CN j@3 ,@�NN3Ic i �N0 jY

i@3 03j3aLCN�jCRN R8 j@3 T AL�jaCu NRj RNIw c3aq3c jR ,�I,nI�j3 R$c3aq�$I3c ICG3 j@3
,aRcc c3,jCRN. 03,�w sC0j@. 3j,Y. $nj �IcR jR R$j�CN CN8RaL�jCRN RN j@3 URccC$I3 $RnN0
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cj�j3c �N0gRa a3cRN�N,3 8RaL30 �c � ,RNc3\n3N,3 R8 j@3 0wN�LC,c CNqRIq30 CN j@3
CNj3a�,jCRNY BN 8�,j. C8 � a3cRN�N,3 Ra � $RnN0 cj�j3 Cc <3N3a�j30 �c � ,RNc3\n3N,3 R8
j@3 CNj3a�,jCRN. j@3 c3aC3c c@RsN CN 7C<Y kYO. sRnI0 $3 3\nCq�I3Nj jR j@3 3u,@�N<3 CN j@3
cA,@�NN3I R8 j@3 a3cRN�N,3g$RnN0 cj�j3 8RaL30 Vc33 7C<Y kYSlW

D D

Φ Φ

Resonance

7C<na3 kYSl- cA,@�NN3I 3u,@�N<3 R8 j@3 a3cRN�N,3 8RaL30 8aRL j@3 Dφ CNj3a�,jCRNY

T AL�jaCu �N0 mNcj�$I3 T�ajC,I3c
� U�ajC,I3 Cc NRj N3,3cc�aCIw cj�$I3 �N0 Cj ,�N 03,�w jR Rj@3a U�ajC,I3cY mNcj�$I3
U�ajC,I3c �a3 R$c3aq30 �c a3cRN�N,3cY i@3c3. CN � @�N0As�qCN< 03~NCjCRN. �a3
IR,�I L�uCL� CN j@3 ,aRccAc3,jCRN R8 � UaR,3cc �c � 8nN,jCRN R8 j@3 3N3a<w R8 j@3
cwcj3LY
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2uU3aCL3Nj�IIw. c3�a,@CN< 8Ra nNcj�$I3 U�ajC,I3c Cc q3aw cCLCI�a jR s@�j Cc 0RN3 8Ra
3u,Cj30 cj�j3c R8 �N �jRL )ef*Y iR IRRG 8Ra cn,@ nNcj�$I3 �jRLC, cj�j3c s3 ,RnI0
c@CN3 � LRNR,@aRL�jC, IC<@j $3�L. s@Rc3 8a3\n3N,w ,�N $3 q�aC30. RNjR j@3
�jRL nN03a cjn0wY #w q�awCN< j@3 8a3\n3N,w. j@3 �jRL CNCjC�IIw CN Cjc <aRnN0 cj�j3.
,�N �$cRa$ � U@RjRN. UaR0n,CN< � ja�NcCjCRN R8 �N 3I3,jaRN jR � @C<@3a 3N3a<w
I3q3I. 8RIIRs30 $w j@3 3LCccCRN R8 � U@RjRN s@3N j@3 3u,Cj30 3I3,jaRN Cc ja�NcA
83aa30 jR � IRs3a 3N3a<w I3q3I R8 j@3 �jRLY T3�Gc CN j@3 CNj3NcCjw R8 j@3 3LCjj30
IC<@j sCII CN0C,�j3 j@3 3uCcj3N,3 R8 3u,Cj30 �jRLC, cj�j3c �j j@3 ,Raa3cURN0CN< 3NA
3a<C3cY bCLCI�aIw. jR ~N0 nNcj�$I3 cn$�jRLC, U�ajC,I3c. CN � I�$Ra�jRaw. s3 ,RIIC03
jsR $3�Lc jR<3j@3a �N0 IRRG 8Ra CN,a3�c3c CN j@3 NnL$3a R8 U�ajC,I3c a3�,@CN< j@3
03j3,jRaY BN Rj@3a sRa0c. s3 c3�a,@ 8Ra U3�Gc CN j@3 ,aRcc c3,jCRN �c � 8nN,jCRN
R8 j@3 3N3a<w R8 j@3 cwcj3LY
iR $3 LRa3 cU3,C~,. I3j nc ,RNcC03a �N nNcj�$I3 U�ajC,I3 sCj@ L3�N IC83 τY ;Cq3N
� c�LUI3 R8 j@3c3 U�ajC,I3c. j@3 NnL$3a R8 U�ajC,I3c I38j �j jCL3 t 03,a3�c3c 3uURA
N3NjC�IIw sCj@ jCL3 �c

N(t) = N0e−t/τ . VkYl9W

BN \n�NjnL L3,@�NC,c j@3 UaR$�$CICjw R8 j@3 3uCcj3N,3 R8 � U�ajC,I3 Cc UaRURajCRN�I
jR j@3 c\n�a3 R8 Cjc s�q3 8nN,jCRNY B8 s3 03NRj3 Ψ( #»x , t) jR j@3 s�q3 8nN,jCRN R8 �N
nNcj�$I3 U�ajC,I3 s@Rc3 L3�N IC83 Cc <Cq3N $w τ. s3 @�q3 j@�j

|Ψ( #»x , t)|2 ∝ e−t/τ . VkYlfW

B8 Ψ( #»x , t) a3Ua3c3Njc j@3 3C<3Ncj�j3 R8 � ?�LCIjRNC�N sCj@ 3N3a<w E. j@3 jCL3 3qRA
InjCRN R8 ψ( #»x , t) Cc <Cq3N $w j@3 b,@aǑ0CN<3a 3\n�jCRN �N0 s3 ,�N saCj3

Ψ( #»x , t) = ψ( #»x )e−iEt , VkYleW

$w ,RNcC03aCN< j@3 L3j@R0 R8 c3U�a�jCRN R8 q�aC�$I3c jR cRIq3 j@3 b,@aǑ0CN<3a
3\n�jCRNY
bCN,3 j@3 UaR$�$CICjw 8Ra 03,�w R8 �N nNcj�$I3 U�ajC,I3 Cc <Cq3N $w 2\Y VkYlfW. $w
L3�Nc R8 2\Y VkYleW. s3 s�Nj j@�j CN cRL3 s�w ψ( #»x )e−iEt ·ψ†( #»x )eiEt ∝ e−t/τ Y iR
<3j j@Cc. s3 N330 E jR $3 ,RLUI3uY H3j nc �ccnL3 E = M− iΓ/2. s@3a3 M Cc j@3
L�cc R8 j@3 U�ajC,I3 �N0 Γ Cjc 03,�w sC0j@ VΓ = 1

τ WY
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#w 0RCN< j@Cc. s3 @�q3

Ψ( #»x , t) = ψ( #»x )e−iMte−Γt/2, VkYl4W

⇒ |Ψ( #»x , t)|2 = |ψ( #»x )|2e−Γt = |ψ( #»x )|2e−
t
τ , VkYlOW

�c 03cCa30Y bR. $w cCLUIw 3uj3N0CN< j@3 3N3a<C3c jR ,RLUI3u 3N3a<C3c sCj@ �
N3<�jCq3 CL�<CN�aw U�aj s3 �a3 �$I3 jR a3UaR0n,3 j@3 3uCcj3N,3 UaR$�$CICjwY i@nc.
Cj ,�N $3 c�C0 j@�j CNcj�$CICjw R8 � cj�j3 Cc 3\nCq�I3Nj jR �jjaC$njCN< Cj � ,RLUI3u
3N3a<w sCj@ � N3<�jCq3 CL�<CN�aw U�ajY
MRj3 j@�j C8 s3 sRnI0 @�q3 ,RNcC03a30 � URcCjCq3 CL�<CN�aw U�aj. CY3Y. E → M+ iΓ

2 .
j@3 a3cnIjc sRnI0 @�q3 $33N ,RLUI3j3Iw 0C{3a3Nj. cCN,3 s3 sRnI0 @�q3 <Rj

|Ψ( #»x , t)|2 = |ψ( #»x )|2e
t
τ , VkYkzW

s@C,@ Cc CN,RLU�jC$I3 sCj@ j@3 nNcj�$I3 $3@�qCRa R8 j@3 U�ajC,I3. cCN,3 8Ra t → ∞

2\Y VkYkzW UaR0n,3c �N CN~NCj3 UaR$�$CICjwY
rCj@CN j@3 ,RNj3uj R8 \n�NjnL L3,@�NC,c s3 ,�N �IcR R$j�CN j@3 3N3a<w 0CcjaC$nA
jCRN R8 cn,@ �N nNcj�$I3 U�ajC,I3Y iR 0R j@Cc. s3 ,�N ,RNcC03a j@3 7RnaC3a ja�NcA
8RaL�jCRN R8 j@3 s�q3 8nN,jCRN Ψ( #»x , t)Y H3j nc ,RNcC03a #»x =

#»
0 8Ra cCLUIC~,�jCRNY

i@3N. s3 @�q3

Ψ(E) =
1√
2π

∫ ∞

0
dtΨ(

#»
0 , t)eiEt =

1√
2π

∫ ∞

0
dtΨ(

#»
0 )e−iMte−

Γ
2 teiEt ,

=
Ψ(

#»
0 )√

2π

∫ ∞

0
dtei[(E−M)+i Γ

2 ]t =
Ψ(

#»
0 )√

2π
i

(E −M+ iΓ
2 )

,

s@3a3 s3 @�q3 nc30 j@�j 8Ra t → ∞. e−
Γ
2 t → 0. cn,@ j@�j ei(E−M)te−

Γ
2 t → 0 s@3N

t → ∞Y i@3N
Ψ(E) =

Ψ(
#»
0 )√

2π
i(E −M− iΓ

2 )

(E −M)2 +(Γ
2 )

2
. VkYkSW

bR j@3 UaR$�$CICjw 03NcCjw j@�j j@3 nNcj�$I3 U�ajC,I3 @�c 3N3a<w E Cc <Cq3N $w

|Ψ(E)|2 = |Ψ(
#»
0 )|2

2π
1

(E −M)2 +(Γ
2 )

2
. VkYklW

i@Cc 8nN,jCRN Cc � s3II GNRs 8nN,jCRN ,�II30 #a3CjArC<N3aY
B8 �N nNcj�$I3 U�ajC,I3 Cc qCajn�IIw UaR0n,30 �c � ,RNc3\n3N,3 R8 j@3 c,�jj3aCN<. s3
3uU3,j j@�j j@3 ,aRcc c3,jCRN 8Ra j@3 UaR,3cc. s@C,@. �c s3 c@Rs CN c3,jCRN kYl
Cc a3I�j30 jR j@3 UaR$�$CICjw j@�j j@3 U�ajC,I3c ,RIIC03 �N0 a3�,j CN � ,3aj�CN s�w.
c@RnI0 @�q3 j@3 c�L3 3N3a<w 03U3N03N,3 �c j@3 RN3 8RnN0 CN 2\Y VkYklWY
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i@�jȕc Cj.
σ ∝ 1

(E −M)2 +(Γ/2)2 . VkYkkW

mcCN< j@�j
σ ∝ |T |2, VkYk:W

s@3a3 T Cc j@3 T AL�jaCu 8Ra j@3 UaR,3cc ,RNcC03a30. s3 @�q3 8aRL 2\cY VkYkkW
�N0 VkYk:W j@�j

T ∼ 1
(E −M)+ iΓ

2
. VkYk9W

D

Φ Φ

D

M, Γ

7C<na3 kYSk- φD → φD sCj@ 8RaL�jCRN R8
� cj�j3 sCj@ L�cc M �N0 sC0j@ ΓY

i@nc. $w ,�I,nI�jCN< T s3 ,�N R$A
j�CN CN8RaL�jCRN RN j@3 L�cc M �N0
j@3 sC0j@ Γ R8 URccC$I3 nNcj�$I3 cj�j3c
8RaL30 8aRL j@3 0wN�LC,c CNqRIq30 CN
j@3 UaR,3cc nN03a cjn0wY
BN cn,@ � ,�c3 j@3 0C�<a�LL�jC, a3UA
a3c3Nj�jCRN R8 j@3 c,�jj3aCN< c@RsN CN
7C<Y kYO Cc 3\nCq�I3Nj jR j@3 RN3 c@RsN
CN 7C<Y kYSk. s@3a3 � U�ajC,I3 R8 L�cc
M �N0 sC0j@ Γ Cc 3u,@�N<30Y
MRj3 �IcR j@�j 8aRL 2\Y VkYk9W. C8 s3 ,RNcC03a ,RLUI3u q�In3c 8Ra j@3 3N3a<w E. j@3
c3�a,@ R8 cj�j3c <3N3a�j30 8aRL j@3 0wN�LC,c CNqRIq30 CN j@3 cwcj3L ,Raa3cURN0c
jR IRRGCN< 8Ra URI3c R8 j@3 T AL�jaCu CN j@3 ,RLUI3u 3N3a<w UI�N3Y

kY:YS i@3 CcRcUCN $�c3

#38Ra3 ,RNjCNnCN< j@3 3uUIC,Cj ,�I,nI�jCRN R8 j@3 T AL�jaCu. I3jȕc U�w �jj3NjCRN jR � 03j�CI-
CN j@3 ,RNcjan,jCRN R8 j@3 H�<a�N<C�Nc s3 @�q3 nc30 j@3 ,@�a<3 $�c3. s@C,@ Cc q3aw
CNjnCjCq3 cCN,3 Cj �IIRsc nc jR sRaG sCj@ cj�j3c j@�j a3Ua3c3Nj �,jn�I L3�cna�$I3 U�ajC,I3c.
�c UaRjRNc �N0 N3njaRNcY ?Rs3q3a. 0n3 jR j@3 �ILRcj 3u�,j CcRcUCN cwLL3jaw R8 j@3
cjaRN< CNj3a�,jCRN. 8Ra L�Nw UnaURc3c. Cj Cc LRa3 ,RNq3NC3Nj jR sRaG CN j3aLc R8 j@3
CcRcUCN $�c3Y

�LRN< @�0aRNc. j@3a3 �a3 L�Nw cL�II <aRnUc CN s@C,@ L3L$3ac @�q3 cCLCI�a L�cc3c.
0C{3a3Nj 3I3,jaC, ,@�a<3c �N0 Cj Cc GNRsN j@�j j@3 cja3N<j@ R8 j@3 cjaRN< CNj3a�,jCRN R8
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cn,@ cj�j3c Cc �ILRcj j@3 c�L3Y bn,@ U�ajC,I3c 8RaL CcRcUCN LnIjCUI3jc. ICG3. 8Ra 3u�LUI3
j@3 UaRjRN �N0 j@3 N3njaRNY i@3 cCLCI�aCjw R8 j@3 UaRU3ajC3c R8 j@3 UaRjRN �N0 j@3 N3njaRN
�IIRsc j@�j s3 L�w ja3�j p �N0 n �c � 0Rn$I3j N <Cq3N $w

N =



 p

n



 . VkYkfW

TaRjRN �N0 N3njaRN ,�N j@3N $3 CNj3aUa3j30 �c 0C{3a3Nj q3acCRNc R8 j@3 c�L3 cj�j3.
,�II30 j@3 Nn,I3RN VNW cn,@ j@�j j@3 Nn,I3�a 8Ra,3 a3L�CNc nN,@�N<30 nN03a j@3 CNj3aA
,@�N<3 R8 �II UaRjRNc �N0 N3njaRNc CN � cwcj3L. �c s�c Ua3,Cc3Iw 8RnN0 $w ?3Cc3N$3a<.
CN j@3 cjn0w R8 LCaaRa Nn,I3C Vc�L3 NnL$3a R8 UaRjRNc �N0 N3njaRNcWY

�c s3 c�s CN j@3 Ua3qCRnc ,@�Uj3a. j@3 3uCcj3N,3 R8 cn,@ � cwLL3jaw L3�Nc j@�j
j@3a3 Cc � <aRnU a3I�j30 jR CjY B8 U Cc � L�jaCu a3Ua3c3Nj�jCRN R8 j@Cc <aRnU. j@3 cj�j3 CN
2\Y VkYkfW ja�Nc8RaLc �c

N =



 p

n



→ N′ =



 p′

n′



=



 a b

c d







 p

n



=UN. VkYkeW

?3Cc3N$3a<ȕc ~N0CN< RN j@3 Nn,I3�a 8Ra,3 CLUIC3c j@�j j@3 3uU3,j�jCRN q�In3 R8 j@3 NnA
,I3�a 8Ra,3 Vs@C,@ s3 a3Ua3c3Nj sCj@ � URj3NjC�I VW 0R3c NRj ,@�N<3 nN03a j@3 ja�Nc8RaA
L�jCRN CN 2\Y VkYkeW. CY3Y. 〈N|V |N〉 = 〈N′|V |N′〉 VC<NRaCN< j@3 3{3,j R8 j@3 3I3,jaRL�<A
N3jC, CNj3a�,jCRNWY bCN,3

〈N|N〉=
〈
N′∣∣N′〉= 〈N|U†U |N〉= 1 ⇒U†U = I, VkYk4W

U Lncj $3 � nNCj�aw L�jaCu- U j@3N $3IRN<c jR j@3 <aRnU SU(2) �N0 s3 @�q3 � lA
0CL3NcCRN�I a3Ua3c3Nj�jCRN R8 SU(2)Y r3 cj�j3 j@Cc 8�,j $w �jjaC$njCN< CcRcUCN 1/2 jR j@3
Nn,I3RN 0Rn$I3j �N0 $w ja3�jCN< j@3 UaRjRN �N0 N3njaRN �c cj�j3c sCj@ � 0C{3a3Nj j@Ca0
CcRcUCN ,RLURN3NjY i@3 q�In3 R8 j@3 j@Ca0 ,RLURN3Nj R8 CcRcUCN. I3. ,�N $3 ,�I,nI�j30
8Ra �Nw U�ajC,I3 $w L3�Nc R8 j@3 ;3IIAK�NNAMCc@CECL� 8RaLnI�. I3+

Y
2 = Q. s@3a3 Q Cc j@3

3I3,jaC, ,@�a<3 �N0 Y Cc j@3 @wU3a,@�a<3. s@C,@ Cc <Cq3N $w j@3 cnL R8 j@3 cja�N<3N3cc
S. ,@�aL C. $RjjRLN3cc B′. jRUN3cc T . �N0 $�awRN NnL$3a BY 7Ra 3u�LUI3. 8Ra j@3
N3njaRN s3 @�q3 Q = 0 �N0 Y = 1 $3,�nc3 Cj @�c $�awRN NnL$3a +1. j@3N I3 =−1/2 8Ra
j@3 N3njaRNY 7Ra j@3 UaRjRN. s3 @�q3 Q = +1 �N0 Y = +1 j@3N Cjc I3 = +1/2Y T�ajC,I3c
CN j@3 LnIjCUI3jc �a3 Ra<�NCy30 $w 03,a3�cCN< Ra03a R8 j@3 q�In3 R8 I3Y i@Cc 3uUI�CNc j@3
a3Ua3c3Nj�jCRN R8 j@3 cj�j3 CN 2\Y VkYkfWY
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bCN,3 j@3 H�<a�N<C�N s3 @�q3 03aCq30 Cc CN j@3 ,@�a<3 $�cCc s3 N330 jR ~N0 � s�w
R8 a3I�jCN< j@3 ,@�a<3 �N0 j@3 CcRcUCN $�c3cY QN,3 s3 a3�ICy3 j@�j j@3 CcRcUCN @�c j@3
c�L3 �I<3$a� �c j@3 cUCN V$Rj@ ,Raa3cURN0 jR SU(2W a3Ua3c3Nj�jCRNcW. s3 ,�N nc3 j@3
c�L3 a3I�jCRNc j@�j s3 nc3 CN \n�NjnL L3,@�NC,c jR a3I�j3 � cj�j3 sCj@ jRj�I cUCN S �N0
j@Ca0 cUCN ,RLURN3Nj S3 jR j@3 CN0CqC0n�I cj�j3c

∣∣s1,s1,3
〉

�N0
∣∣s2,s2,3

〉
. s@Rc3 ,RL$CN�jCRN

<Cq3 aCc3 jR j@3 cj�j3 |S,S3〉Y iR 0R j@Cc. s3 N330 jR nc3 j@3 +I3$c,@A;Ra0�N ,R3|,C3Njc
�N0 � U@�c3 ,RNq3NjCRN 8Ra j@3 �ccR,C�jCRN $3js33N CcRcUCN cj�j3c �N0 j@3 cj�j3c CN j@3
,@�a<3 $�c3 )ee*Y 7Ra 3u�LUI3. K+ �N0 K0 �N0 D+ �N0 D0 8RaL CcRcUCN 0Rn$I3jc. s@3a3
|K+〉= |I = 1/2, I3 =+1/2〉.

∣∣K0〉= |I = 1/2, I3 =−1/2〉. |D+〉= |I = 1/2, I3 =+1/2〉 �N0
∣∣D0〉=− |I = 1/2, I3 =−1/2〉. �N0 s3 saCj3. $w �N�IR<w jR 2\Y VkYkfW.

K =



 K+

K0



 , D =



 D+

−D0



 . VkYkOW

BN j@Cc s�w. s3 ,�N 0Cc,ncc j@3 CNj3a�,jCRNc R8 � G�RN. K. sCj@ L�cc mK =
mK++mK0

2 . �N0
� D L3cRN. sCj@ L�cc mD =

mD0+mD+

2 Y bCN,3 $Rj@ G�RN �N0 j@3 D L3cRN @�q3 CcRcUCN
1/2. s3 ,�N @�q3 � KD cwcj3L sCj@ jRj�I CcRcUCN 0 Ra 1Y #w ncCN< � +I3$c,@A;Ra0�N
j�$I3. s3 @�q3

|I = 0, I3 = 0〉= 1√
2

[∣∣∣∣I1,3 =
1
2
, I2,3 =−1

2

〉
−
∣∣∣∣I1,3 =−1

2
, I2,3 =

1
2

〉]
VkY:zW

Ra

|DK; I = 0, I3 = 0〉= 1√
2

[∣∣I1 = 1/2, I1,3 = 1/2
〉
⊗
∣∣I2 = 1/2, I2,3 =−1/2

〉

−
∣∣I1 = 1/2, I1,3 =−1/2

〉
⊗
∣∣I2 = 1/2, I2,3 = 1/2

〉]
,

=
1√
2

[∣∣D+〉⊗
∣∣K0〉+

∣∣D0〉⊗
∣∣K+〉

]
, VkY:SW

cn,@ j@�j
|DK, I = 0, I3 = 0〉= 1√

2

[∣∣D+K0〉+
∣∣D0K+〉] . VkY:lW

MRs j@�j s3 GNRs @Rs jR a3I�j30 j@3 jsR $�c3c. s3 ,�N R$j�CN j@3 G3aN3I V R8 j@3
#3j@3Ab�IU3j3a 3\n�jCRN CN j@3 CcRcUCN $�cCc 8aRL j@3 3uUa3ccCRN R8 V CN j@3 ,@�a<3
$�cCcY BN j@3 8RIIRsCN< 0Cc,nccCRNc. j@3 �LUICjn03 V CN j@3 CcRcUCN $�cCc sCII $3 03NRj30
�c V I

AB→CD. s@3a3 AB → CD Cc j@3 ja�NcCjCRN s3 �a3 cjn0wCN< �N0 I Cc j@3 jRj�I CcRcUCN
R8 j@3 cwcj3L. s@CI3 CN j@3 ,@�a<3 $�cCc s3 sCII nc3 j@3 NRj�jCRN VAB→CDY i@3 CNj3aA
�,jCRNc s3 �a3 CNj3a3cj30 CN �a3 j@Rc3 CNqRIqCN< j@3 ,@�aL30 L3cRNc D Ra D∗ �N0 �
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IC<@j Uc3n0Rc,�I�a L3cRN. jR <3j ,@�aL C =+1 �N0 cja�N<3N3cc S =+1Y i@Cc CLUIC3c
j@3 8RIIRsCN< ,RnUI30 ,@�NN3Ic CN j@3 CcRcUCN $�c3- DK. Dsη . Dsπ 8Ra j@3 CNj3a�,jCRN
$3js33N � @3�qw �N0 � IC<@j Uc3n0Rc,�I�ac �N0 D∗K. D∗

s η . D∗
s π 8Ra j@3 CNj3a�,jCRN $3A

js33N � @3�qw q3,jRa L3cRN �N0 � IC<@j Uc3n0Rc,�I�aY r3 �IcR N330 j@3 CNj3a�,jCRN
$3js33N j@3c3 L3cRNc 8Ra jRj�I C =−1 �N0 S =+1Y BN j@Cc ,�c3 s3 cjn0w j@3 D̄K �N0
D̄∗K ,@�NN3Ic. a3cU3,jCq3IwY

mcCN< NRs 2\Y VkY:lW. s3 ,�N saCj3

V I=0
DK→DK = 〈DK; I = 0, I3 = 0|V |DK; I = 0, I3 = 0〉

=
1
2
[〈

D+K0∣∣V
∣∣D+K0〉+

〈
D+K0∣∣V

∣∣D0K+〉

+
〈
D0K+

∣∣V
∣∣D+K0〉+

〈
D0K+

∣∣V
∣∣D0K+〉]

=
1
2
[VD+K0→D+K0 +2VD+K0→D0K+ +VD0K+→D0K+] . VkY:kW

bCLCI�aIw. s3 ,�N <3j V I=1
DK→DK. V I=1

DK→Dsπ . V I=0
DK→Dsη . 3j,Y 2uUIC,Cj ,�I,nI�jCRNc R8 0C{3a3Nj

G3aN3Ic �a3 c@RsN CN �UU3N0Cu �Y
iR R$j�CN j@3 �LUICjn03c V CN j@3 ,@�a<3 $�cCc. s3 @�q3 nc30 jsR 3{3,jCq3 H�A

<a�N<C�Nc- RN3 $�c30 RN j@3 ,@Ca�I �N0 @3�qw \n�aG cwLL3jaw Vs@C,@ s3 03NRj3 �c
?[W �N0 �NRj@3a $�c30 RN j@3 bmV:W cwLL3jaw. s@C,@ Cc $aRG3N CN � U�ajC,nI�a s�wY

H3jȕc $3<CN ~acj $w <CqCN< j@3 a3cnIjc 8RnN0 sCj@CN j@3 ?[ H�<a�N<C�N. s@C,@ s3 c@Rs
CN j@3 N3uj cn$c3,jCRN. �N0 �8j3a j@�j s3 sCII j�,GI3 j@3 c�L3 UaR$I3L sCj@ j@3 bmV:W
H�<a�N<C�NY

kY:Yl T AL�jaC,3c R$j�CN30 sCj@ j@3 ?[ H�<a�N<C�N

i@3 ~acj cj3U CN j@3 ,�I,nI�jCRN R8 j@3 T AL�jaCu Cc j@3 030n,jCRN R8 j@3 �LUICjn03c V Y iR
0R j@Cc. s3 nc3 j@3 3{3,jCq3 H�<a�N<C�N c@RsN CN 2\Y VlYOlW

LHQ =
1

4 f 2

{
∂ µH

[
φ ,∂µφ

]
H† −H

[
φ ,∂µφ

]
∂ µH†

}
VkY::W
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s@3a3 H. H† �N0 φ �a3 L�jaC,3c @�qCN< �c 3I3L3Njc j@3 ~3I0c c@RsN $3IRs

H =
(

D0 D+ D+
s

)
, H† =





D̄0

D−

D−
s




,

φ =





1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K0

K− K̄0 − 2√
6
η




,

�N0 �UUIw j@3 73wNL�N anI3c. jR<3j@3a sCj@ j@3 a3I�jCRN iL =−iV Y
QN,3 j@3 �LUICjn03 8Ra � U�ajC,nI�a ,@�NN3I Cc R$j�CN30 s3 N330 jR UaRE3,j Cj RN sA

s�q3Y i@Cc Cc 0RN3 $w sRaGCN< CN j@3 ,3Nj3a R8 L�cc 8a�L3 R8 j@3 cwcj3L �N0 CNj3<a�jCN<
RN j@3 �N<I3. θ . 8RaL30 $w j@3 ~N�I U�ajC,I3c sCj@ a3cU3,j jR j@3 CN,C03Nj 0Ca3,jCRN. c33
7C<Y kYS:Y #w 0RCN< j@Cc. j@3 �LUICjn03 V . s@C,@ $38Ra3 UaRE3,jCN< Cj Cc � 8nN,jCRN R8 j@3
K�N03Icj�L q�aC�$I3 s, t, u. a30n,3c jR � 8nN,jCRN R8 j@3 K�N03Icj�L q�aC�$I3 sY

�p1, E1
�

p1', E'1�

p2', E'2�

p2, E2
�

�D0

D0

K+

K+

7C<na3 kYS:- TaR,3cc D0K+ → D0K+ CN j@3 ,3Nj3a R8 j@3 L�cc 8a�L3. s@3a3 #»p 1 =− #»p 2
�N0 #»p ′

1 =− #»p ′
2Y

�N 3u�LUI3- D0K+ → D0K+

iR 03c,aC$3 j@3 UaR,3cc D0K+ → D0K+ s3 N330 jR 03cjaRw � D0 �N0 � K+ CN j@3
CNCjC�I cj�j3 �N0 ,a3�j3 � D0 �N0 � K+ CN j@3 ~N�I cj�j3Y i@nc. s3 N330 j@3 ~3I0c

H =
(

D0 0 0
)
, H† =





D̄0

0

0




, φ =





0 0 K+

0 0 0

K− 0 0




, VkY:9W
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s@3a3 j@3 ~3I0 D0 �NNC@CI�j3c j@3 U�ajC,I3 D0 R8 j@3 CNCjC�I cj�j3. j@3 ~3I0 D̄0 ,a3�j3c
j@3 U�ajC,I3 D0 R8 j@3 ~N�I cj�j3. j@3 ~3I0 K+ �NNC@CI�j3c j@3 U�ajC,I3 K+ R8 j@3 CNCjC�I
cj�j3 �N0 j@3 ~3I0 K− ,a3�j3c j@3 U�ajC,I3 K+ R8 j@3 ~N�I cj�j3Y
bn$cjCjnjCN< 2\Y VkY:9W CN 2\Y VkY::W. s3 R$j�CN

L HQ
D0K+→D0K+ =

1
4 f 2

{
∂µD0(K+∂µK−−∂µK+K−)D̄0 VkY:fW

−D0(K+∂µK−−∂µK+K−)∂µD̄0} . VkY:eW

+RNcC03aCN< j@3 LRL3Nj� �ccC<NL3Nj c@RsN CN 7C<Y kYS: �N0 �UUIwCN< j@3 73wNA
L�N anI3c. s3 <3j

VD0K+→D0K+ =− 1
4 f 2

[
p1(p2 + p′2)+ p′1(p2 + p′2)

]
.

mcCN< j@3 K�N03Icj�L q�aC�$I3c. s@C,@ �a3 03~N30 �c 8RIIRsc

s = (p1 + p2)
2, t = (p1 − p′1)

2, u = (p1 − p′2)
2,

s3 @�q3

p1 · p2 =
s−p2

1−p2
2

2

p1 · p′2 =
p2

1+p′22 −u
2




 p1 · (p2 + p′2) =
s−u− p2

2 + p′22
2

, VkY:4W

p′1 · p2 =
p′21 +p2

2−u
2

p′1 · p′2 =
s−p′21 p′22

2




 p′1 · (p2 + p′2) =
s−u− p′22 + p2

2
2

, VkY:OW

j@nc
VD0K+→D0K+ =− 1

4 f 2 (s−u). VkY9zW

BN j@3 ,3Nj3a R8 L�cc 8a�L3 R8 j@3 cwcj3L Vc33 7C<Y kYS:W

s = (E1 +E2)
2 = (E ′

1 +E ′
2)

2, u = m2
1 +m′2

2 −2E1E2 −2| #»p 1|| #»p ′
1|cosθ , VkY9SW

s@3a3 mi Vm′
iW. i = 1,2. Cc j@3 L�cc R8 j@3 U�ajC,I3 sCj@ LRL3NjnL #»p i V #»p ′

iW �N0 s3
@�q3 nc30 p2

1 = m2
1 �N0 p′22 = m′2

2 Y



+?�Ti2` kY irQA#Q/v BMi2`�+iBQMb fz

BN j@Cc s�w VD0K+→D0K+ ,�N $3 3uUa3cc30 �c

VD0K+→D0K+ =− 1
4 f 2

(
s−m2

1 −m2
2 +2E1E ′

2 +2| #»p 1|| #»p ′
1|cosθ

)
. VkY9lW

QN,3 s3 @�q3 8RnN0 j@3 3uUa3ccCRN R8 2\Y VkY9lW. s3 ,�N UaRE3,j Cj RN sAs�q3 �N0
R$j�CN

V cAs�q3
D0K+→D0K+ =

1
2

∫
d,RcθVD0K+→D0K+

=− 1
4 f 2

∫
d,Rcθ

(
s−m2

1 −m2
2 +2E1E ′

2 +2| #»p 1|| #»p ′
1|cosθ

)

=
1

4 f 2

(
m2

1 +m′2
2 −2E1E ′

2 − s
)
,

s@3a3. CN j@3 +K 8a�L3. E1 =
s+m2

1−m2
2

2
√

s . E ′
2 =

s−m′2
1 +m′2

2
2
√

2
�N0 j@3N 2E1E2 =

(s+m2
1−m2

2)(s−m′2
1 +m′2

2 )
2s . ~N0CN< j@3N

V cAs�q3
D0K+→D0K+ =

1
8 f 2

[
(m2

1 +m′2
1 +m2

2 +m′2
2 )−3s+(m2

1 −m2
2)(m

′2
1 −m′2

2 )
]
.

i@3 3uUIC,Cj ,�I,nI�jCRN R8 j@3 �LUICjn03c V . �N0 j@3 sAs�q3 UaRE3,jCRN. 8Ra �II ,RnUI30
,@�NN3Ic ,�N $3 8RnN0 CN �UU3N0Cu #Y �c c@RsN j@3a3. j@3 a3cnIjc R$j�CN30 ,�N $3
saCjj3N CN � ,RLU�,j 8RaL �c

V sAs�q3
Hiφi→Hjφ j

=
αi j

8 f 2

[
−3s+M2

i +M2
j +m2

i +m2
j +(M2

i −m2
i ) · (M2

j −m2
j)
]
, VkY9kW

sCj@ Mi VMjW �N0 mi Vm jW $3CN< j@3 L�cc3c R8 j@3 @3�qw �N0 IC<@j L3cRNc. a3cU3,jCq3Iw.
CN j@3 CNCjC�I V~N�IW cj�j3Y i@3 ,R3|,C3Njc αi j �a3 <Cq3N CN j�$I3 kYSY

i�$I3 kYS- +R3|,C3Njc αi j 8Ra j@3 ,RnUI30 ,@�NN3Ic sCj@ ,@�a<3 +1. ,@�aL +1 �N0
cja�N<3N3cc +1 VI38jW �N0 ,@�a<3 z. ,@�aL −1 �N0 cja�N<3N3cc +1 VaC<@jWY BN ,�c3 R8
,@�aL −1 �N0 ,@�a<3 +1. αD̄0K+→D̄0K+ =−1Y

D0K+ D+K0 D+
s π0 D+

s η
D0K+ S S − 1√

2
−
√

3
2

D+K0 S S 1√
2

−
√

3
2

D+
s π0 − 1√

2
1√
2

z z
D+

s η −
√

3
2 −

√
3
2 z z

D̄0K0 D−K+

D̄0K0 z AS
D−K+ AS z

mcCN< j@3 a3I�jCRN $3js33N j@3 ,@�a<3 �N0 j@3 CcRcUCN $�c3c. j@3 sAs�q3 UaRE3,A
jCRN R8 j@3 �LUICjn03c V CN j@3 CcRcUCN $�cCc @�c j@3 c�L3 8RaL �c j@3 RN3 c@RsN CN
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2\Y VkY9kW. 3u,3Uj j@�j NRs j@3 L�cc3c �UU3�aCN< CN 2\Y VkY9kW ,Raa3cURN0 jR CcRcUCN
�q3a�<3 L�cc3c �N0 j@3 ,R3|,C3Njc αi j CN j@3 CcRcUCN $�cCc �a3 <Cq3N CN i�$I3c kYl
�N0 kYkY

i�$I3 kYl- +R3|,C3Njc αi j 8Ra ,@�aL +1 �N0 cja�N<3N3cc +1 �N0 jRj�I CcRcUCN +1 VI38jW
Ra jRj�I CcRcUCN 0 VaC<@jWY

DK Dsπ
DK z S

Dsπ S z

DK Dsη
DK l −

√
3

Dsη −
√

3 z

i�$I3 kYk- +R3|,C3Njc αi j 8Ra ,@�aL −1 �N0 cja�N<3N3cc +1 �N0 jRj�I CcRcUCN +1 VI38jW
Ra jRj�I CcRcUCN 0 VaC<@jWY

D̄K
D̄K AS

D̄K
D̄K S

QN,3 s3 @�q3 �II j@3 �LUICjn03c V N3,3cc�aw jR R$j�CN j@3 T AL�jaCu. j@3 N3uj cj3U
Cc jR ,�I,nI�j3 j@3 IRRU 8nN,jCRN 8Ra j@3 0C{3a3Nj ,RnUI30 ,@�NN3Ic )c33 2\Y VkYSOW*Y BN
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7C<na3 kYS9- `3�I �N0 CL�<CN�aw U�aj R8 GDKY i@3 0�c@30AICN3 CN0C,�j3c j@3 DK j@a3c@A
RI0 URcCjCRNY

7C<Y kYS9 s3 c@Rs j@3 IRRU 8nN,jCRN 8Ra j@3 DK cwcj3L $w ncCN< �q3a�<3 L�cc3c 8Ra
j@3 L3L$3ac R8 j@3 c�L3 CcRcUCN LnIjCUI3j VMD = 1867.21 K3p. mK = 495.644 K3pWY �c
,�N $3 c33N. j@3 CL�<CN�aw U�aj R8 G Cc y3aR $3IRs j@3 j@a3c@RI0 R8 j@3 ,@�NN3I VCY3Y. 8Ra
3N3a<C3c $3IRs MD +mk = 2362,85K3pWY i@Cc Cc � ,RNc3\n3N,3 R8 j@3 nNCj�aCjw R8 j@3
SAL�jaCuY
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mNCj�aCjw CN ,RnUI30 ,@�NN3Ic

7aRL 2\Y VkY4W. ,RNcC03aCN< j@3 c�L3 ,@�NN3I CN j@3 CNCjC�I �N0 ~N�I cj�j3c

SaaS†
aa = (1− iρaTaa)

(
1+ iρaT †

a

)
,

= 1+ iρa(T †
aa −Taa)+ρ2

a TaaT †
aa,

= 1. VkY9:W

i@3N. C8 Taa = Re{Taa}+ i Im{Taa}. s3 @�q3 j@�j TaaT †
aa = |Taa|2 �N0 T †

aa − Taa =

−2i Im{Taa}. cn,@ j@�j 8aRL 2\Y VkY9:W

2ρa Im{Taa}=−ρ2
a |Taa|2 ⇒ Im{Taa}=−ρa

2
|Taa|2. VkY99W

7aRL j@3 #3j@3Ab�IU3j3a 3\n�jCRN

T = (1−V G)−1V ⇒ T−1 =V−1(1−V G),

=V−1 −G.

BN j@Cc s�w. cCN,3 V Cc a3�I.

Im
{

T−1
aa
}
=− Im{Gaa}. VkY9fW

mcCN< j@�j
T−1

aa =
1

Taa
=

T ∗
aa

|Taa|2
=

Re{Taa}− i Im{Taa}
|Taa|2

,

s3 @�q3. $w j�GCN< j@3 CL�<CN�aw U�aj R8 j@3 �$Rq3 3\n�jCRN.

Im
{

T−1
aa
}
=− Im{Taa}

|Taa|2
.

7aRL 2\Y VkY99W
Im
{

T−1
aa
}
=

ρa

2
,

�N0 ncCN< 2\Y VkY9fW. s3 <3j

Im{Gaa}=−ρa

2
=− | #»p a|

8π
√

s
, VkY9eW

s@3a3 | #»p a|= λ 1/2(s,M2
a ,m2

a)
2
√

s Cc j@3 ,3Nj3a Rc L�cc LRL3NjnL R8 j@3 U�ajC,I3c CN j@3
,@�NN3I aY

rCj@ j@3c3 CN<a30C3Njc. s3 ,�N cRIq3 2\Y VkYS4W ncCN< ,RnUI30 ,@�NN3Ic �N0 R$j�CN
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j@3 T AL�jaC,3c CN j@3 CcRcUCN $�c3Y BN 7C<Y kYSf s3 c@Rs |T I=0
DK→DK|2 VnUU3a U�N3I. I38j

cC03W �N0 |T I=1
DK→DK|2 VnUU3a U�N3I. aC<@j cC03W �c 8nN,jCRN R8 j@3 ,3Nj3a R8 L�cc 3N3a<w

R8 j@3 cwcj3LY �c c@RsN CN `38Y )e4*. s3 GNRs j@�j j@3 CNj3a�,jCRN R8 � K sCj@ � D
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7C<na3 kYSf- T AL�jaC,3c R$j�CN30 $w ncCN< j@3 H�<a�N<C�N $�c30 RN j@3 ?[ cwLL3A
jawY mUU3a U�N3I- |TKD→KD|2 8Ra CcRcUCN z VI38jW �N0 CcRcUCN S VaC<@jWY HRs3a U�N3I-
|TKD∗→KD∗ |2 8Ra CcRcUCN z VI38jW �N0 CcRcUCN S VaC<@jWY

CN CcRcUCN 0 Cc �jja�,jCq3 �N0 <3N3a�j3c j@3 $RnN0 cj�j3 D∗
s0(2317)Y �c ,�N $3 c33N CN

7C<Y kYSf VnUU3a U�N3I RN j@3 I38jW. � U3�G R8 y3aR sC0j@ Cc 8RnN0 �j 2317 K3p s@C,@ ,�N
$3 �ccR,C�j30 sCj@ D∗

s0(2317)Y i@3 CcRcUCN 1 CNj3a�,jCRN. @Rs3q3a. 0R3c NRj 8RaL �Nw
cj�j3 �N0 s3 cCLUIw R$c3aq3 � ,ncU �j j@3 j@a3c@RI0. s@C,@ ,Raa3cURN0c jR j@3 RU3NCN<
R8 j@3 DK ,@�NN3IY

r3 ,�N a3U3�j j@3 c�L3 UaR,30na3 8Ra j@3 D∗K cwcj3L �N0 ,RnUI30 ,@�NN3IcY �c
c@RsN CN 7C<Y kYSf. j@3 D∗K CNj3a�,jCRN CN CcRcUCN 0 VIRs3a U�N3I. I38j cC03W Cc �jja�,A
jCq3 �N0 8RaLc � $RnN0 cj�j3 �j 3N3a<w R8 2460 K3p. s@C,@ ,�N $3 a3I�j30 jR j@3 cj�j3
D∗

s1(2460) )e4*Y �c CN ,�c3 R8 j@3 DK cwcj3L. CN CcRcUCN 1. �c ,�N $3 c33N CN 7C<Y kYSf
VIRs3a U�N3I. aC<@j cC03W. NR cj�j3 Cc 8RaL30 �N0 s3 cCLUIw R$c3aq3 � ,ncU �j j@3 D∗K

j@a3c@RI0Y
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�c L3NjCRN30 CN c3,jCRN kYl. C8 j@3 U3�Gc R$c3aq30 CN j@3 LR0nInc c\n�a30 R8 j@3 T A
L�jaCu ,Raa3cURN0 jR � cj�j3 8RaL30 $w j@3 CNj3a�,jCRN $3js33N j@3 @�0aRNc ,RNcC03a30.
s3 c@RnI0 $3 �$I3 jR ~N0 � URI3 CN j@3 T AL�jaCu s@3N <RCN< jR j@3 ,RLUI3u 3N3a<w UI�N3Y
r@3N 0RCN< j@Cc. s3 N330 jR j�G3 ,�a3 R8 j@3 $a�N,@ ,nj j@�j j@3 IRRU 8nN,jCRN @�c s@3N
j@3 j@a3c@RI0 R8 � ,@�NN3I Cc RU3N30Y �c c@RsN CN `38Y )elĢe:*. j@Cc ,�N $3 �,@C3q30
$w ncCN<

Gaa =





GI

aa(
√

s), 8Ra `3{√s}< (ma +Ma)

GI
aa(

√
s)−2i Im

{
GI

aa
}
, 8Ra `3{√s}! (ma +Ma).

VkY94W

sCj@ GI
aa $3CN< j@3 c�L3 3uUa3ccCRN �c j@3 RN3 R8 2\Y VkYSOW 8Ra j@3 ,@�NN3I aY

�N�IwjC,�I +RNjCNn�jCRN R8 j@3 T AL�jaCu

i@3 IRRU 8nN,jCRN �UU3�aCN< CN 2\Y VkYSOW Cc �N �N�IwjC, 8nN,jCRN CN j@3 K�N03IA
cj�L q�aC�$I3 s nU jR Cjc $a�N,@ ,njc. s@C,@ �UU3�a s@3N3q3a j@3a3 Cc � ,@�NN3I
RU3NCN<Y
BN Ra03a jR L�G3 �N �N�IwjC,�I ,RNjCNn�jCRN R8 G jR j@3 ,RLUI3u UI�N3 s3 N330
jR ,aRcc j@3 $a�N,@ ,njcY iR 0R j@Cc. Cj Cc nc38nI jR qCcn�ICy3 j@3 $a�N,@ ,nj �c
j@3 ,RNN3,jCRN $3js33N 0C{3a3Nj ,RLUI3u 3N3a<w UI�N3c. �N0 G(z) �c � L�UUCN<
8aRL j@3c3 UI�N3c RNjR � cCN<I3 ,RLUI3u 3N3a<w UI�N3Y 2�,@ R8 j@3c3 ,RLUI3u
UI�N3c Cc ,�II30 � `C3L�NN c@33j )eO*Y BN U�ajC,nI�a. 8Ra j@3 IRRU 8nN,jCRN j@3a3
�a3 jsR `C3L�NN c@33jc 8Ra 3�,@ ,@�NN3IY
i@3 RaC<CN R8 j@3c3 jsR c@33jc Cc $3,�nc3 CN j@3 ,RLUI3u 3N3a<w UI�N3 j@3 L�UA
UCN< $3js33N j@3 LR0nInc R8 j@3 j@a33ALRL3NjnL CN j@3 ,3Nj3a R8 L�cc 8a�L3
R8 j@3 U�ajC,I3c �N0 s Cc NRj nNC\n3Y i@3 U@wcC,�I c@33j Ra ~acj `C3L�NN c@33j Cc
�ccR,C�j30 sCj@ j@3 U@wcC,�I a3<CRN. CY3Y.

| #»p a|I =+
λ 1/2(s,M2

a ,m2
a)

2
√

s
, VkY9OW

s@CI3 j@3 nNU@wcC,�I c@33j. �IcR ,�II30 c3,RN0 `C3L�NN c@33j. Cc �ccR,C�j30 sCj@

| #»p a|II =−λ 1/2(s,M2
a ,m2

a)

2
√

s
, VkYfzW
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iR U�cc 8aRL RN3 c@33j jR �NRj@3a. s3 ,�N nc3 j@3 b,@s�ayȕc a3�3,jCRN UaCN,CUI3
)4z*. s@C,@ cj�j3c j@�j C8 � 8nN,jCRN f (z) Cc �N�IwjC, CN � a3<CRN R8 j@3 ,RLUI3u zA
UI�N3 CN,In0CN< � URajCRN RN j@3 a3�I �uCc CN s@C,@ f Cc a3�I. j@3N f (z) = [ f (z∗)]∗Y
i@3 IRRU 8nN,jCRN c�jCc~3c j@3c3 ,RN0CjCRNc. j@3a38Ra3. CN j@3 ,RLUI3u 3N3a<w
UI�N3. 8Ra � ,@�NN3I a. s@3N3q3a Re{

√
s} ≥ Ma +ma. s3 @�q3. ,IRc3 jR j@3 a3�I

�uCc.

Gaa(
√

s− iε) =
[
Gaa(

√
s+ iε)

]∗
,

= Gaa(
√

s+ iε)−2i Im
{

Gaa(
√

s+ iε)
}
. VkYfSW

bCN,3 j@3 $3<CNNCN< R8 j@3 c3,RN0 `C3L�NN c@33j c@RnI0 L�j,@ j@3 3N0 R8 j@3
~acj `C3L�NN c@33j. s3 @�q3

GII
aa(

√
s− iε) = GI

aa(
√

s+ iε), VkYflW

�N0 8aRL 2\Y VkYfSW.

GII
aa = (

√
s+ iε) = GI

aa(
√

s+ iε)−2i Im
{

GI
aa
}

s@3a3. �c s3 c�s CN 2\Y VkY9eW

Im
{

GI
aa(

√
s+ iε)

}
=− | #»p a|I

8π
√

s
, VkYfkW

�N0 GI
aa Cc <Cq3N $w 2\Y VkYSOWY QN j@3 a3�I �uCc G(

√
s) = lim

ε→0
GI(

√
s+ iε). s@C,@

Cc ,RLU�jC$I3 sCj@ j@3 73wNL�Nȕc Ua3c,aCUjCRN 8Ra R$j�CNCN< U@wcC,�I �LUICjn03c
$w �jjaC$njCN< � cL�II N3<�jCq3 CL�<CN�aw U�aj jR j@3 L�cc R8 3�,@ U�ajC,I3 CN �Nw
CNj3aN�I ICN3 R8 � 73wNL�N 0C�<a�LY i@3N. 8Ra � ,RLUI3u 3N3a<w z. s3 ,�N saCj3

GII
aa(z) = GI

aa(z)−2i Im
{

GI
aa(z)

}
. VkYf:W

#RnN0 cj�j3c 8RaL30 $w j@3 0wN�LC,c �UU3�a �c URI3c R8 j@3 T AL�jaCu RN j@3 a3�I
�uCc �N0 $3IRs j@3 IRs3cj j@a3c@RI0. CY3Y. CN j@3 ~acj `C3L�NN c@33j R8 j@3 IC<@j3cj
,RnUI30 ,@�NN3IY mNcj�$I3 U�ajC,I3c. CY3Y. j@Rc3 sCj@ � ~NCj3 sC0j@. <3N3a�j30
$w j@3 0wN�LC,c R8 j@3 cwcj3L �UU3�a �c URI3c R8 j@3 T AL�jaCu CN j@3 c3,RN0
`C3L�NN c@33jY
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� cCLUI3 s�w jR c33 j@Cc Cc $w ,RNcC03aCN< � #a3CjArC<N3a 8RaL 8Ra j@3 T AL�jaCu

T ∼ 1
s−M2

R + iMRΓR
, VkYf9W

sCj@ MR VΓRW $3CN< j@3 L�cc VsC0j@W R8 j@3 nNcj�$I3 U�ajC,I3 8RaL30. s@C,@ Cc �IcR
,�II30 a3cRN�N,3Y i@3 03,�w sC0j@ ΓR Cc � 8nN,jCRN R8 j@3 3N3a<w. U�ajC,nI�aIw.
R8 j@3 ,3Nj3a R8 L�cc LRL3NjnL | #»p | R8 j@3 cwcj3LY BN j@3 ~acj `C3L�NN c@33j.
8Ra ,RLUI3u q�In3c R8 s. j@3 j3aL MRΓR 03q3IRUc �N CL�<CN�aw U�aj s@C,@ @�c j@3
c�L3 cC<N �c j@3 CL�<CN�aw U�aj R8 sY i@nc. s3 ,�N N3q3a @�q3 j@�j j@3 03NRLA
CN�jRa R8 2\Y VkYf9W $3,RL3c y3aRY QNIw CN j@3 nNU@wcC,�I Ra c3,RN0 `C3L�NN
c@33j j@3 CL�<CN�aw U�aj R8 s �N0 j@�j R8 MRΓR ,�N $3 RUURcCj3 �N0 s3 ,�N @�q3
� NnII 03NRLCN�jRaY

rCj@ j@Cc N3s 03~NCjCRN R8 G(
√

s). s3 ,�I,nI�j3 j@3 T AL�jaCu CN j@3 ,RLUI3u 3N3a<w
UI�N3Y BN 7C<Y kYSe s3 c@Rs j@3 LR0nInc c\n�a30 R8 j@3 T AL�jaC,3c a3I�j30 jR DK →

DK VI38jW �N0 D∗K → D∗K VaC<@jW CN CcRcUCN z CN j@3 ,RLUI3u 3N3a<w UI�N3Y TRI3c �j
√

s = 2318− i0 K3p �N0 √
s = 2450− i0 K3p �a3 8RnN0. s@C,@ ,Raa3cURN0 jR j@3 cj�j3c

D∗
s0(2317) �N0 D∗

s1(2460). a3cU3,jCq3Iw )e4*Y

7C<na3 kYSe- |T I=0
DK→DK|2 VI38jW �N0 |T I=0

D∗K→D∗K|2 VaC<@jW CN j@3 ,RLUI3u 3N3a<w UI�N3 sCj@CN
j@3 ?[ LR03IY � URI3 �j √s = 2318− i0 K3p VI38jW �N0 �j √s = 2450− i0 K3p VaC<@jW Cc
8RnN0Y i@3c3 URI3c �a3 a3I�j30 jR j@3 cj�j3c D∗

s0(2317) �N0 D∗
s1(2460). a3cU3,jCq3IwY

BN j@3 N3uj c3,jCRN s3 c@Rs j@3 a3cnIjc R$j�CN30 $w ncCN< j@3 bmV:W H�<a�N<C�N jR
03j3aLCN3 j@3 �LUICjn03c V Y
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kY:Yk T AL�jaC,3c R$j�CN30 sCj@ j@3 SU(4) H�<a�N<C�N

r3 ,�N �IcR 03j3aLCN3 j@3 �LUICjn03c V 8Ra j@3 DK �N0 D∗K cwcj3Lc $w ncCN< j@3
H�<a�N<C�Nc c@RsN CN c3,jCRN lY9Yl. s@C,@ �a3 $�c30 RN j@3 SU(4) cwLL3jaw sCj@ �
U�ajC,nI�a s�w R8 $a3�GCN< CjY i@3 a3cnIjc 8RnN0 8Ra V �a3 <Cq3N CN j@3 �UU3N0Cu #Y

�N 3u�LUI3- VD0K+→D0K+

BN j@Cc ,�c3. s3 @�q3

φ3 =





D̄0

0

0




, φ3̄ =

(
D0 0 0

)
, φ8 =





0 0 K+

0 0 0

K− 0 0




, VkYffW

cn,@ j@�j j@3 H�<a�N<C�N R8 2\Y VlYSzSW a3�0c

LSU(4) =
1

6 f 2

{
(∂µD̄0D0 − D̄0∂µD0)(∂ µK+K−−K+∂ µK−)

+γ(∂µD0K+−D0∂µK+)(∂ µK−D̄0 −K−∂ µD̄0)
}
. VkYfeW

mcCN< j@3 73wNL�N anI3c. s3 <3j. 8Ra j@3 UaR,3cc D0(p1)K+(p2)→ D0(p′1)K
+(p′2).

j@3 8RIIRsCN< �LUICjn03

VD0K+→D0K+ =− 1
6 f 2

{
(p′1 + p1)(p2 + p′2)+ γ(p1 − p2)(p′2 − p′1)

}
. VkYf4W

BN j3aLc R8 j@3 K�N03Icj�L q�aC�$I3

VD0K+→D0K+ =− 1
6 f 2

{
s−u+ γ(t − s)+m2

K +M2
D
}
. VkYfOW

i@Cc 3uUa3ccCRN Cc 8naj@3a UaRE3,j30 RN sAs�q3. R$j�CNCN<

VK+D0→K+D0 =− 1
6 f 2

[
3s
2
+

(M2
D −m2

K)
2

2s
− γ
(

3s
2
+

(M2
D −m2

K)
2

2s
−M2

D −m2
K

)]
. VkYezW

�c 0RN3 CN cn$c3,jCRN kY:Yl. j@3 IRRU 8nN,jCRNc �a3 a3<nI�aCy30 ncCN< 0CL3NcCRN�I
a3<nI�aCy�jCRN �N0 s3 ,RNcC03a j@3 c�L3 cn$ja�,jCRN �c nc30 CN `38Y ):k*- µ = 1500

K3p. a(µ) =−1,5Y
BN 7C<Y kYS4 s3 c@Rs j@3 LR0nInc c\n�a30 R8 j@3 T AL�jaCu 8Ra DK → DK CN CcRcUCN

0 VnUU3a U�N3I. I38j cC03W �N0 CcRcUCN 1 VnUU3a U�N3I. aC<@j cC03W RN j@3 a3�I �uCcY �c CN
,�c3 R8 j@3 a3cnIjc 8RnN0 CN cn$c3,jCRN kY:Yl. � U3�G �aRnN0 2317 K3p Cc R$c3aq30 CN
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7C<na3 kYS4- T AL�jaC,3c 03j3aLCN30 $w ncCN< j@3 H�<a�N<C�N $�c30 RN j@3 SU(4) cwLA
L3jawY mUU3a U�N3I- |TDK→DK|2 8Ra CcRcUCN z VI38jW �N0 CcRcUCN S VaC<@jWY HRs3a U�N3I-
|TD∗K→D∗K|2 8Ra CcRcUCN z VI38jW �N0 CcRcUCN S VaC<@jWY

j@3 CcRcUCN z. s@CI3 j@3 CcRcUCN S T AL�jaCu 0R3c NRj c@Rs �Nw cjan,jna3Y � URI3 CN j@3
,RLUI3u 3N3a<w UI�N3 Cc �IcR 8RaL30 8Ra j@3 CcRcUCN z ,�c3. s@C,@ ,�N $3 C03NjC~30 sCj@
j@3 D∗

s0(2317) )e4*Y
�c CN ,�c3 R8 j@3 DK cwcj3L. RN j@3 a3�I �uCc. j@3 LR0nInc c\n�a30 R8 j@3 D∗K

T AL�jaCu CN CcRcUCN z c@Rsc � U3�G �j 2460 K3p sCj@ z sC0j@ Vc33 j@3 IRs3a U�N3I. I38j
cC03. R8 7C<Y kYS4W. s@CI3 j@3 CcRcUCN S T AL�jaCu cCLUIw c@Rsc � ,ncU �j j@3 D∗K j@a3c@RI0
VIRs3a U�N3I. aC<@j cC03WY

BN j@3 ,RLUI3u 3N3a<w UI�N3. j@3 T AL�jaC,3c 8Ra j@3 DK �N0 D∗K cwcj3Lc CN j@3
CcRcUCN z ,RN~<na�jCRN c@Rs j@3 8RaL�jCRN R8 URI3c s@C,@ ,�N $3 �ccR,C�j30 sCj@ D∗

s0(2317)

�N0 D∗
s0(2460). a3cU3,jCq3Iw Vc33 7C<Y kYSOWY
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7C<na3 kYSO- |T I=0
DK→DK|2 VI38jW �N0 |T I=0

D∗K→D∗K|2 VaC<@jW CN j@3 ,RLUI3u 3N3a<w UI�N3 sCj@CN
j@3 SU(4) LR03IY � URI3 �j √s = 2318− i0 K3p VI38jW �N0 �j √s = 2450− i0 K3p VaC<@jW
Cc 8RnN0Y i@3c3 URI3c �a3 a3I�j30 jR j@3 cj�j3c D∗

s0(2317) �N0 D∗
s1(2460). a3cU3,jCq3IwY



+ϑΞϿАζЁ9
h?`22@#Q/v AMi2`�+iBQMb �M/ i?2 KDD̄∗

avbi2K

BN j@3 Ua3qCRnc ,@�Uj3a s3 Ua3c3Nj30 j@3 8RaL�ICcL jR 03j3aLCN3 j@3 T AL�jaC,3c 03A
c,aC$CN< j@3 CNj3a�,jCRN $3js33N j@3 DK �N0 D̄∗K cwcj3Lc sCj@CN � ,RnUI30 ,@�NN3I
�UUaR�,@Y mcCN< j@3c3 a3cnIjc. s3 �a3 NRs �$I3 jR cjn0w j@3 j@a33A$R0w cwcj3L 8RaL30
$w KDD̄∗ �N0 CNq3cjC<�j3 j@3 URccC$I3 8RaL�jCRN R8 $RnN0 cj�j3c Ra a3cRN�N,3c �c �
,RNc3\n3N,3 R8 j@3 0wN�LC,c CNqRIq30 CN j@3 cwcj3LY

:YS i@3 7�0033q 3\n�jCRNc

�c CN ,�c3 R8 � jsRA$R0w cwcj3L. jR CNq3cjC<�j3 j@3 <3N3a�jCRN R8 cj�j3c CN � j@a33A$R0w
cwcj3L s3 N330 jR R$j�CN j@3 T AL�jaCu 8Ra j@3 cwcj3LY iR 0R j@Cc s3 ,�N 03j3aLCN3
j@3 0C{3a3Nj 73wNL�N 0C�<a�Lc s@C,@ ,�N ,RNjaC$nj3 jR j@3 c,�jj3aCN< $3js33N j@a33
U�ajC,I3cY B8 s3 I�$3I j@3 U�ajC,I3c CNqRIq30 �c U�ajC,I3c S. l �N0 k. a3cU3,jCq3Iw. j@3
cCLUI3cj ,RNjaC$njCRN jR j@3 c,�jj3aCN< Cc j@3 RN3 s@3a3 jsR R8 j@3 U�ajC,I3c CNj3a�,j �N0
j@3 Rj@3a a3L�CNc �c � cU3,j�jRaY BN 7C<Y :YS s3 c@Rs j@3 ,Raa3cURN0CN< 0C�<a�LcY
i@3 $IR$c CN 7C<Y :YS a3Ua3c3Nj �N CN~NCj3 c3aC3c R8 CNj3a�,jCRNc $3js33N j@3 U�ajC,I3c
CNqRIq30 )c33 7C<Y :Yl*Y BN Rj@3a sRa0c. t1. t2 �N0 t3 �a3 j@3 T AL�jaC,3c R$j�CN30 8aRL
j@3 a3cRInjCRN R8 j@3 #3j@3Ab�IU3j3a 3\n�jCRN ,RLUnj30 CN � ,RnUI30 ,@�NN3I �UUaR�,@
03c,aC$CN< j@3 CNj3a�,jCRN $3js33N j@3 U�ajC,I3c l �N0 k. S �N0 k. S �N0 l. a3cU3,jCq3IwY

r3 ,�N UaR,330 8naj@3a �N0 ,RNjCNn3 �00CN< CNj3a�,jCRNc $3js33N j@3 0C{3a3Nj U�Cac

ez
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1

2

3

t3
1

2

3

t2
t1

1

2

3

+ +

(a) (b) (c)

7C<na3 :YS- /C�<a�LL�jC, a3Ua3c3Nj�jCRN R8 j@3 cCLUI3cj ,RNjaC$njCRNc jR j@3 c,�jj3aCN<
R8 k U�ajC,I3cY

2

3

+ + ...

2

3

t1

2

3 3

2
2

3

2

3

=

7C<na3 :Yl- /C�<a�LL�jC, a3Ua3c3Nj�jCRN R8 j@3 #3j@3Ab�IU3j3a 3\n�jCRN 8Ra j@3 c,�jA
j3aCN< $3js33N U�ajC,I3c l �N0 kY

1

2

3

t3 t3 t3

t1

t2

1

2

3
t1

t2 t2 t2

t3

t1

1

2

3
t1

t3

t1

t2

=

=

=

T3

T2

T1+

+

+

+

+

+

+

+

+

...

...

...

7C<na3 :Yk- /C�<a�LL�jC, a3Ua3c3Nj�jCRN R8 j@3 CNj3a�,jCRN $3js33N j@a33 U�ajC,I3c

R8 U�ajC,I3c jR j@3 0C�<a�Lc c@RsN CN 7C<Y :YS )c33 7C<Y :Yk*Y BN j@Cc s�w. s3 <3j j@a33
c3aC3c s@C,@ ,�N $3 saCjj3N L�j@3L�jC,�IIw �c

T1 = t1 + t1G [t2 + t2Gt1 + . . . ]+ t1G [t3 + t3Gt1 + . . . ] ,

T2 = t2 + t2G [t1 + t1Gt2 + . . . ]+ t2G [t3 + t3Gt2 + . . . ] ,

T3 = t3 + t3G [t1 + t1Gt3 + . . . ]+ t3G [t2 + t2Gt3 + . . . ] ,
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Ra. CN � LRa3 ,RLU�,j 8RaL. �c

T1 = t1 + t1G [T2 +T3] ,

T2 = t2 + t2G [T1 +T3] ,

T3 = t3 + t3G [T1 +T2] , V:YSW

s@3a3 G a3Ua3c3Njc j@3 ;a33N 8nN,jCRN Ra UaRU�<�jRa R8 j@3 j@a33 U�ajC,I3cY i@Cc c3j R8
,RnUI30 3\n�jCRNc �a3 j@3 cR ,�II30 7�0033q 3\n�jCRNc )4S*Y i@3c3 3\n�jCRNc. �c CN
,�c3 R8 j@3 #3j@3Ab�IU3j3a 3\n�jCRNc. �a3 CNj3<a�I 3\n�jCRNc. $nj NRs. s3 @�q3 � c3j R8
CNj3<a�I ,RnUI30 3\n�jCRNcY �N 3u�,j ,RLUnj�jCRN R8 j@3 7�0033q 3\n�jCRNc )2\Y V:YSW*.
s@C,@ Cc jR R$j�CN j@3 T AL�jaCu 8Ra j@3 j@a33A$R0w cwcj3L. CY3Y. T = T1 + T2 + T3. Cc �N
3uja3L3Iw �a0nRnc j�cG �N0. 8Ra Ua�,jC,�I ,�I,nI�jCRNc. Cj Cc ,ncjRL�aw jR a3cRaj jR cRL3
�UUaRuCL�jCRNc �UUIC,�$I3 jR � <Cq3N cwcj3LY BN Rna ,�c3. s3 �a3 <RCN< jR ,RNcC03a j@3
~u30 ,3Nj3a �UUaRuCL�jCRN V7+�W jR cRIq3 2\Y V:YSWY

:Yl 7Cu30 ,3Nj3a �UUaRuCL�jCRN jR j@3 7�0033q

3\n�jCRNc

Qna <R�I Cc jR R$j�CN j@3 T AL�jaCu 8Ra j@3 KDD̄∗ cwcj3LY i@Cc cwcj3L @�c ,3aj�CN CNj3aA
3cjCN< ,@�a�,j3aCcjC,c s@C,@ �IIRsc nc jR ,RNcC03a cCLUIC~,�jCRNc s@3N 03�ICN< sCj@ 2\Y
V:YSW- j@3 DD̄∗ CNj3a�,jCRN CN sAs�q3 Cc �jja�,jCq3 CN N�jna3 �N0 Cj <3N3a�j3c j@3 X(3872)

CN CcRcUCN 0 �N0 j@3 Zc(3900) CN CcRcUCN 1 ):k. 4lĢ4:*Y i@nc. s@3N cjn0wCN< j@3 KDD̄∗

cwcj3L s3 ,�N ,RNcC03a j@�j s3 @�q3 � G�RN CNj3a�,jCN< sCj@ � ,Incj3a R8 jsR U�ajC,I3c.
DD̄∗Y �N0 cCN,3 j@3 L�cc R8 j@3 ,Incj3a 8RaL30 Cc Ln,@ $C<<3a j@�N j@�j R8 j@3 U�ajC,I3
CNj3a�,jCN< sCj@ Cj. �N0 s3 �a3 CNj3a3cj30 CN cjn0wCN< j@3 j@a33A$R0w 0wN�LC,c �j IRs 3NA
3a<C3c Vq3aw ,IRc3 jR j@3 j@a33A$R0w j@a3c@RI0W. s3 ,�N �ccnL3 j@�j j@3 ,Incj3a a3L�CNc
nN�Ij3a30 0naCN< j@3 c,�jj3aCN<Y BN Rj@3a sRa0c. D �N0 D̄∗ �Is�wc ,Incj3a �c X(3872) Ra
�c Zc(3900)Y i@3N j@3 s@RI3 c,�jj3aCN< Cc �N�IR<Rnc jR j@3 c,�jj3aCN< R8 � U�ajC,I3 $w �
~u30 ,3Nj3a R8 8Ra,3Y

H3j nc 03c,aC$3 j@3 c,�jj3aCN< $3js33N � U�ajC,I3 3 �N0 � ,Incj3a B 8RaL30 $w j@3
U�ajC,I3c 1 �N0 2Y �c 0RN3 3�aIC3a. s3 cj�aj sCj@ j@3 cCLUI3cj ,RNjaC$njCRN jR j@3 c,�jj3aA
CN<. s@C,@ Cc a3Ua3c3Nj30 0C�<a�LL�jC,�IIw CN 7C<Y :Y:Y �N �N�IR<Rnc 0C�<a�L sCII $3
j@3 RN3 s@3a3 U�ajC,I3 k CNj3a�,jc sCj@ U�ajC,I3 l. s@CI3 U�ajC,I3 S cj�wc �c � cU3,j�jRaY
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{ {B B
p1 p'1

p'2p2

p3 p'33 3

1

2 2

1
x

x'

t31

7C<na3 :Y:- /C�<a�LL�jC, a3Ua3c3Nj�jCRN R8 j@3 3+B→ 3+B c,�jj3aCN< CN s@C,@ U�ajC,I3
3 CNj3a�,jc sCj@ U�ajC,I3 1 R8 j@3 ,Incj3aY

BN j@3 8RIIRsCN< s3 sCII ~acj R$j�CN � L�j@3L�jC,�I 03c,aCUjCRN 8Ra j@3 0C�<a�Lc R8 � c3A
aC3c s@3a3 j@3 ~acj CNj3a�,jCRN Cc �Is�wc $3js33N U�ajC,I3c k �N0 SY bn$c3\n3NjIw. s3
sCII saCj3 j@3 3uUa3ccCRN 8Ra j@3 Rj@3a c3aC3c R8 0C�<a�Lc. s@3a3 j@3 ~acj CNj3a�,jCRN Cc
�Is�wc $3js33N U�ajC,I3c k �N0 lY +RLCN< $�,G jR j@3 0C�<a�L c@RsN CN 7C<Y :Y:. C8 s3
,�II S(1) jR j@3 ,RNjaC$njCRN jR j@3 SAL�jaCu R8 j@3 UaR,3cc. s3 @�q3

S(1) =
1
V

3

∏
i=1

√
Ni

2Ei

3

∏
j=1

√
Nj

2E ′
j

[∫
d4x

∫
d4x′e−i(p3−p′3+p1−p′1)xφ1(

#»x )φ2(
#»x ′)

× e−i(p2−p′2)x ′φ∗
1 (

#»x )φ∗
2 (

#»x ′)
]
(−it31), V:YlW

s@3a3 Ni Cc � NRaL�ICy�jCRN 8�,jRa Vs@C,@ Cc S 8Ra L3cRNc �N0 2mi 8Ra $�awRNc R8 L�cc
miW. Ei (E ′

j) a3Ua3c3Njc j@3 3N3a<w R8 j@3 U�ajC,I3 CN j@3 CNCjC�I V~N�IW cj�j3. �N0 t31 03A
c,aC$3c j@3 CNj3a�,jCRN $3js33N U�ajC,I3c 3 �N0 1 �j j@3 q3aj3u xY iR saCj3 2\Y V:YlW s3
@�q3 ,RNcC03a30 � ~NCj3 qRInL3 V�N0 NRaL�ICy30 j@3 s�q3 8nN,jCRNc CN j@Cc qRInL3Y BN
2\Y V:YlW. φi(

#»x ) a3Ua3c3Njc j@3 s�q3 8nN,jCRN R8 j@3 U�ajC,I3 i = 1, 2 CN j@3 ,Incj3a BY H3j
nc CNjaR0n,3 j@3 q�aC�$I3c

#»R =
#»x + #»x ′

2
, #»r = #»x − #»x ′ V:YkW

s@C,@ a3Ua3c3Nj j@3 ,3Nj3a R8 L�cc ,RRa0CN�j3 V8Ra m1 ∼ m2. �c CN Rna ,�c3W �N0 j@3
a3I�jCq3 URcCjCRN $3js33N U�ajC,I3c 1 �N0 2Y

B8 s3 ,RNcC03a j@�j U�ajC,I3c 1 �N0 2 8RaL � ,Incj3a R8 LRL3NjnL #»p B sCj@ s�q3
8nN,jCRN φB(

#»r ). s3 ,�N nc3 �c �Nc�jy 8Ra φ1(
#»x )φ2(

#»x ′) j@3 3uUa3ccCRN

φ1(
#»x )φ2(

#»x ′) =
1√
V

e−i #»p B·
#»R φB(

#»r ) V:Y:W

s@3a3 s3 @�q3 c3U�a�j30 j@3 LRjCRN R8 j@3 ,3Nj3a R8 L�cc R8 j@3 cwcj3L 8aRL j@3
a3I�jCq3 LRjCRN R8 j@3 U�ajC,I3c CN j@3 ,Incj3aY #w 0RCN< j@Cc. j@3 CNj3<a�jCRNc CN d3x �N0
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d3x′ <3j a3UI�,30 $w CNj3<a�jCRNc CN d3R �N0 d3r. s@Rc3 ,RNjaC$njCRNc ,�N $3 c3U�a�j30
�N0 s3 ~N0

S(1) =
1

V 2

3

∏
i=1

√
Ni

2Ei

3

∏
j=1

√
Nj

2E ′
j
(2π)4δ (4)

( 3

∑
i=1

pi −
3

∑
j=1

p′j
)
(−it31)FB

(
#»p ′

3 −
#»p 3

2

)
, V:Y9W

s@3a3
FB

(
#»p ′

3 −
#»p 3

2

)
=
∫

d3r e−
i
2(

#»p ′
3−

#»p 3) #»r |φB(
#»r )|2. V:YfW

iR <3j 2\Y V:YfW s3 @�q3 ,RNcC03a30 j@�j #»p 1 ∼ #»p ′
1 cCN,3 m3 << m1Y 7Ra c,�jj3aCN< �j

IRs 3N3a<C3c V�aRnN0 j@3 j@a3c@RI0 m3 +mBW. s3 ,�N �IcR �UUaRuCL�j3

FB

(
#»p ′

3 −
#»p 3

2

)
∼ FB(0) =

∫
d3r|φB(

#»r )|2 = 1. V:YeW

BN j@Cc s�w. 2\Y V:Y9W ,�N $3 saCjj3N �c

S(1) =
1

V 2

3

∏
i=1

√
Ni

2Ei

3

∏
j=1

√
Nj

2E ′
j
(2π)4δ (4)

(
3

∑
i=1

pi −
3

∑
j=1

p′j

)
(−it31). V:Y4W

H3j nc ,RNcC03a j@3 N3uj ,RNjaC$njCRN jR j@3 c,�jj3aCN<. s@C,@ s3 a3Ua3c3Nj30 0C�A
<a�LL�jC,�IIw CN 7C<Y :Y9. s@3a3 j@3 U�ajC,I3 3. �8j3a CNj3a�,jCN< sCj@ U�ajC,I3 1 R8 j@3
,Incj3a. UaRU�<�j3c �N0 CNj3a�,jc sCj@ U�ajC,I3 2 R8 j@3 ,Incj3aY B8 s3 ,�II S(2) jR j@3

B B

3

3

1

2 2

1
x

x'

t31

{ {t32

7C<na3 :Y9- /C�<a�LL�jC, a3Ua3c3Nj�jCRN R8 j@3 c,�jj3aCN< 3+B → 3+B CN s@C,@ j@3
U�ajC,I3 3 UaRU�<�j3c CN j@3 ,Incj3aY

,RNjaC$njCRN jR j@3 SAL�jaCu a3I�j30 jR j@3 0C�<a�L CN 7C<Y :Y9. s3 @�q3

S(2) =
1
V

3

∏
i=1

√
Ni

2Ei

3

∏
j=1

√
Nj

2E ′
j

∫
d4x

∫
d4x′e−ip3xe−ip1xeip′1xφ1(

#»x )φ∗
1 (

#»x ′)

× e−ip2x′eip′2x′φ2(
#»x ′)φ∗

2 (
#»x ′)

∫ d4q
(2π)4 i

eiq(x−x′)

q2 −m2
3 + iε

(−it31)(−it32), V:YOW

s@3a3 t32 a3Ua3c3Njc j@3 CNj3a�,jCRN $3js33N U�ajC,I3c 3 �N0 2 �j j@3 q3aj3u x′Y raCjCN<
∫

d4x �N0
∫

d4x′ �c
∫

dx0 ∫ d3x �N0
∫

dx′0
∫

d3x′. a3cU3,jCq3Iw. ncCN< 2\Y V:Y:W �N0 a3I�jCN<
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∫
d3x �N0

∫
d3x′ jR

∫
d3R �N0

∫
d3r. s3 ,�N saCj3 2\Y V:YOW �c

S(2) =−i
(2π)4

V 2 δ 4

(
3

∑
i=1

pi −
3

∑
j=1

p′j

)
3

∏
i=1

√
Ni

2Ei

3

∏
j=1

√
Nj

2E ′
j
t31Gt32, V:YSzW

s@3a3
G =

∫ d3q
(2π)3

FB(
#»q )

q02 − #»q 2 −m2
3 + iε

, V:YSSW

sCj@ q0 = E ′
3+E ′

2−E2. a3Ua3c3Njc j@3 UaRU�<�jRa R8 U�ajC,I3 3 CN j@3 ,Incj3aY i@3 8nN,jCRN
FB(

#»q ). s@C,@ Cc <Cq3N $w

FB(
#»q ) =

∫
d3re−i #»q · #»r |φB(

#»r )|2, V:YSlW

�c c@RsN CN `38Y )49*. ,Raa3cURN0c jR � 8RaL 8�,jRa �ccR,C�j30 sCj@ j@3 ,Incj3a B �N0
,�N $3 saCjj3N CN j@3 LRL3NjnL cU�,3 �c

FB(
#»q ) =

1
N

∫
d3k

Θ(Λ− | #»k |)
EB −E1(

#»
k )−E2(

#»
k )

Θ(Λ− | #»k − #»q |)
EB −E1(

#»
k − #»q )−E2(

#»
k − #»q )

, V:YSkW

s@3a3 N Cc � NRaL�ICy�jCRN 8�,jRa cn,@ j@�j FB(
#»q =

#»
0 ) = 1 �N0 Θ a3Ua3c3Njc j@3 ?3�qA

CcC03 ΘA8nN,jCRNY
B8 s3 ,RNjCNn3 8naj@3a. s3 ,�N @�q3 ,RNjaC$njCRNc jR j@3 SAL�jaCu 8aRL @C<@3a Ra03a

0C�<a�Lc VR8 j@3 c3aC3cW ICG3 j@Rc3 c@RsN CN 7C<Y :Yf. cn,@ j@�j j@3 SAL�jaCu 03c,aC$CN<
j@3 CNj3a�,jCRNc $3js33N U�ajC,I3 3 �N0 j@3 ,Incj3a ,RNcjCjnj30 $w U�ajC,I3c 1 �N0 2 ,�N
$3 saCjj3N �c

B

3 3
1

2 2

1
t31{ t32

t31

B

3

3

1

2 2

1
t31{ t32

t31

t32
+ +  ...

7C<na3 :Yf- Qj@3a ,RNjaC$njCRNc jR j@3 c,�jj3aCN< $3js33N U�ajC,I3 3 �N0 j@3 ,Incj3a B
8RaL30 $w U�ajC,I3c 1 �N0 2Y

S = S(0) +S(1) +S(2) + . . . V:YS:W

s@3a3 S(0) a3Ua3c3Njc j@3 jaCqC�I ,�c3 s@3a3 j@3a3 Cc NR CNj3a�,jCRNc �j �II. CY3Y.

S(0) = δ #»p 3,
#»p ′

3
δ #»p 1,

#»p ′
1
δ #»p 2,

#»p ′
2
. V:YS9W
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i@3N. s3 �aaCq3 jR

S = δ #»p 3,
#»p ′

3
δ #»p 1,

#»p ′
1
δ #»p 2,

#»p ′
2
− i

(2π)4

V 2 δ 4

(
3

∑
i=1

pi −
3

∑
j=1

p′j

)
3

∏
i=1

√
Ni

2Ei

×
3

∏
j=1

√
Nj

2E ′
j
[t31 + t31Gt32 + . . . ] . V:YSfW

BN j@Cc s�w. j@3 T AL�jaCu a3I�j30 jR j@3 c3aC3c R8 ,RNjaC$njCRNc s@C,@ cj�aj sCj@ j@3 CNj3aA
�,jCRN $3js33N U�ajC,I3c 3 �N0 1 Cc <Cq3N $w

T31 = t31 + t31Gt32 + t31Gt32Gt31 + . . . V:YSeW

bCLCI�aIw. �c L3NjCRN30 3�aIC3a. s3 ,�N �IcR @�q3 ,RNjaC$njCRNc jR j@3 c,�jj3aCN< �c
j@Rc3 c@RsN 0C�<a�LL�jC,�IIw CN 7C<Y :Ye. s@3a3 U�ajC,I3 3 CNj3a�,jc ~acj sCj@ U�ajC,I3
2 R8 j@3 ,Incj3a �N0 j@3N a3c,�jj3acY BN j@Cc ,�c3. j@3 T AL�jaCu a3I�j30 jR j@3 UaR,3cc

B

3 3

1

2 2

1
t31

{ t32B

3

3

1

2 2

1
t31

{ t32B

3 3

1

2 2

1

t32{ + + + ...t32

7C<na3 :Ye- +RNjaC$njCRNc jR j@3 c,�jj3aCN< $3js33N U�ajC,I3 3 �N0 j@3 ,Incj3a cj�ajCN<
8aRL j@3 CNj3a�,jCRN $3js33N U�ajC,I3 3 �N0 U�ajC,I3 2 R8 j@3 ,Incj3aY

c@RsN CN 7C<Y :Ye Cc <Cq3N $w

T32 = t32 + t32Gt31 + t32Gt31Gt32 + . . . V:YS4W

�N0 j@3 ~N�I T AL�jaCu ,Raa3cURN0c jR j@3 cnL R8 T31 �N0 T32Y 2\n�jCRNc V:YSeW �N0
V:YS4W ,�N $3 saCjj3N CN � LRa3 ,RLU�,j 8RaL �c � c3j R8 jsR ,RnUI30 3\n�jCRNc

T31 = t31 + t31GT32,

T32 = t32 + t32GT31. V:YSOW

bCN,3 s3 �a3 <RCN< jR ,RNcC03a 3N3a<C3c ,IRc3 jR j@3 j@a3c@RI0 R8 j@3 cwcj3L. cn,@
j@�j j@3 a3Ua3c3Nj�jCRN R8 j@3 c,�jj3aCN< �c � U�ajC,I3 CNj3a�,jCN< sCj@ � ,Incj3a Vs@C,@ a3A
L�CNc nNU3ajna$30W Cc L3�NCN<8nI. j@3 U�ajC,I3c CN j@3 jaC�N<nI�a IRRUc c@RsN CN 7C<Y :Yf
�N0 :Ye ,�N NRj $3 jRR R{Ac@3IIY BN j@Cc s�w. s3 ,�N �UUaRuCL�j3 j@3 jsRA$R0w T A
L�jaC,3c CNqRIq30 CN j@3 jaC�N<nI�a IRRUc c@RsN CN 7C<cY :Yf �N0 :Ye $w j@3 RNAc@3II
RN3c �N0 8�,jRaCy3 j@3L RnjcC03 j@3 CNj3<a�jCRN RN j@3 IRRU q�aC�$I3Y #w 0RCN< j@Cc. 2\Y
V:YSOW $3,RL3c � c3j R8 �I<3$a�C, ,RnUI30 3\n�jCRNc s@C,@ ,�N $3 3�cCIw cRIq30Y



+?�Ti2` :Y i?`22A#Q/v BMi2`�+iBQMb �M/ i?2 KDD̄∗ bvbi2K ee

� ,RLL3Nj Cc @3a3 CN Ra03aY 7Ra � UaR,3cc 3+B → 3+B. j@3 SAL�jaCu �ccR,C�j30
sCj@ Cj sRnI0 $3 a3I�j30 jR j@3 T AL�jaCu �c

S3+B = δ #»p 3,
#»p ′

3
δ #»p B,

#»p ′
B
− i

(2π)4

V 2 δ (4) (p3 + pB − p′3 − p′B
)

×
√

N3

2E3

√
NB

2EB

√
N3

2E ′
3

√
NB

2E ′
B

T3+B, V:YlzW

s@C,@ @�c � 0C{3a3Nj NRaL�ICy�jCRN j@�N j@3 3uUa3ccCRN R$j�CN30 CN 2\Y V:YSfWY i@Cc
Cccn3. s@C,@ Cc a3I�j30 jR j@3 NRaL�ICy�jCRNc R8 j@3 ~3I0c. ,�N $3 cRIq30 $w a3UI�,CN<

t31 → t̃31 =

√
2EB

NB

√
2E ′

B
NB

√
2E1

N1

√
2E ′

1
N1

t31,

t32 → t̃32 =

√
2EB

NB

√
2E ′

B
NB

√
2E2

N2

√
2E ′

2
N2

t32,

G → G̃ =

√
NB

2EB

√
NB

2E ′
B

G. V:YlSW

MRaL�ICy�jCRN 8�,jRac CN 2\Y V:YlSW

i@3 ,RNjaC$njCRNc R8 j@3 0C�<a�L CN 7C<Y :Y: jR j@3 SAL�jaCu 03c,aC$CN< j@3 CNj3a�,A
jCRNc R8 U�ajC,I3 3 �N0 j@3 ,Incj3a B ,�N $3 saCjj3N �c

S̃(1) =−i
(2π)4

V 2 δ (4)(p3 + pB − p′3 − p′B)
√

N3

2E3

√
N3

2E ′
3

√
NB

2EB

√
NB3
2E ′

B
t̃31, V:YllW

s@C,@ Cc ,RLU�jC$I3 sCj@ j@3 3uUa3ccCRN 8RnN0 CN 2\Y V:Y4W CN j3aLc R8 t31 �c 8�a
�c t31 �N0 t̃31 �a3 a3I�j30 j@aRn<@ 2\Y V:YlSWY bCLCI�aIw. 8Ra j@3 ,RNjaC$njCRN R8 j@3
0C�<a�L CN 7C<Y :Y9. s3 @�q3

S̃(2) =−i
(2π)4

V 2 δ (4)(p3 + pB − p′3 − p′B)
√

N3

2E3

√
N3

2E ′
3

√
NB

2EB

√
NB

2E ′
B

t̃31 G̃ t̃32, V:YlkW

s@C,@ Cc ,RLU�jC$I3 sCj@ j@3 a3cnIj R$j�CN30 CN 2\Y V:YSzWY

BN cnLL�aw. s3 N330 jR cRIq3 j@3 ,RnUI30 3\n�jCRNc

T̃31 = t̃31 + t̃31G̃T̃32,

T̃32 = t̃32 + t̃32G̃T̃31, V:Yl:W

�N0 03j3aLCN3 j@3 T AL�jaCu 8Ra j@3 c,�jj3aCN< $3js33N U�ajC,I3 3 �N0 � ,Incj3a B. s@C,@
Cc 8RaL30 �c � ,RNc3\n3N,3 R8 j@3 CNj3a�,jCRN $3js33N U�ajC,I3c 1 �N0 2. �c

T̃ = T̃31 + T̃32. V:Yl9W
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r3 �a3 CNj3a3cj30 CN ,�I,nI�jCN< j@3 T AL�jaCu 8Ra j@3 KDD̄∗ cwcj3L s@3a3 j@3 DD̄∗

cn$cwcj3L ,Incj3ac �c X(3872) CN CcRcUCN 0 Ra �c Zc(3900) CN CcRcUCN 1Y BN j@Cc s�w
s3 ,�N cjn0w j@3 KX(3872) �N0 KZc(3900) ,RN~<na�jCRNc R8 j@3 KDD̄∗ cwcj3LY r@CI3
j@3 KX(3872) cwcj3L ,�N RNIw @�q3 jRj�I CcRcUCN 1/2. j@3 KZc(3900) cwcj3L ,�N @�q3
jRj�I CcRcUCN 1/2 �N0 3/2Y i@nc. 8Ra jRj�I CcRcUCN 1/2 s3 @�q3 jsR ,RnUI30 ,@�NN3Ic.
KX(3872) �N0 KZc(3900). s@CI3 CN jRj�I CcRcUCN 3/2 s3 @�q3 RNIw RN3 ,@�NN3IY i@3 t̃31.
t̃32 �N0 G̃ CN 2\Y V:Yl:W �a3 j@3N L�jaC,3c CN j@3 ,RnUI30 ,@�NN3I cU�,3

t̃31 =



 (t̃31)11 (t̃31)12

(t̃31)21 (t̃31)22



 , t̃32 =



 (t̃32)11 (t̃32)12

(t̃32)21 (t̃32)22



 ,

G̃ =



 (G̃)11 0

0 (G̃)22



 . V:YlfW

i@3 3I3L3Nj (11) CN j@3 �$Rq3 3\n�jCRNc a3Ua3c3Njc j@3 KX → KX ja�NcCjCRN. j@3 3I3A
L3Nj (12) KX → KZ. �N0 cR RN �N0 cR 8Raj@Y i@3 3I3L3Njc (t̃31)11. (t̃31)12. 3j,Y. �a3 <Cq3N
CN j3aLc R8 j@3 jsRA$R0w T AL�jaC,3c R8 j@3 KD �N0 KD̄∗ cn$cwcj3Lc CN j@3 CcRcUCN $�c3
�N0 s3 ,�I,nI�j3 j@3L CN j@3 N3uj c3,jCRNY

:Yk /3j3aLCN�jCRN R8 j@3 t̃31 �N0 t̃32 jsRA$R0w

T AL�jaC,3c

iR ,�I,nI�j3 (t̃31)11 s3 N330 ~acj jR saCj3 j@3 cj�j3 |KX(3872)〉 sCj@ jRj�I CcRcUCN I = 1/2

�N0 j@Ca0 CcRcUCN ,RLURN3Nj. 8Ra 3u�LUI3. I3 = 1/2. s@C,@ s3 a3Ua3c3Nj �c
∣∣KX ; 1

2 ,
1
2
〉
.

�N0 j@3N 03j3aLCN3 〈
KX ;

1
2
,
1
2

∣∣∣∣ t31

∣∣∣∣KX ;
1
2
,
1
2

〉
. V:YleW

i@3 cj�j3
∣∣KX ; 1

2 ,
1
2
〉

Cc 030n,30 �c
∣∣∣∣KX ;

1
2
,
1
2

〉
=

∣∣∣∣K
+;

1
2
,
1
2

〉
⊗ |DD̄∗;0,0〉

=

∣∣∣∣I
K
3 =

1
2

〉
⊗ 1√

2

[∣∣∣∣I
D
3 =

1
2
, ID̄∗

3 =−1
2

〉
−
∣∣∣∣I

D
3 =−1

2
, ID̄∗

3 =
1
2

〉]
, V:Yl4W

s@3a3 s3 @�q3 nc30 j@3 +I3$c,@A;Ra0�N ,R3|,C3Njc jR saCj3 j@3 cj�j3 |DD̄∗;0,0〉 CN
j3aLc R8 j@3 cj�j3c

∣∣∣ID
3 , I

D̄∗
3

〉
Y bCN,3 j@3 t̃31 jsRA$R0w T AL�jaCu 03c,aC$3c j@3 CNj3a�,jCRN

$3js33N U�ajC,I3c 3 �N0 1 R8 j@3 ,Incj3a. s@C,@ CN j@Cc ,�c3 ,Raa3cURN0 jR j@3 K �N0 D.



+?�Ti2` :Y i?`22A#Q/v BMi2`�+iBQMb �M/ i?2 KDD̄∗ bvbi2K eO

a3cU3,jCq3Iw. Cj Cc ,RNq3NC3Nj jR saCj3 2\Y V:Yl4W CN j3aLc R8 j@3 jRj�I CcRcUCN R8 j@3 KD

cwcj3LY mcCN< RN,3 LRa3 j@3 +I3$c,@A;Ra0�N ,R3|,C3Njc. s3 ,�N saCj3
∣∣∣∣KX ;

1
2
,
1
2

〉
=

[
∣∣IKD = 1, IKD

3 = 1
〉
⊗
∣∣∣∣I

D̄∗
3 =−1

2

〉

− 1√
2

(∣∣IKD = 1, IKD
3 = 0

〉
+
∣∣IKD = 0, IKD

3 = 0
〉)

⊗
∣∣∣∣I

D̄∗
3 =

1
2

〉]
. V:YlOW

7naj@3a. ncCN< 2\cY V:YleW �N0 V:YlOW. s3 <3j
〈

KX ;
1
2
,
1
2

∣∣∣∣ t31

∣∣∣∣KX ;
1
2
,
1
2

〉
=

1
2

[
〈
IKD = 1, IKD

3 = 1
∣∣ t31

∣∣IKD = 1, IKD
3 = 1

〉

+
1
2

(〈
IKD = 1, IKD

3 = 0
∣∣ t31

∣∣IKD = 1, IKD
3 = 0

〉

+
〈
IKD = 0, IKD

3 = 0
∣∣ t31

∣∣IKD = 0, IKD
3 = 0

〉)
]
=

1
2

[
tI=1
KD +

1
2

(
tI=1
KD + tI=0

KD

)]

=
1
4
(3tI=1

KD + tI=0
KD ),

sCj@ tI
KD $3CN< j@3 jsRA$R0w T AL�jaCu 8Ra j@3 KD cwcj3L CN � <Cq3N CcRcUCN IY mcCN< j@Cc

a3cnIj �N0 2\Y V:YlSW s3 @�q3

(t̃31)11 =
MX

4mD
(3tI=1

KD + tI=0
KD ), V:YkzW

s@3a3 s3 @�q3 nc30 j@3 NRNAa3I�jCqCcjC, �UUaRuCL�jCRN R8 EX ∼ MX �N0 ED ∼ mD. s@C,@
Cc q�IC0 cCN,3 s3 �a3 CNj3a3cj30 CN 3N3a<C3c ,IRc3 jR j@3 j@a3c@RI0 R8 j@3 KX cwcj3LY

bCLCI�aIw. jR ,�I,nI�j3 (t̃32)11 s3 N330 jR saCj3 j@3 cj�j3 CN 2\Y V:Yl4W CN j3aLc R8 j@3
CcRcUCN R8 j@3 KD̄∗ cwcj3L $w ncCN< +I3$c,@A;Ra0�N ,R3|,C3NjcY i@3 a3cnIj 8RnN0 8Ra
(t̃32)11 Cc �N�IR<Rnc jR j@3 RN3 CN 2\Y V:YkzW �N0 ,�N $3 R$j�CN30 $w a3UI�,CN< tI=1

KD → tI=1
KD̄∗

�N0 tI=0
KD → tI=0

KD̄∗ �c
(t̃32)11 =

MX

4mD
(3tI=1

KD̄∗ + tI=0
KD̄∗). V:YkSW

r3 ,�N �IcR R$j�CN NRs j@3
∣∣KZc; 1

2 ,
1
2
〉

cj�j3 �N0 3q�In�j3 j@3 a3cj R8 3I3L3Njc CN
2\Y V:YlfWY i@3 a3cnIjc R$j�CN30 ,�N $3 saCjj3N CN � ,RLU�,j 8RaL $w CNjaR0n,CN< j@3
q3,jRac

#»t 31 =
(
tI=1
KD , tI=0

KD
)
, #»t 32 =

(
tI=1
KD̄∗ , tI=0

KD̄∗
)
,

cn,@ j@�j

(t31)i j =
#»ω i→ j

31 · #»t 31,

(t32)i j =
#»ω i→ j

32 · #»t 32, V:YklW
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i�$I3 :YS- p3,jRa #»ω i→ j
31 �UU3�aCN< CN 2\Y V:YklW 8Ra jRj�I CcRcUCN 1/2 �N0 8Ra j@3 ja�NcCjCRN

i → jY i@3 q3,jRa #»ω i→ j
32 = a #»ω i→ j

31 s@3a3 a = 1 (−1) 8Ra i = j (i += j)Y

KX KZ

KX 1
4(3,1)

√
3

4 (1,−1)
KZ

√
3

4 (1,−1) 1
4(1,3)

s@3a3 j@3 q3,jRac #»ω i→ j
31 �N0 #»ω i→ j

32 �a3 <Cq3N CN i�$I3 :YSY
#38Ra3 UaR,330CN< 8naj@3a. � ,RLL3Nj a3<�a0CN< Zc(3900) Cc @3a3 CN Ra03aY i@3 N�A

jna3 R8 Zc(3900) Cc cjCII nN03a 03$�j3Y 2uU3aCL3Nj�I CNq3cjC<�jCRNc c33L jR a3URaj jsR
cj�j3c sCj@ JP = 1+ �aRnN0 kOzz K3p. Zc(3900) )4fĢ44* �N0 Zc(3885) )4O. Oz*Y Bj Cc cjCII
NRj ,I3�a C8 j@3c3 cj�j3c �a3 jsR 0C{3a3Nj RN3c Ra �a3 j@3 c�L3Y i@3 I�jjC,3 CNq3cjC<�A
jCRNc )OSĢOk*. RN j@3 Rj@3a @�N0. 0R NRj c33L jR ~N0 �N 3qC03N,3 8Ra j@3 3uCcj3N,3 R8 �
LRI3,nI�a cj�j3 �aRnN0 kOzz K3pY ?Rs3q3a. j@3 �N�IwcCc L�03 CN `38Y )O:* c@Rsc j@�j
j@3 I�jjC,3 0�j� Cc ,RLU�jC$I3 sCj@ j@3 3uCcj3N,3 R8 j@3 Zc(3900) a3cRN�N,3Y 7naj@3a. j@3
I�j3cj 3uU3aCL3Nj�I CNq3cjC<�jCRNc ,RNjCNn3 jR ~N0 cC<N�Ic R8 � cj�j3 sCj@ L�cc N3�a kOzz
K3p CN 0C{3a3Nj UaR,3cc3c. cn,@ �c BA03,�wc )O9*. ηcρ CNq�aC�Nj L�cc cU3,ja� )Of*. 3j,Y
BN cUCj3 R8 j@3 03$�j3. $Rj@ 3uU3aCL3Nj�I �N0 j@3Ra3jC,�I CNq3cjC<�jCRNc CN0C,�j3 j@�j j@3
DD̄∗ CNj3a�,jCRN CN CcRcUCN S. cUCNAU�aCjw 1+ Cc �jja�,jCq3 CN N�jna3 �N0 UaR0n,3c � U3�G
CN j@3 ,aRcc c3,jCRNc R8 j@3 a3I3q�Nj UaR,3cc3cY BN Rna cjn0w. j@3 Zc(3900) s3 a383a jR Cc
j@3 cj�j3 �aCcCN< 8aRL j@3 DD̄∗ �N0 ,RnUI30 ,@�NN3I 0wN�LC,c 8RnN0 CN `38Y ):f*Y

:Y: `3cnIjc

BN 7C<Y :Y4 s3 c@Rs j@3 a3cnIjc 8Ra j@3 LR0nInc c\n�a30 R8 j@3 T AL�jaCu 8Ra j@3 KX →KX

ja�NcCjCRN. TXX . 8Ra jRj�I CcRcUCN 1/2. �c � 8nN,jCRN R8 j@3 ,3Nj3a R8 L�cc 3N3a<wY i@3 I38j
VaC<@jW U�N3I ,Raa3cURN0c jR j@3 a3cnIjc R$j�CN30 $w ncCN< j@3 ?[ )SU(4)* H�<a�N<C�N
s@3N cRIqCN< j@3 #3j@3Ab�IU3j3a 3\n�jCRN jR 03j3aLCN3 j@3 CNUnj t̃31 �N0 t̃32Y BN $Rj@
,�c3c. jR $3<CN sCj@. s3 0R NRj ,RNcC03a KZc �c � ,RnUI30 ,@�NN3I jR KX CN j@3 CcRcUCN
1/2 ,RN~<na�jCRNY �c ,�N $3 c33N. CN $Rj@ ?[ �N0 SU(4) �UUaR�,@3c. � U3�G �aRnN0
4307 K3p sCj@ y3aR sC0j@ Cc 8RnN0 �c � ,RNc3\n3N,3 R8 j@3 0wN�LC,c CNqRIq30 CN j@3
cwcj3LY BN 7C<Y :Y4 s3 �IcR c@Rs j@3 03U3N03N,3 R8 j@3 a3cnIjc sCj@ j@3 ,njAR{ Λ $w
q�awCN< Cj CN j@3 a�N<3 700 A 750 K3pY i@Cc ,njAR{ Cc N3,3cc�aw jR a3<nI�aCy3 j@3 IRRU
CNj3<a�I �UU3�aCN< CN 2\Y V:YSSWY
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7C<na3 :Y4- KR0nInc c\n�a30 R8 j@3 TXX L�jaCu �c � 8nN,jCRN R8 j@3 jRj�I 3N3a<w CN j@3
,3Nj3a R8 L�cc 8a�L3Y VH38j cC03W `3cnIjc 8RnN0 03c,aC$CN< j@3 CNj3a�,jCRN CN j@3 jsRA
$R0w cn$cwcj3Lc $w L3�Nc R8 �N 3{3,jCq3 H�<a�N<C�N $�c30 RN @3�qwA\n�aG cwLA
L3jawY V`C<@j cC03W BN j@Cc ,�c3. s3 nc3 j@3 SU(4) cwLL3jaw �N0 � U�ajC,nI�a s�w R8
$a3�GCN< Cj CNcj3�0 R8 j@3 @3�qwA\n�aG cwLL3jaw jR R$j�CN j@3 T AL�jaC,3c a3I�j30 jR j@3
jsRA$R0w cn$cwcj3LcY

BN 7C<Y :YO s3 c@Rs j@3 a3cnIjc 8RnN0 8Ra j@3 LR0nInc c\n�a30 R8 j@3 T AL�jaCu a3I�j30
jR j@3 KZc → KZc ja�NcCjCRN. TZZ. sCj@CN $Rj@ �UUaR�,@3c. CY3Y. j@3 RN3 $�c30 RN j@3
@3�qwA\n�aG cwLL3jaw VI38j cC03W �N0 j@3 RN3 $�c30 RN j@3 SU(4) cwLL3jaw VaC<@j cC03W.
�c � 8nN,jCRN R8 j@3 ,3Nj3a R8 L�cc 3N3a<wY i@3c3 a3cnIjc �a3 R$j�CN30 $w 0Cc,RNcC03aCN<
j@3 sC0j@ V8Ra j@3 jCL3 $3CN<W 8Ra Zc(3900). s@C,@ Cc �aRnN0 28 K3p )Oe*Y �c ,�N $3 c33N.
CN $Rj@ ,�c3c. � $RnN0 cj�j3 �aRnN0 4307 K3p Cc 8RaL30Y i@3 sC0j@ R8 j@3 Zc(3900) ,�N
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7C<na3 :YO- b�L3 �c CN 7C<Y :Y4 $nj 8Ra j@3 KZc → KZc ja�NcCjCRNY

$3 CN,RaURa�j30 CN Rna 8RaL�ICcL $w cn$cjCjnjCN< CN 2\Y V:YSkW EB → EB − iΓB
2 . s@3a3 ΓB

Cc j@3 sC0j@ a3I�j30 jR j@3 ,Incj3a 8RaL30Y i@3 a3cnIjc R$j�CN30 �a3 c@RsN CN 7C<Y :YSzY
r3 ,�N NRs ,RnUI3 j@3 KX �N0 KZc cwcj3Lc �N0 ~N0 @Rs j@3 a3cnIjc ,@�N<3 �c

,RLU�a30 jR j@Rc3 c@RsN CN 7C<cY :Y4 �N0 :YSzY BN 7C<Y :YSS s3 c@Rs j@3 a3cnIjc 8RnN0
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7C<na3 :YSz- b�L3 �c CN 7C<Y :YO $nj ,RNcC03aCN< Γz = 28 K3pY

$w ,RNcC03aCN< j@3 ,RnUI30 ,@�NN3I 0wN�LC,cY �c ,�N $3 c33N. � U3�G �aRnN0 4307

K3p ,RNjCNn3c jR �UU3�a sCj@ � sC0j@ �aRnN0 S4 K3p �c � ,RNc3\n3N,3 R8 j@3 CN,RaA
URa�jCRN R8 j@3 ΓZ CN Rna ,�I,nI�jCRNY
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7C<na3 :YSS- `3cnIjc 8RnN0 8Ra |TXX |2 VjRUW �N0 |TZZ|2 V$RjjRLW �c � 8nN,jCRN R8 j@3 ,3Nj3a
R8 L�cc 3N3a<wY VH38jW `3cnIjc R$j�CN30 sCj@ j@3 ?[ �UUaR�,@Y V`C<@jW `3cnIjc 8RnN0
sCj@ j@3 SU(4) �UUaR�,@Y

BN j@Cc s�w. s3 ~N0 j@�j j@3 0wN�LC,c CNqRIq30 CN j@3 KDD̄∗ cwcj3L ,RLU3Ic j@3
<3N3a�jCRN R8 � cj�j3 sCj@ L�cc �aRnN0 4307 K3p �N0 sC0j@ R8 18 K3p sCj@ 3cc3NjC�IIw
KX(3872) �N0 KZc(3900) ,RLURN3Njc CN Cjc s�q3A8nN,jCRNY i@Cc cj�j3 @�c � @C003N
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,@�aL. CcRcUCN 1/2. cja�N<3N3cc +1 �N0 cUCNAU�aCjw 1−Y i@nc. Cj ,�N $3 C03NjC~30 �c
� K∗ L3cRNY i@3 L�cc �N0 \n�NjnL NnL$3ac R8 j@3 cj�j3 CNqRG3 � ,I3�a NRN \n�aGA
�NjC\n�aG cjan,jna3 8Ra CjY bR 8�a. �,,Ra0CN< jR j@3 T/; )Oe*. j@3 I�cj 3u,Cj30 cj�j3 R8 �
K/K∗ L3cRN ,Raa3cURN0c jR j@3 K(3100)Y i@nc. j@3 a3cnIjc 8RnN0 ,RNcjCjnj3 � Ua30C,jCRN
8Ra � K∗ cj�j3 sCj@ @C003N ,@�aL �N0 L�cc �aRnN0 4307 K3p �N0 c@RnI0 c3aq3 �c �
LRjCq�jCRN 8Ra ,RN0n,jCN< 3uU3aCL3Nj�I CNq3cjC<�jCRNc R8 j@Cc cj�j3Y ?�qCN< j@Cc CN LCN0.
CN j@3 N3uj ,@�Uj3a s3 CNq3cjC<�j3 j@3 jsRA$R0w 03,�w L3,@�NCcLc R8 j@Cc cj�j3Y

7Ra j@3 c�G3 R8 ,RLUI3j3N3cc. s3 Lncj L3NjCRN j@�j CN j@3 jRj�I CcRcUCN 3/2 NR cj�j3
Cc R$j�CN30. �c ,�N $3 c33N CN 7C<Y :YSl
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7C<na3 :YSl- `3cnIjc 8RnN0 8Ra |TZZ|2 �c � 8nN,jCRN R8 j@3 ,3Nj3a R8 L�cc 3N3a<wY VH38jW
`3cnIjc R$j�CN30 sCj@ j@3 ?[ �UUaR�,@Y V`C<@jW `3cnIjc 8RnN0 sCj@ j@3 SU(4) �UUaR�,@Y

7CN�IIw. jR 3N0 j@3 ,@�Uj3a. s3 ,�N c�w j@�j j@3 8RaL�jCRN R8 � K∗Acj�j3 Cc 8RnN0 sCj@CN
jsR 0C{3a3Nj LR03Ic ,RNcC03a30 CN Rna sRaG. j@nc. L�GCN< j@3 ,I�CL 8Ra j@3 3uCcj3N,3 R8
cn,@ � cj�j3 LRa3 aR$ncjY �Ij@Rn<@ RN3 R8 j@3 LR03Ic Cc $�c30 RN j@3 SU(4) cwLL3jaw.
s@C,@ ,RnI0 $3 j@Rn<@j jR $3 I3cc a3IC�$I3 j@�N j@3 ?[ LR03I. 3q3N C8 � cwLL3jaw
$a3�GCN< L3,@�NCcL @�c $33N j�GCN< CNjR �,,RnNj. j@3 L�CN ,RN,IncCRNc ,RNjCNn3 jR
$3 j@3 c�L3Y BN0330. �c ,�N $3 c33N CN 7C<Y :YSS. $�c30 RN j@3 L�<NCjn03 R8 j@3 j@a33A
$R0w T AL�jaC,3c. j@3 KZc 0wN�LC,c 0RLCN�j3c j@3 8RaL�jCRN R8 j@3 K∗(4307). �N0. j@Cc
@�UU3Nc CN $Rj@ LR03IcY �IcR. j@3 KZc → KZc �LUICjn03 sCj@CN j@3 jsR LR03Ic )?[ �N0
SU(4)* Cc cCLCI�a. s@C,@ sRnI0 a3cnIj CN ,RLU�jC$I3 ~N0CN<c 8Ra R$c3aq�$I3c ICG3 ,aRcc
c3,jCRNc. 03,�w sC0j@c. 3j,Y i@Cc Cc j@3 a3�cRN 8Ra s@C,@ CN j@3 N3uj ,@�Uj3a. s@3a3 s3
,�I,nI�j3 8naj@3a UaRU3ajC3c R8 j@3 K∗(4307). s3 sCII a3cjaC,j j@3 0Cc,nccCRN jR j@3 ?[
LR03IY
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K∗(4307)

BN j@3 Ua3qCRnc ,@�Uj3a. s3 c@Rs30 j@�j � K∗ a3cRN�N,3 sCj@ @C003N ,@�aL ,RNj3Nj
�aCc3c 8aRL j@3 KDD̄∗ 0wN�LC,c. s@3a3 j@3 DD̄∗ cwcj3L Cc ja3�j30 �c Zc(3900) CN j@3
CcRcUCN S ,RN~<na�jCRN Ra �c X(3872) CN j@3 CcRcUCN zY rCj@ j@3 LRjCq�jCRN R8 03j3aA
LCNCN< Cjc 8naj@3a UaRU3ajC3c. s@C,@ ,�N $3 R$c3aq30 CN 3uU3aCL3Njc. s3 NRs Ua3c3Nj �
,�I,nI�jCRN R8 j@3 03,�w UaR,3cc3c R8 j@Cc K∗. 03NRj30 �c K∗(4307). jR jsRA$R0w ,@�NA
N3IcY iR $3 LRa3 cU3,C~,. s3 ,RNcC03a j@3 03,�w ,@�NN3Ic J/ψK∗(892). D̄Ds. D̄D∗

s �N0
D̄∗D∗

s Y
i@3 L3,@�NCcLc R8 j@3 03,�w jR j@3c3 ,@�NN3Ic CNqRIq3 jaC�N<nI�a IRRUc �N0 �a3 �

,RNc3\n3N,3 R8 j@3 CNj3aN�I cjan,jna3 R8 j@3 cj�j3Y i@nc. j@3 q�In3c 8RnN0 8Ra j@3 03,�w
sC0j@c R8 j@3 UaRURc30 K∗(4307) �a3 a3I�j30 jR Cjc N�jna3 �N0 c@RnI0 $3 q�In�$I3 �N0
LRjCq�jCN< 8Ra �N 3uU3aCL3Nj�I CNq3cjC<�jCRN R8 j@3 K∗(4307)Y

9YS i@3Ra3jC,�I 8a�L3sRaG

�c s3 @�q3 c33N CN j@3 Ua3qCRnc ,@�Uj3a. j@3 a3Ac,�jj3aCN< R8 � G�RN sCj@ j@3 D �N0 D̄∗.
s@C,@ ,Incj3a jR 8RaL X(3872) CN j@3 CcRcUCN z �N0 Zc(3900) CN j@3 CcRcUCN S. <3N3a�j3c
� I(JP) = 1/2 (1−) K∗ cj�j3 sCj@ � L�cc �aRnN0 :kze K3p. s@C,@ Cc $3IRs j@3 KDD̄∗

j@a3c@RI0. j@nc. Cj Cc � $RnN0 cj�j3 )lO*Y r@3N ,RNcC03aCN< j@3 sC0j@ R8 Zc(3900). s@C,@
Cc �aRnN0 l4 K3p. � sC0j@ ,IRc3 jR S4 K3p Cc 8RnN0 8Ra j@3 K∗(4307) cj�j3Y � K∗ cj�j3
sCj@ cn,@ �N CNj3aN�I cjan,jna3 ,�N N�jna�IIw 03,�w jR j@a33A$R0w ,@�NN3Ic. ICG3 J/ψπK.

4:
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J/ψ

K*
K

Zc

π

D

Ds

D*

D

D*

D*

D

(a)

(d)

(b)

(c)

Zc

K

Zc

Zc

K

K

KR*

KR* KR*

KR*

DS*

DS*

7C<na3 9YS- K�CN jsRA$R0w 03,�w ,@�NN3Ic 8Ra j@3 K∗
R cj�j3 8RnN0Y

J/ψ

K*
K

X

ρ, ω

(b)

KR*

J/ψ

K*
K

Zc

π

(a)

KR*

7C<na3 9Yl- /3,�w L3,@�NCcL R8 K∗
R jR j@3 J/ψK∗ ,@�NN3IY i@3 q3aj3u X → J/ψρ (ω)

RN j@3 0C�<a�L V$W CNqRIq3c w3j �NRj@3a jaC�N<nI�a IRRU. �c c@RsN CN 7C<Y 9YkY

cCN,3 j@3 cj�j3 Cjc3I8 Cc R$j�CN30 �c � ,RNc3\n3N,3 R8 j@3 j@a33A$R0w 0wN�LC,c CNqRIq30
CN j@3 KDD̄∗ cwcj3LY ?Rs3q3a. Cj ,�N �IcR 03,�w jR jsRA$R0w ,@�NN3IcY BN j@Cc I�jj3a
,�c3. 0n3 jR j@3 N�jna3 8RnN0 8Ra K∗(4307). cn,@ � 03,�w L3,@�NCcL ,�N UaR,330
j@aRn<@ jaC�N<nI�a IRRUc �N0 s3 ,�N @�q3 �c L�CN 03,�w ,@�NN3Ic J/ψK∗(892). D̄D∗

s .
D̄∗D∗

s . �N0 D̄Ds Vc33 7C<Y 9YSWY BN Ra03a jR �qRC0 ,RN8ncCRN $3js33N K∗(4307) �N0 K∗(892)

�N0 jR cCLUIC8w j@3 NRj�jCRN. s3 c@�II. @3N,38Raj@. 03NRj3 j@3 8RaL3a �c K∗
R �N0 j@3 I�jj3a

�c K∗Y
7aRL j@3 a3cnIjc R8 j@3 T AL�jaC,3c c@RsN CN j@3 Ua3qCRnc ,@�Uj3a. �N0 ,RNcC03aCN<

� #a3CjArC<N3a 8RaL 8Ra j@3L. j@3 ,RnUICN< R8 K∗
R jR KZc(3900) Cc �aRnN0 : jCL3c $C<<3a

j@�N j@�j jR KX(3872)Y i@nc. 8Ra ,�I,nI�jCN< j@3 03,�w sC0j@ R8 K∗
R Vs@C,@ Cc UaRURajCRN�I

jR j@3 c\n�a30 ,RnUICN< R8 K∗
R jR KZc Ra KXW. j@3 ,RNjaC$njCRN �aCcCN< 8aRL j@3 0C�<a�L

c@RsN CN 7C<Y 9YlV$W Cc N3<IC<C$I3 s@3N ,RLU�a30 jR j@3 RN3 ,RLCN< 8aRL j@3 0C�<a�L CN
7C<Y 9YlV�WY QN jRU R8 j@�j. 8Ra j@3 03,�w UaR,3cc K∗

R → J/ψK∗. j@3 q3aj3u X → J/ψρ(ω)

c@RsN CN 7C<Y 9YlV$W CNqRIq3c w3j �NRj@3a jaC�N<nI�a IRRU )O4* Vc33 7C<Y 9YkW �N0 cn,@ �
q3aj3u UaR0n,3c � ,RNjaC$njCRN Ln,@ cL�II3a j@�N j@�j R8 j@3 q3ajC,3c Zc → J/ψπ. D̄D∗.
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ρ

J/ψ

π, ρ, etc.

D

D*

X

7C<na3 9Yk- /3,�w L3,@�NCcL R8 X jR j@3 J/ψρ ,@�NN3I CN �N �UUaR�,@ CN s@C,@ X Cc
R$j�CN30 8aRL j@3 DD̄∗ CNj3a�,jCRN )O4*Y

D̄∗D. cCN,3 Zc(3900) ,RnUI3c 0Ca3,jIw jR J/ψπ. D̄D∗ − ,Y, Vs@3a3 ,Y, L3�Nc ,RLUI3u
,RNEn<�j3W ):f*. �j j@3 ja33 I3q3IY Bj Cc �IcR CNj3a3cjCN< jR NRjC,3 j@�j. sCj@ j@3 CNj3aN�I
cjan,jna3 8RnN0 8Ra K∗

R. j@3 03,�w UaR,3cc K∗
R → D̄∗Ds ,RnI0 �IcR $3 ,RNj3LUI�j30. $nj Cj

sRnI0 CNqRIq3 � j@a33 Uc3n0Rc,�I�a q3aj3u Vc33 7C<Y 9Y:W. a3cnIjCN< CN � NnII �LUICjn03Y

D*

D

Zc

K

KR
*

DS

7C<na3 9Y:- /3,�w UaR,3cc R8 K∗
R CNjR j@3 D̄∗Ds ,@�NN3IY

9YSYS /3j3aLCN�jCRN R8 j@3 q3ajC,3c

H3j nc cj�aj 3q�In�jCN< j@3 ,RNjaC$njCRN �aCcCN< 8aRL j@3 0C�<a�Lc c@RsN CN 7C<Y 9YSY
+RNcC03aCN< j@3 03,�w R8 � N3nja�I K∗0

R CNjR � J/ψ �N0 � K0. s3 @�q3 jsR 0C�<a�Lc
,RNjaC$njCN< jR 3�,@ R8 j@3 UaR,3cc3c c@RsN CN 7C<Y 9YS- CN RN3 R8 j@3 0C�<a�Lc. j@3
UaCL�aw q3aj3u Cc K∗0

R →K0Z0
c s@CI3 CN j@3 Rj@3a Cj Cc j@3 q3aj3u K∗0 →K+Z−

c Y r3 CIIncja�j3
j@3c3 jsR ,RNjaC$njCRNc CN 7C<Y 9Y9 8Ra j@3 03,�w UaR,3cc K∗0

R → J/ψK∗0Y
iR 3q�In�j3 j@3c3 0C�<a�Lc. s3 N330 c3q3a�I q3ajC,3c CNqRIqCN< q3,jRa �N0 Uc3nA

0Rc,�I�a L3cRNcY i@3 ,RNjaC$njCRN 8Ra j@3 K∗
R → KZc q3ajC,3c CN 7C<Y 9Y9 ,�N $3 saCjj3N

J/ψ

K*K

(2)

KR*

J/ψ

K*
K

Zc

π

(1)

KR*
0

0

0

0

Zc
0 π

0

0

+

7C<na3 9Y9- +RNjaC$njCRNc a3I�j30 jR j@3 0C�<a�L V�W R8 7C<Y 9YS 8Ra j@3 03,�w L3,@�NCcL
K∗0

R → J/ψK∗0Y
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*mKR
, P

m
1,

 q
mb, k

ma, p

m3
, P-q

m2, k-q

7C<na3 9Yf- KRL3Nj� �N0 L�cc �ccC<NL3Nj CN j@3 03,�w UaR,3cc R8 j@3 K∗
R cj�j3Y

CN j3aLc R8 j@3 URI�aCy�jCRN q3,jRac εµ
K∗

R
�N0 εµ

Zc
�ccR,C�j30 sCj@ j@3 q3,jRa L3cRNc K∗

R

�N0 Zc. a3cU3,jCq3Iw. �N0 j@3 ,RnUICN< R8 K∗
R jR j@3 KZc(3900) ,@�NN3I �c

tK∗0
R →K0Z0

c
= gK∗0

R →K0Z0
c

εK∗0
R
(P) · εZ0

c
(P−q),

tK∗0
R →K+Z−

c
= gK∗0

R →K+Z−
c

εK∗0
R
(P) · εZ−

c
(P−q), V9YSW

s@3a3 j@3 8Rna LRL3Nj� �N0 L�cc3c �ccC<N30 jR j@3 U�ajC,I3c �a3 �c c@RsN CN 7C<Y 9YfY
i@3 ,RnUICN<c gK∗0

R →K0Z0
c

�N0 gK∗0
R →K+Z−

c
CN 2\Y V9YSW ,�N $3 R$j�CN30 8aRL j@3 CcRcUCN Sgl

c,�jj3aCN< L�jaCu. T(KZc) 1
2
. 03j3aLCN30 CN j@3 Ua3qCRnc ,@�Uj3aY iR 0R j@Cc. s3 ,RNcC03a.

� #a3CjArC<N3a 3uUa3ccCRN 8Ra j@Cc T AL�jaCu CN �N 3N3a<w a3<CRN �aRnN0 j@3 L�cc mK∗
R

R8
j@3 cj�j3. CY3Y.

T(KZc) 1
2
2

g2
K∗

R→(KZc) 1
2

s−M2
K∗

R
+ iMK∗

R
ΓK∗

R

#»ε Zc ·
#»ε Zc ≡ T̃ZcK

#»ε Zc ·
#»ε Zc , V9YlW

�N0 s3 ,�N <3j gK∗
R→(KZc) 1

2
. CY3Y. j@3 ,RnUICN< R8 K∗

R jR j@3 CcRcUCN Sgl cj�j3 KZc. 8aRL j@3
a3cC0n3 R8 T(KZc) 1

2
�j j@3 URI3 URcCjCRN CN j@3 ,RLUI3u 3N3a<w UI�N3Y �Ij3aN�jCq3Iw. cCN,3

j@3 03,�w sC0j@ R8 K∗
R Cc UaRURajCRN�I jR |gK∗

R→(KZc) 1
2
|2. s3 ,�N 3cjCL�j3 cn,@ � q�In3

0Ca3,jIw 8aRL 2\Y V9YlW. $w ,RNcC03aCN< j@3 ICLCj s → M2
K∗

R
)OO*

|gK∗
R→(KZc) 1

2
|=
∣∣∣
√

iMK∗
R
ΓK∗

R
T̃(KZc) 1

2

∣∣∣2 22143 K3p. V9YkW

QN,3 s3 @�q3 j@3 q�In3 R8 gK∗
R→(KZc) 1

2
. j@3 ,RnUICN<c gK∗0

R →K0Z0
c

�N0 gK∗0
R →K+Z−

c
,�N $3

a3I�j30 jR gK∗
R→(KZc) 1

2
$w ncCN< j@3 8�,j j@�j

|KZc; I =
1
2
, I3 =−1

2
〉=− 1√

3
|K0Z0

c 〉+
√

2
3
|K+Z−

c 〉, V9Y:W

s@3a3 s3 nc3 j@3 U@�c3 ,RNq3NjCRN |K−〉=−|1
2 ,−

1
2〉Y BN j@Cc s�w. 8aRL 2\Y V9Y:W.

gK∗0
R →K0Z0

c
=− 1√

3
gK∗

R→(KZc) 1
2
,

gK∗0
R →K+Z−

c
=

√
2
3

gK∗
R→(KZc) 1

2
. V9Y9W
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mcCN< CcRcUCN �q3a�<3 L�cc3c 8Ra j@3 U�ajC,I3c $3IRN<CN< jR j@3 c�L3 CcRcUCN LnIjCUI3j
�N0 2\Y V9Y9W. s3 ,�N saCj3 2\Y V9YSW �c

tK∗
R→KZc =CKZc gK∗

R→(KZc) 1
2

εK∗
R
(P) · εZc(P−q), V9YfW

sCj@

CKZc =





−1/

√
3 8Ra K∗0

R → K0Z0
c ,

√
2/3 8Ra K∗0

R → K+Z−
c .

V9YeW

M3uj. s3 N330 j@3 q3ajC,3c Zc → J/ψ π. D̄D∗. D̄∗D 8Ra 0C{3a3Nj ,@�a<3 ,RL$CN�jCRNcY
�c c@RsN CN `38Y ):f*. � cj�j3 sCj@ L�cc �aRnN0 k4el K3p �N0 kz K3p R8 sC0j@ Cc
<3N3a�j30 8aRL j@3 0wN�LC,c Ua3c3Nj CN j@3 DD̄∗+,Y,Y V,Y,Y L3�Nc ,RLUI3u ,RNEn<�j3W
�N0 J/ψπ ,RnUI30 ,@�NN3I cwcj3L CN CcRcUCN S �N0 URcCjCq3 GAU�aCjwY i@Cc cj�j3 ,�N $3
a3I�j30 jR Zc(3900) ):f*Y

7RIIRsCN< j@3 �UUaR�,@ R8 `38Y ):f*. s3 ,�N saCj3

tZc→J/ψ π =CJ/ψπgZc→(J/ψ π)1 εZc(P−q) · εJ/ψ(p),

tZc→D̄D∗ =CD̄D∗gZc→(D̄D∗)1
εZc(P−q) · εD∗(p), V9Y4W

tZc→D̄∗D =CD̄∗DgZc→(D̄D∗)1
εZc(P−q) · εD̄∗(p),

s@3a3 s3 @�q3 03~N30

gZc→(D̄D∗)1
=

1√
2

gZc→ 1√
2
[(D̄D∗)1+,Y,]. V9YOW

i@3 cn$c,aCUj S CN j@3 �$Rq3 3\n�jCRN CN0C,�j3c j@3 jRj�I CcRcUCN R8 j@3 D̄D∗ cwcj3LY i@3
CD̄D∗ �N0 CD̄∗D ,R3|,C3Njc CN 2\Y V9Y4W. s@C,@ a3I�j3 j@3 Zc cj�j3 jR j@3 D̄D∗ �N0 DD̄∗

cj�j3c CN j@3 ,@�a<3 $�cCc. �a3 <Cq3N $w

CD̄D∗(D̄∗D) =






1, 8Ra Z+
c → D̄0D∗+ (D̄∗0D+),

1/
√

2, 8Ra Z0
c → D−D∗+ (D∗−D+),

−1/
√

2, 8Ra Z0
c → D̄0D∗0 (D̄∗0D0),

−1, 8Ra Z−
c → D−D∗0 (D∗−D0),

V9YSzW

s@3a3 s3 @�q3 nc30 j@3 CcRcUCN U@�c3 ,RNq3NjCRN |D∗0〉=−|1
2 ,−

1
2〉 �N0 |D0〉=−|1

2 ,−
1
2〉Y

BN ,�c3 R8 UCRNc. s3 8RIIRs j@3 CcRcUCN U@�c3 ,RNq3NjCRN |π+〉 = −|1,1〉Y BN j@Cc s�w.
CJ/ψπ = 1 8Ra j@3 UaR,3cc3c Z0

c → J/ψπ0 �N0 Z−
c → J/ψπ−Y
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i@3 ,RnUICN<c CN 2\Y V9Y4W ,�N $3 R$j�CN30 8aRL j@3 a3cC0n3 R8 j@3 CcRcUCN S jsRA
$R0w c,�jj3aCN< L�jaCu 03j3aLCN30 CN `38Y ):f* CN j@3 ,RLUI3u 3N3a<w UI�N3Y r3 @�q3
,�I,nI�j30 j@3L �N0 R$j�CN

|gZc→(J/ψπ)1 |2 3715 K3p, |gZc→ 1√
2
[(D̄D∗)1+,Y,Y]|2 8149 K3p. V9YSSW

Qj@3a q3ajC,3c N33030 jR 3q�In�j3 j@3 ,RNjaC$njCRN R8 j@3 0C�<a�Lc c@RsN CN 7C<Y 9YS
�a3 K π → K∗. D∗K → Ds �N0 DK → D∗

s Y iR 03j3aLCN3 j@3c3 ,RNjaC$njCRNc. s3 nc3 j@3
3{3,jCq3 H�<a�N<C�N LPPV )f:.Szz* CNqRIqCN< jsR Uc3n0Rc,�I�ac �N0 � q3,jRa L3cRN

LPPV =−ig〈V µ [P,∂µP]〉, V9YSlW

sCj@ V µ �N0 P $3CN< L�jaC,3c ,RNj�CNCN< j@3 ,Raa3cURN0CN< q3,jRac �N0 Uc3n0Rc,�I�a
~3I0c.

Vµ =





ω+ρ0
√

2
ρ+ K∗+ D̄∗0

ρ− ω−ρ0
√

2
K∗0 D∗−

K∗− K̄∗0 φ D∗−
s

D∗0 D∗+ D∗+
s J/ψ





µ

,

P =





η√
3
+ η ′

√
6
+ π0

√
2

π+ K+ D̄0

π− η√
3
+ η ′

√
6
− π0

√
2

K0 D−

K− K̄0 − η√
3
+
√

2
3η ′ D−

s

D0 D+ D+
s ηc




, V9YSkW

a3cU3,jCq3IwY i@3 ,RnUICN< g CN 2\Y V9YSlW Cc <Cq3N $w mV/(2 fπ)2 4.41. sCj@ mV 2 815 K3p
$3CN< �N �q3a�<3 L�cc 8Ra j@3 q3,jRa L3cRNc ρ. ω �N0 K∗ �N0 fπ = 92.4 K3p $3CN< j@3
UCRN 03,�w ,RNcj�NjY r@CI3 j@Cc q�In3 R8 j@3 ,RnUICN< UaR0n,3c � j@3Ra3jC,�I sC0j@ R8 j@3
K∗+ L3cRN. s@C,@ ,RL3c $�cC,�IIw 8aRL j@3 03,�w UaR,3cc3c K∗+ →K0π+. K+π0. ,RLA
U�jC$I3 sCj@ j@3 3uU3aCL3Nj�I a3cnIj. Cj nN03a3cjCL�j3c j@3 sC0j@ R8 j@3 D∗+ L3cRN. R$A
j�CN30 8aRL j@3 UaR,3cc3c D∗+→D0π+. D+π0Y BN j@Cc I�jj3a ,�c3. �c c@RsN CN `38Y )SzS*.
�a<nL3Njc $�c30 RN j@3 @3�qw \n�aG cwLL3jaw 3cj�$ICc@ j@�j g → mD∗g/mK∗ 2 9.9

s@3N ncCN< j@3 H�<a�N<C�N CN 2\Y V9YSlW 8Ra 03c,aC$CN< UaR,3cc3c CNqRIqCN< @3�qw Uc3nA
0Rc,�I�a �N0 q3,jRa L3cRNcY ?�qCN< j@Cc CN LCN0 �N0 ncCN< 2\Y V9YSlW. s3 <3j j@3
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8RIIRsCN< �LUICjn03c 8Ra j@3 �$Rq3 L3NjCRN30 q3ajC,3c

tKπ→K∗ =−2CKπ gL q · εK∗(k),

tKD→D∗
s =−2CKD gH q · εD∗

s (k), V9YS:W

tKD∗→Ds =CKD∗ gH (k+q) · εD∗
s (k−q).

BN j@3 �$Rq3 3\n�jCRNc. gL = 4.41 �N0 gH = 9.9. �N0 j@3 ,R3|,C3Njc CKπ . CKD �N0 CKD∗

�a3 <Cq3N $w

CKπ =





1/
√

2, 8Ra K0π0 → K∗0,

−1, 8Ra K+π− → K∗0,
V9YS9W

CKD(KD∗) =





−1, 8Ra K+D0 → D∗+

s VK+D∗0 → D+
s W,

−1, 8Ra K0D+ → D∗+
s VK0D∗+ → D+

s W.
V9YSfW

i@3 I�cj q3aj3u s@Rc3 ,RNjaC$njCRN N330c jR $3 03j3aLCN30 ,Raa3cURN0c jR D∗K →

D∗
s Y iR 0R j@Cc. s3 ,RNcC03a j@3 3{3,jCq3 H�<a�N<C�N LVV P )f:.Szl* CNqRIqCN< jsR q3,jRac

�N0 � Uc3n0Rc,�I�a L3cRN

LVV P =
G′
√

2
εµναβ 〈∂µVν∂αVβ P〉, V9YSeW

s@3a3 j@3 ,RnUICN< G′ Cc <Cq3N $w 3g′2

4π2 fπ
sCj@ g′ = −Mρ

2 fπ = −4.14Y mcCN< 2\Y V9YSeW. s3
,�N saCj3

tKD∗→D∗
s =CKD∗G′ εµναβ (k−q)µ kα εD∗,ν(k−q)εD∗

s ,β (k), V9YS4W

sCj@

CKD∗ =





− 1√

2
, 8Ra K+D∗0 → D∗+

s ,

− 1√
2
, 8Ra K0D∗+ → D∗+

s .
V9YSOW

9YSYl iaC�N<nI�a IRRUc

QN,3 s3 @�q3 �II j@3 q3ajC,3c �ccR,C�j30 sCj@ j@3 03,�w L3,@�NCcLc R8 K∗
R. s3 ,�N

3q�In�j3 j@3 ,RNjaC$njCRNc a3I�j30 jR j@3 0C�<a�Lc CN 7C<Y 9YSY r3 cj�aj sCj@ j@3 UaR,3cc
c@RsN CN 7C<Y 9YSV�W �N0 j@3 jsR 73wNL�N 0C�<a�Lc c@RsN CN 7C<Y 9Y9 V8Ra j@3 K∗0

R

03,�wWY mcCN< j@3 q3ajC,3c <Cq3N CN 2\cY V9YSW. V9Y4W. V9YS:W. j@3 ,Raa3cURN0CN< �LUICjn03
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,�N $3 saCjj3N �c.

ta = t(1)a + t(2)a = i
√

6gK∗
R→(KZc) 1

2
gZc→(J/ψ π)1 gL εµ

K∗
R
(P)εν

J/ψ(p)εα
K∗(k)

×
∫ d4q

(2π)4

(
−gµν + (P−q)µ (P−q)ν

m2
Zc

)
qα

(q2 −m2
K + iε)[(k−q)2 −m2

π + iε][(P−q)2 −m2
Zc
+ iε]

= i
√

6gK∗
R→(KZc) 1

2
gZc→(J/ψ π)1 gL εµ

K∗
R
(P)εν

J/ψ(p)εα
K∗(k)

×
[
−gµν I1

α − Pν
m2

Zc

I2
µα +

1
m2

Zc

I3
µνα

]
, V9YlzW

s@3a3 s3 @�q3 CNjaR0n,30 j@3 j@a33 j3NcRa CNj3<a�Ic I1
α , I2

µν , I3
µνα . s@C,@ �a3 03~N30 �c

IN
µ1µ2,...,µN

=
∫ d4q

(2π)4
qµ1qµ2 · · ·qµN

(q2 −m2
1 + iε)[(k−q)2 −m2

2 + iε][(P−q)2 −m2
3 + iε]

, V9YlSW

sCj@ m1. m2 �N0 m3 $3CN< j@3 L�cc3c R8 j@3 U�ajC,I3c CN j@3 jaC�N<nI�a IRRUc c@RsN CN
7C<Y 9YS Vc33 7C<Y 9Yf 8Ra j@3 ,Raa3cURN0CN< 8Rna LRL3Nj� I�$3IcWY

#�c30 RN j@3 HRa3Njy ,Rq�aC�N,3. 2\Y V9YlSW ,�N $3 saCjj3N CN j3aLc R8 j@3 3uj3aN�I
LRL3NjnL P �N0 kY BN U�ajC,nI�a. s3 @�q3

I1
α = a1

1 Pα +a1
2 kα ,

I2
µα = a2

1 gµα +a2
2 Pµ Pα +a2

3 (Pµ kα + kµ Pα)+a2
4 kµ kα , V9YllW

I3
µνα = a3

1(gµνPα +gµαPν +gναPµ)+a3
2(gµνkα +gµαkν +gναkµ)

+a3
3PµPνPα +a3

4(PµPνkα +PµkνPα + kµPνPα)

+a3
5kµkνkα +a3

6(kµkνPα + kµPνkα +Pµkνkα),

s@C,@ ,Raa3cURN0 jR j@3 cj�N0�a0 T�cc�aCNRAp3IjL�N 03,RLURcCjCRN 8Ra j3NcRa CNj3A
<a�Ic )Szk*Y i@3 ,R3|,C3Njc ai

j �a3 c,�I�ac jR $3 03j3aLCN30Y +RNcC03aCN< j@3 HRa3Ny
<�n<3 �N0 ncCN< P = p+ k. j@3 �LUICjn03 ta CN 2\Y V9YlzW ,�N $3 8naj@3a cCLUIC~30 jR

ta = i
√

6m2
Zc gK∗

R→(KZc) 1
2

gZc→(J/ψ π)1 gL

[
(−m2

Zca
1
1 +a3

1)εK∗
R
(P) · εJ/ψ(p) p · εK∗(k)

+(−a2
1 +a3

1 +a3
2)εK∗

R
(P) · εK∗(k)k · εJ/ψ(p)+a3

2k · εK∗
R
(P)εJ/ψ(p) · εK∗(k)

+(−a2
3 +a3

4 +a3
6)k · εK∗

R
(P)k · εJ/ψ(p) p · εK∗(k)

]
, V9YlkW

�N0 s3 N330 jR 03j3aLCN3 c3q3N ,R3|,C3Njc. a1
1. a2

1. a2
3. a3

1. a3
2. a3

4. �N0 a3
6Y iR 0R j@Cc.

j@3 s�w R8 UaR,330CN< Cc- ~acj. $w ncCN< 2\Y V9YllW. s3 ,�N ,RNja�,j j@3 3uUa3ccCRNc CN
2\Y V9YllW sCj@ j@3 0C{3a3Nj HRa3Njy cjan,jna3c Ua3c3Nj j@3a3 �N0 <3j � cwcj3L R8 ,RnUI30
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3\n�jCRNc s@C,@ ,�N $3 cRIq30Y 7Ra 3u�LUI3. 8aRL j@3 3uUa3ccCRN R8 I1
α CN 2\Y V9YllW.

s3 @�q3

P · I1 = a1
1P2 +a1

2P · k,

k · I1 = a1
1k ·P+a1

2k2. V9Yl:W

#w cRIqCN< j@Cc cwcj3L R8 ,RnUI30 3\n�jCRNc. s3 ,�N saCj3 a1
1 �c

a1
1 =

k2(PI1)− (k ·P)(KI1)

k2P2 − (k ·P)2 , V9Yl9W

s@3a3

PI1 ≡ Pµ I1
µ , KI1 ≡ kµ I1

µ , GI2 ≡ gµα I2
µα . V9YlfW

2\n�jCRN V9Yl9W ,I3�aIw c@Rsc j@�j j@3 ai
j ,R3|,C3Njc 03U3N0 RN j@3 L�cc R8 j@3 03A

,�wCN< U�ajC,I3. mK∗
R
. j@3 L�cc3c R8 j@3 U�ajC,I3c CN j@3 IRRUc. m1. m2 �N0 m3. �N0 j@3

L�cc3c ma �N0 mb R8 j@3 U�ajC,I3c jR s@C,@ K∗
R ,�N 03,�w Vc33 7C<Y 9YfWY 7Ra �II j@3

0C�<a�Lc c@RsN CN 7C<Y 9YS. m1 = mK �N0 m3 = mZc. �N0 8Ra j@3 U�ajC,nI�a ,�c3 R8 j@3
0C�<a�L CN 7C<Y 9YSV�W. m2 = mπ . ma = mJ/ψ �N0 mb = mK∗ Y i@3 N3uj cj3U ,RNcCcjc CN
,�I,nI�jCN< j@3 HRa3Njy c,�I�a j3aLc �UU3�aCN< CN 2\Y V9YlfW 0Ca3,jIw 8aRL j@3 03~NCjCRN
CN 2\Y V9YlSWY 7Ra 3u�LUI3. ncCN< 2\Y V9YlSW. PI1 Cc <Cq3N $w

PI1 =
∫ dq0

2π

∫ d3q
(2π)3

P0q0

(q02 −ω2
1 + iε)[(k0 −q0)2 −ω2

2 + iε][(P0 −q0)2 −ω2
3 + iε]

, V9YleW

sCj@

ω1 =
√

#»q 2 +m2
1, ω2 =

√
(
#»
k − #»q )2 +m2

2, ω3 =
√

#»q 2 +m2
3, V9Yl4W

s@3a3 s3 @�q3 nc30 j@3 a3cj 8a�L3 R8 j@3 03,�wCN< U�ajC,I3. 8Ra s@C,@ Pµ = (P0,
#»
0 ) =

(mK∗
R
,
#»
0 ) �N0

k0 =
P02 −m2

a +m2
b

2P0 , | #»k |=
λ 1/2(P02

,m2
a,m2

b)

2P0 . V9YlOW

M3uj. s3 ,�N nc3 j@3 +�n,@wȕc j@3Ra3L jR 03j3aLCN3 j@3 q0 CNj3<a�jCRN R8 2\Y V9YleW.
�N0 s3 <3j

PI1 =−i
∫ d3q

(2π)3 P0ω1

{
− k02P0ω2 + k0ω3[(ω1 +ω3)(ω1 +2ω2 +ω3)−P02

]

+P0ω2(ω1 +ω2)(ω1 +ω2 +2ω3)
} 1

2ω1 ω2 ω3 (k0 +ω1 +ω2)

× 1
P0 +ω1 +ω3

1
ω1 − k0 +ω2 − iε

1
ω1 −P0 +ω3 − iε

× 1
k0 −P0 +ω2 +ω3 − iε

1
P0 − k0 +ω3 +ω2 − iε . V9YkzW
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+

+ ++

D

D*

(1)

Zc

K

KR*

DS*

D

D*

(2)

Zc

K

KR*

DS*

0

0

0
0

0

7C<na3 9Ye- +RNjaC$njCRNc �ccR,C�j30 sCj@ j@3 0C�<a�L V$W R8 7C<Y 9YS 8Ra j@3 03,�w L3,@A
�NCcL K∗0

R → D−D∗+
s Y

bCLCI�aIw. s3 ,�N ,RNjCNn3 sCj@ j@3 3q�In�jCRN R8 j@3 Rj@3a ai
j ,R3|,C3Njc R8 2\Y V9YlkWY

i@3 a3cnIjc �a3 <Cq3N CN j@3 �UU3N0Cu +Y MRj3 j@�j cRL3 R8 j@3c3 ai
j ,R3|,C3Njc. �8j3a

U3a8RaLCN< j@3 CNj3<a�jCRN RN j@3 q0 q�aC�$I3. CNqRIq3 CNj3<a�Ic CN d3q s@C,@ �a3 0Cq3a<3NjY
BN cn,@ � ,�c3. s3 a3<nI�aCy3 j@3 ,Raa3cURN0CN< CNj3<a�I $w CNjaR0n,CN< � ,njR{ Λ = 700

K3p. s@C,@ ,Raa3cURN0c jR j@3 q�In3 nc30 CN j@3 Ua3qCRnc ,@�Uj3a V�N0 CN `38Y )lO*W
jR cjn0w j@3 <3N3a�jCRN R8 j@3 a3cRN�N,3 K∗

R 8aRL j@3 j@a33A$R0w KDD̄∗ cwcj3LY Bj Cc
�IcR CNj3a3cjCN< jR NRjC,3 j@�j 8Ra j@3 ,�c3c CN s@C,@ j@3 d3q CNj3<a�jCRN 0R3c NRj CNqRIq3
0Cq3a<3N,3c. j@3 nUU3a ICLCj 8Ra cn,@ CNj3<a�jCRN Cc �IcR N�jna�IIw UaRqC030 )Sz:*. CN j@Cc
,�c3. $w j@3 q�In3 R8 j@3 ,njAR{ nc30 s@3N a3<nI�aCyCN< j@3 jsRA$R0w IRRUc CNqRIq30 CN
j@3 <3N3a�jCRN R8 j@3 Zc cj�j3 8aRL j@3 CNj3a�,jCRN R8 DD̄∗ �N0 ,RnUI30 ,@�NN3Ic. �N0
s@C,@ Cc �IcR ∼ezz K3p ):f*Y BN �Nw ,�c3. �c CN j@3 Ua3qCRnc ,@�Uj3a. s3 q�aw j@Cc q�In3
R8 j@3 ,njAR{ �N0 3cjCL�j3 j@3 3aaRa CN0n,30 $w Cj CN Rna ~N�I a3cnIjcY

H3j nc ,RNcC03a NRs j@3 03,�w L3,@�NCcL c@RsN CN 7C<Y 9YSV$W �N0 j@3 jsR 73wNA
L�N 0C�<a�Lc ,RNjaC$njCN< jR Cj. s@C,@ �a3 c@RsN CN 7C<Y 9YeY BN j@Cc ,�c3. ,RNcC03aCN<
2\cY V9YSW. V9Y4W �N0 V9YS4W. j@3 �LUICjn03 03c,aC$CN< j@3 UaR,3cc Cc <Cq3N $w

tb = t(1)b + t(2)b = i
√

3
2

gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

G′ εµ
K∗

R
(P)εD∗

s ,β (k)

×
∫ d4q

(2π)4

(
−gµν +

(P−q)µ(P−q)ν

m2
Zc

)(
−gνλ +

(k−q)ν(k−q)λ
m2

D∗

)

× εσλαβ (k−q)σ kα
(q2 −m2

K + iε)[(k−q)2 −m2
D∗ + iε][(P−q)2 −m2

Zc
+ iε]

= i
√

3
2

gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

G′ εµ
K∗

R
(P)εD∗

s ,β (k)εσλαβ
[

gµλ kα I1
σ +

1
M2

Zc
Pλ kα I2

µσ

]
, V9YkSW

s@3a3 j@3 HRa3Ny <�n<3 �N0 j@3 �NjCcwLL3jaC, UaRU3ajC3c R8 j@3 H3qCA+CqCj� j3NcRa @�q3
$33N nc30 jR <3j j@3 I�cj ICN3Y mcCN< j@3 03,RLURcCjCRN CN 2\Y V9YllW �N0 ,RNcC03aCN<
RN,3 �<�CN j@3 �NjCcwLL3jaC, UaRU3ajC3c R8 j@3 H3qCA+CqCj� j3NcRa. 2\Y V9YkSW ,�N $3
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+

++ +

0

0 0

0

0

D*

D

(1)

Zc

K

KR*

DS*

D*

D

(2)

Zc

K

KR*

DS*

7C<na3 9Y4- +RNjaC$njCRNc �ccR,C�j30 sCj@ j@3 0C�<a�L V,W R8 7C<Y 9YS 8Ra j@3 03,�w L3,@A
�NCcL K∗0

R → D∗−D∗+
s Y

saCjj3N �c

tb = i
√

3
2

gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

G′ εµ
K∗

R
(P)εD∗

s ,β (k)εσλαβ
[

gµλ Pσ a1
1 +

1
M2

Zc
Pλ gµσ a2

1

]
kα ,

V9YklW

s@3a3 j@3 ,R3|,C3Nj a1
1 ,�N $3 R$j�CN30 8aRL 2\Y V9Yl9W. s@3a3 NRs. 8aRL 7C<Y 9YSV$W.

m3 = mD∗. ma = mD̄. mb = mD∗
s . �N0 j@3 3uUa3ccCRN 8Ra a2

1 ,�N $3 8RnN0 CN j@3 �UU3N0Cu +Y

M3uj. s3 ,RNjCNn3 sCj@ j@3 3q�In�jCRN R8 j@3 UaR,3cc 03UC,j30 CN 7C<Y 9YSV,WY BN j@Cc
,�c3. ,RNcC03aCN< j@3 0C�<a�Lc c@RsN CN 7C<Y 9Y4 �N0 ncCN< j@3 a3cnIjc CN 2\cY V9YSW. V9Y4W. V9YS:W.
j@3 �LUICjn03 �ccR,C�j30 sCj@ cn,@ 03,�w L3,@�NCcL a3�0c �c

tc = t(1)c + t(2)c =−i
√

6gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

gH εµ
K∗

R
(P)εµ

D̄∗(P− k)εα
D∗

s
(k)

×
∫ d4q

(2π)4

(
−gµν +

(P−q)µ (P−q)ν
m2

Zc

)
qα

(q2 −m2
K + iε)[(k−q)2 −m2

D + iε][(P−q)2 −m2
Zc
+ iε]

=−i
√

6gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

gH εµ
K∗

R
(P)εν

D̄∗(P− k)εα
D∗

s
(k)

×
[
−gµν I1

α − 1
m2

Zc

Pν I2
µα +

1
m2

Zc

I3
µνα

]
. V9YkkW

MRj3 j@�j j@3 �$Rq3 3uUa3ccCRN Cc �N�IR<Rnc VnU jR � U@�c3W jR j@3 3uUa3ccCRN R8 ta CN
2\Y V9YlzW ,@�N<CN< gL → gH . J/ψ → D̄∗. π → D. K∗ → D∗

s CN j@3 ,RnUICN<c �N0 CN j@3
UaR0n,jc R8 8Rna LRL3Nj�. CY3Y. s3 @�q3 NRs m2 = mD VCNcj3�0 R8 mπ W. ma = mD̄∗ VCNcj3�0
R8 mJ/ψ W �N0 mb = mD∗

s VCNcj3�0 R8 mK∗WY i@Cc a3cnIj Cc 3uU3,j30 cCN,3 s3 �a3. $�cC,�IIw.
,@�N<CN< � IC<@j Uc3n0Rc,�I�a Vj@3 UCRNW $w � @3�qw Uc3n0Rc,�I�a Vj@3 D L3cRNW �N0
IC<@j q3,jRa L3cRNc VJ/ψ �N0 K∗W $w @3�qw RN3c VD̄∗ �N0 D∗

s a3cU3,jCq3IwWY
�j I�cj. ,RNcC03aCN< j@3 q3ajC,3c CN 2\cY V9YSW. V9Y4W. V9YS:W �N0 j@3 0C�<a�Lc CN

7C<Y 9YO. s3 <3j j@3 8RIIRsCN< �LUICjn03 8Ra j@3 03c,aCUjCRN R8 j@3 UaR,3cc c@RsN CN
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D

Ds

D*

(1)

Zc

K

KR*
D

Ds

D*

(2)

Zc

K

KR*

0

0

0 +

+

0

+

0

+

7C<na3 9YO- +RNjaC$njCRNc a3I�j30 jR j@3 0C�<a�L V0W R8 7C<Y 9YS 8Ra j@3 03,�w L3,@�NCcL
K∗0

R → D∗−D∗+
s Y

7C<Y 9YSV0W.

td = t(1)d + t(2)d = i

√
3
2

gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

gH εK∗
R,µ(P)

×
∫ d4q

(2π)4

(
−gµν + (P−q)µ (P−q)ν

m2
Zc

)(
−gνα + (k−q)ν (k−q)α

m2
D∗

)
(k+q)α

(q2 −m2
K + iε)[(k−q)2 −m2

D∗ + iε][(P−q)2 −m2
Zc
+ iε]

. V9Yk:W

mcCN< j@3 HRa3Ny <�n<3. s3 ,�N saCj3 2\Y V9Yk:W �c

td = i

√
3
2

gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

gH εK∗
R,µ(P)

×
[

kµ
(

1− k2

m2
D∗

)
I0 +

(
1+

k2

m2
D∗

+
P · k
m2

Zc

− k2P · k
m2

D∗m2
Zc

)
Iµ
1 +

kµ

m2
D∗

gαβ Iαβ
2

+

(
(P− k)σ

m2
Zc

+
k2(P+ k)σ

m2
D∗m2

Zc

)
Iµσ
2 −

(
1

m2
D∗

+
1

m2
Zc

+
k2 −P · k
m2

D∗m2
Zc

)
gαβ Iµαβ

3

−(P+ k)σ
m2

D∗m2
Zc

gαβ Iµαβσ
4 +

1
m2

D∗m2
Zc

gαβ gσλ Iµαβσλ
5

]
.

r3 ,RnI0 UaR,330 �c CN j@3 Ua3qCRnc ,�c3c �N0 nc3 j@3 HRa3Njy ,Rq�aC�N,3 jR saCj3 j@3
j3NcRa CNj3<a�Ic CN j3aLc R8 j@3 j@3 URccC$I3 HRa3Njy cjan,jna3c �N0 cRL3 ai

j ,R3|,C3NjcY
?Rs3q3a. j@3 Ua3c3N,3 R8 j@3 j3NcRa CNj3<a�Ic Iµαβσ

4 �N0 Iµαβσλ
5 L�G3c cn,@ � L3j@R0

CN,RNq3NC3Nj. cCN,3 L�Nw 0C{3a3Nj HRa3Njy cjan,jna3c sRnI0 �UU3�aY r3 �0RUj j@3N �
0C{3a3Nj cja�j3<w- �Ij@Rn<@ j@3 U�ajC,I3c CN j@3 jaC�N<nI�a IRRU �a3 R{Ac@3II. j@3Ca CNj3a�,A
jCRNc <Cq3 aCc3 jR j@3 K∗

R �N0 Zc cj�j3cY BN cn,@ � cCjn�jCRN. j@3 LRL3Nj� �ccR,C�j30 sCj@
j@3 U�ajC,I3c <3N3a�jCN< cn,@ cj�j3c �a3 Ln,@ cL�II3a �c ,RLU�a30 jR j@3Ca 3N3a<C3cY
BN j@Cc s�w. j@3 j3LURa�I ,RLURN3Nj R8 j@3 URI�aCy�jCRN q3,jRa VR8 j@3 Ra03a LRL3NA
jnLgL�ccW Cc N3<IC<C$I3 �c ,RLU�a30 jR j@3 cU�jC�I ,RLURN3NjcY i@nc. s@3N cnLLCN<
Rq3a j@3 CNj3aN�I URI�aCy�jCRNc R8 j@3 U�ajC,I3c. C8 s3 ,�II Qµ �N0 m j@3 8RnaALRL3NjnL
�N0 L�cc. a3cU3,jCq3Iw. R8 j@3 q3,jRa L3cRN s@Rc3 CNj3a�,jCRN sCj@ j@3 ,Raa3cURN0CN<
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Uc3n0Rc,�I�a <3N3a�j3c K∗
R Ra Zc. s3 saCj3

−gµν +
QµQν

m2 → δi j, V9Yk9W

sCj@ i �N0 j $3CN< cU�jC�I CN0C,3cY +RNcC03aCN< cn,@ �N �UUaR�,@. j@3 �LUICjn03 CN
2\Y V9Yk:W ,�N $3 saCjj3N �c

td = i

√
3
2

gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

gH
#»ε K∗

R
(P)

×
∫ d4q

(2π)4

#»
k + #»q

(q2 −m2
K + iε)[(k−q)2 −m2

D∗ + iε][(P−q)2 −m2
Zc
+ iε]

= i

√
3
2

gK∗
R→(KZc) 1

2
gZc→(D̄D∗)1

gH
#»ε K∗

R
(P)(I0 #»

k +
#»I 1), V9YkfW

s@3a3 I0 Cc <Cq3N $w 2\Y V9YlSW VsCj@ m1 = mK. m2 = mD∗ �N0 m3 = mZcW �N0

#»I 1 ≡
∫ d4q

(2π)4

#»q
(q2 −m2

K + iε)[(k−q)2 −m2
D∗ + iε][(P−q)2 −m2

Zc
+ iε]

. V9YkeW

MRj3 j@�j j@3 �UUaR�,@ c@RsN CN 2\Y V9Yk9W ,RnI0 @�q3 �IcR $33N nc30 s@3N ,�I,nI�jCN<
j@3 �LUICjn03c CN j@3 0C�<a�Lc 03UC,j30 CN 7C<Y 9YSV�WAV,WY i@3a3. @Rs3q3a. cn,@ �N
�UUaR�,@ sRnI0 NRj I3�0 jR � cC<NC~,�Nj cCLUIC~,�jCRN CN j@3 ,�I,nI�jCRNc. �N0 s3 @�q3
NRj CLUI3L3Nj30 CjY BN �Nw ,�c3. 8Ra ,RLUI3j3N3cc. CN c3,jCRNY 9Yl. s3 0Cc,ncc j@3
q�IC0Cjw R8 cn,@ �N �UUaR�,@ $w ,RLU�aCN< j@3 a3cnIjc R$j�CN30 sCj@ �N0 sCj@Rnj j@3
cn$cjCjnjCRN R8 2\Y V9Yk9W 8Ra j@3 0C�<a�L c@RsN CN 7C<Y 9YSV�WY

i@3 N3uj cj3U jR <3j td ,RNcCcjc R8 U3a8RaLCN< j@3 q0 CNj3<a�jCRN CN 2\Y V9YkeWY i@3
03j�CIc R8 j@Cc CNj3<a�jCRN �a3 <Cq3N CN j@3 �UU3N0Cu +Y �8j3a j@�j. cCN,3 CN j@3 a3cj 8a�L3
R8 j@3 03,�wCN< U�ajC,I3 #»P =

#»
0 . j@3 CNj3<a�I CN 2\Y V9YkeW Cc � 8nN,jCRN R8 #»

k Y BN cn,@ �
,�c3. jR U3a8RaL j@3 CNj3<a�jCRN CN d3q. Cj Cc LRa3 ,RNq3NC3Nj jR CNjaR0n,3 j@3 0Rj UaR0n,j
$3js33N #»q �N0 #»

k . s@C,@ ,�N $3 0RN3 $w a3UI�,CN<
∫

d3q #»q → #»
k
∫

d3q
#»q · #»

k
#»
k 2

. V9Yk4W

9Yl `3cnIjc �N0 0Cc,nccCRNc

i@3 03,�w sC0j@ R8 j@3 K∗
R cj�j3 jR j@3 jsRA$R0w ,@�NN3Ic c@RsN CN 7C<Y 9YS ,�N $3

R$j�CN30 8aRL j@3 �LUICjn03c 03j3aLCN30 CN j@3 Ua3qCRnc c3,jCRN �c

Γi =
∫ dΩ

4π2
1

8M2
K∗

R

pc.m.

3 ∑ |ti|2 =
pc.m.

24πM2
K∗

R

∑ |ti|2, V9YkOW
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s@3a3 j@3 CN03u i = a. b. c. d Cc �ccR,C�j30 sCj@ j@3 UaR,3cc3c c@RsN CN 7C<Y 9YS Va ≡

K∗
R → J/ψK∗. b ≡ K∗

R → D̄D∗
s . c ≡ K∗

R → D̄∗D∗
s . d ≡ K̄∗

R → D̄DsW. dΩ a3Ua3c3Njc j@3 cRIC0
�N<I3. p,YL Cc j@3 ,3Nj3a R8 L�cc LRL3NjnL R8 j@3 U�ajC,I3c CN j@3 ~N�I cj�j3. j@3 8�,jRa 3

@�c Cjc RaC<CN CN j@3 �q3a�<3 Rq3a j@3 K∗
R L3cRN URI�aCy�jCRNc �N0 j@3 cwL$RI ∑ CN0C,�j3c

cnLL�jCRN Rq3a j@3 URI�aCy�jCRNc R8 j@3 CNCjC�I �N0 ~N�I cj�j3cY
+RNcC03aCN< 2\Y V9YkOW �N0 2\cY V9YlkW. V9YklW. V9YkkW. V9YkfW. s3 <3j. s@3N a3<nI�aA

CyCN< j@3 CNj3<a�Ic Ua3c3Nj CN j@3 ai
j ,R3|,C3Njc sCj@ � ,njAR{ Λ = 700 K3p.

Γa = 6.70 K3p, Γb = 0.47 K3p, Γc = 0.47 K3p, Γd = 0.98 K3p. V9Y:zW

Bj Cc CNj3a3cjCN< jR NRjC,3 j@�j j@3 UaR,3cc 03UC,j30 CN 7C<Y 9YSV$W CNqRIq3c �N �NRL�IRnc
q3aj3u )Sz9. Szf*. j@3 D∗D∗

s K q3aj3u. s@Rc3 ,RNjaC$njCRN Cc <Cq3N $w j@3 H�<a�N<C�N CN
2\Y V9YSeWY Bj Cc cRL3jCL3c �a<n30 j@�j UaR,3cc3c CNqRIqCN< �NRL�IRnc q3ajC,3c c@RnI0
<Cq3 cL�II3a ,RNjaC$njCRNc j@�N j@Rc3 CN s@C,@ NR �NRL�IRnc q3ajC,3c �a3 CNqRIq30Y ?RsA
3q3a. j@3 CLURaj�N,3 R8 j@3 �NRL�IRnc q3ajC,3c CN 0C{3a3Nj ,RNj3ujc. ICG3 CN j@3 03j3aLCA
N�jCRN R8 UaR0n,jCRN �N0 �$cRaUjCRN ,aRcc c3,jCRNc R8 c3q3a�I UaR,3cc3c. ,�I,nI�jCRN R8
a�0C�jCq3 03,�wc R8 c,�I�a �N0 �uC�I a3cRN�N,3c �N0 G�RN U@RjRAUaR0n,jCRN. @�c $33N
c@RsN )SzeĢSS:*Y BN j@3 Ua3c3Nj sRaG. �c ,�N $3 c33N. j@3 03,�w sC0j@ 8RnN0 8Ra j@3
D̄D∗

s ,@�NN3I. s@C,@. �c cj�j30 �$Rq3. CNqRIq3c �N �NRL�IRnc q3aj3u. Cc ,RLU�a�$I3 jR
j@3 a3cnIj R$j�CN30 8Ra j@3 D̄∗D∗

s ,@�NN3I. s@C,@ 0R3c NRj CNqRIq3 �NRL�IRnc q3ajC,3c.
$nj @�c cL�II3a U@�c3 cU�,3 j@�N D̄D∗

s Y
r3 ,�N cjn0w j@3 c3NcCjCqCjw R8 j@3 a3cnIjc jR j@3 ,njAR{ nc30 s@3N a3<nI�aCyCN< j@3

CNj3<a�Ic �UU3�aCN< CN j@3 ai
j ,R3|,C3Njc R8 2\cY V9YlkW. V9YklW. V9YkkW. V9YkfWY +@�N<CN<

Λ CN j@3 a�N<3 ezzA4zz K3p. s3 <3j j@3 8RIIRsCN< q�In3c 8Ra j@3 03,�w sC0j@c

Γa = 6.97±0.27 K3p, Γb = 0.54±0.08 K3p,

Γc = 0.54±0.07 K3p, Γd = 1.14±0.17 K3p. V9Y:SW

r3 ,�N �IcR cjn0w j@3 nN,3aj�CNjw UaR0n,30 CN j@3 a3cnIjc nN03a ,@�N<3c CN j@3 ,RnUICN<
,RNcj�Nj R8 K∗

R → KZcY B8 s3 �IIRs � q�aC�jCRN R8 ±1% CN j@Cc ,RnUICN<. 8Ra � ~u30 ,njAR{
Λ = 700 K3p. s3 <3j

Γa = 6.71±0.14 K3p, Γb = 0.47±0.02 K3p,

Γc = 0.47±0.01 K3p, Γd = 0.98±0.02 K3p. V9Y:lW
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BN ,�c3 R8 j@3 0C�<a�L c@RsN CN 7C<Y 9YSV�W. s@3N ,�I,nI�jCN< j@3 03,�w sC0j@ R8
K∗

R → J/ψK∗. s3 ,�N �IcR ,RNcC03a j@3 8�,j j@�j j@3 K∗ L3cRN @�c � sC0j@ ΓK∗ ∼ :e
K3p 8aRL Cjc 03,�w jR j@3 Kπ ,@�NN3IY i@Cc ,�N $3 0RN3 $w ,RNqRInjCN< j@3 3uUa3ccCRN
CN 2\Y V9YkOW sCj@ j@3 cU3,ja�I 8nN,jCRN �ccR,C�j30 sCj@ j@3 K∗ L3cRN. CN s@C,@ ,�c3

Γa =
1
N

(mK∗+2ΓK∗)2∫

(mK∗−2ΓK∗)2

dm̃2 BL
[

1
m̃2 −m2

K∗ + iΓK∗(m̃2)m̃

]
Γa(m̃2)Θ(mK∗

R
−mJ/ψ − m̃), V9Y:kW

s@3a3

N =

(mK∗+2ΓK∗)2∫

(mK∗−2ΓK∗)2

dm̃2 BL
[

1
m̃2 −m2

K∗ + iΓK∗(m̃2)m̃

]
, V9Y::W

j@3 3uUa3ccCRN 8Ra Γa(m̃2) CN 2\Y V9Y:kW Cc <Cq3N $w 2\Y V9YkOW. �N0

ΓK∗(m̃2) = ΓK∗

[
p,YL(m̃2,m2

K,m
2
π)

p,YL(m2
K∗ ,m2

K,m2
π)

]3

. V9Y:9W

MRj3. @Rs3q3a. j@�j cCN,3 j@3 L�cc R8 j@3 K∗
R a3cRN�N,3 Cc 8�a 8aRL j@3 J/ψK∗ j@a3c@RI0.

3q3N s@3N j@3 sC0j@ R8 K∗ Cc j�G3N CNjR �,,RnNj. � cC<NC~,�Nj ,@�N<3 CN j@3 a3cnIjc Cc
NRj 3uU3,j30Y r3 CN0330 ~N0 �ILRcj j@3 c�L3 q�In3 8Ra j@3 03,�w sC0j@ ΓaY

Bj Cc �IcR CNj3a3cjCN< jR 3cj�$ICc@ j@3 q�IC0Cjw R8 j@3 �UUaR�,@ CN 2\Y V9Yk9WY B8 s3 sRnI0
@�q3 ,RNcC03a30 cn,@ �N �UUaR�,@ s@3N 03j3aLCNCN< j@3 �LUICjn03 CN 2\Y V9YlzW. j@3
j3aLc a3I�j30 jR j@3 ,R3|,C3Njc 0C{3a3Nj jR a1

1 sRnI0 @�q3 q�NCc@30Y BN cn,@ � ,�c3.
s3 sRnI0 @�q3 <Rj 8Ra Γa j@3 q�In3 R8 fYff K3p CNcj3�0 R8 j@3 a3cnIj CN 2\Y V9Y:zWY i@Cc
,I3�aIw c@Rsc j@�j j@3 �UUaR�,@ CN 2\Y V9Yk9W Cc. CN 8�,j. a3IC�$I3Y
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BN j@Cc 0Ccc3aj�jCRN s3 Ua30C,j j@3 3uCcj3N,3 R8 �N 3uRjC, K∗(4307) L3cRN sCj@ CcRcUCN
1/2 �N0 cUCNAU�aCjw 1− s@C,@ ,�N $3 nN03acjRR0 �c � L3cRN �aCcCN< 8aRL j@3 j@a33A
$R0w 0wN�LC,c CNqRIq30 CN j@3 KDD̄∗ cwcj3LY rCj@ j@3 C03� R8 LRjCq�jCN< 3uU3aCL3Nj�I
CNq3cjC<�jCRNc R8 cn,@ cj�j3 s3 @�q3 cjn0C30 c3q3a�I jsRA$R0w 03,�w ,@�NN3Ic R8 j@Cc
K∗- �W J/ψK∗(892). $W D̄Ds. ,W D̄D∗

s �N0 0W D̄∗D∗
s Y

�c 8njna3 UaRcU3,jc s3 ~N0 Cj CLURaj�Nj jR cjn0w 0C{3a3Nj UaR,3cc3c s@3a3 � cC<N�I
8Ra K∗(4307) ,�N $3 IRRG30 8Ra CN 8njna3 sRaGcY � UaR,3cc s@C,@ ,�N $3 U�ajC,nI�aIw
CNj3a3cjCN< jR 3uUIRa3 j@3 3qC03N,3 R8 j@Cc cj�j3 Cc j@3 03,�w B → J/ψπKππ. s@C,@ s�c
nc30 $w j@3 #3II3 ,RII�$Ra�jCRN jR R$c3aq3 j@3 X(3872) CN j@3 J/ψππ CNq�aC�Nj L�cc 0CcA
jaC$njCRN )SS9*Y ?Rs3q3a. j@3 J/ψπK CNq�aC�Nj L�cc 0CcjaC$njCRN s�c NRj a3,RNcjan,j30
$w j@3 #3II3 ,RII�$Ra�jCRNY i@3 K∗(4307). sCj@ � 0RLCN�Nj KZc(3900) ,RLURN3Nj CN Cjc
s�q3 8nN,jCRN. ,�N N�jna�IIw 03,�w jR � ~N�I cj�j3 8RaL30 $w KJ/ψπ. sCj@ J/ψ �N0 π

,RLCN< 8aRL j@3 03,�w R8 j@3 Zc(3900)Y BN j@Cc s�w. � a3,RNcjan,jCRN R8 j@3 J/ψπK

CNq�aC�Nj L�cc ,RnI0 URcc3c � cC<N�I R8 K∗(4307) �N0 ,RN~aL Cjc 3uCcj3N,3Y
#3cC03c cjn0wCN< URccC$I3 UaR,3cc3c j@�j <3N3a�j3c j@3 K∗(4307) s3 �IcR UI�N jR

nc3 j@3 8RaL�ICcL R8 j@3 Ua3c3Nj sRaG jR 03c,aC$3 Rj@3a cwcj3LcY `3,3NjIw. j@3 H?+$
,RII�$Ra�jCRN @�c ,I�CL30 j@3 3uCcj3N,3 R8 $�awRN cj�j3c s@Rc3 UaRU3ajC3c ,�N NRj $3
nN03acjRR0 CN j3aLc R8 k \n�aGc )SSf. SSe*Y i@3w �a3 ,�II30 Pc cj�j3c. �N0 cCN,3 j@3w
�a3 $�awRNc sCj@ @C003N ,@�aL j@3 LCNCL�I \n�aG ,RNj3Nj Cc j@�j R8 9 \n�aGcY Ta3c3NjIw.
j@3a3 Cc � I�a<3 0Cc,nccCRN CN j@3 ,RLLnNCjw RN j@3 N�jna3 R8 j@3c3 cj�j3c. C8 j@3 cj�j3c
,�N $3 nN03acjRR0 �c ,RLU�,j U3Nj�\n�aG cj�j3c Ra �c L3cRNA$�awRN LRI3,nI3c �aCcA
CN< �c � ,RNc3\n3N,3 R8 j@3 0wN�LC,c CNqRIq30 CN j@3 Σ(∗)

c D̄(∗) ,RnUI30 ,@�NN3IcY i@3

OO



+?�Ti2` fY +QM+HmbBQMb Szz

\n�NjnL NnL$3ac R8 j@3c3 Pc cj�j3c @�q3 NRj $33N 03j3aLCN30 w3j. @Rs3q3a. j@3Ra3jCA
,�I cjn0C3c cn<<3cj j@�j j@3 cUCNAU�aCjw R8 j@3 cj�j3 Pc(4312) Cc 1/2−. s@CI3 8Ra Pc(4380).
Pc(4440) �N0 Pc(4457) Cc 3/2−Y

i@3c3 cj�j3c ,�N $3 nN03acjRR0 �c Nn,I3RNc sCj@ @C003N ,@�aLY B8 j@3 Ua3c3Nj Pc

cj�j3c �a3 N3<�jCq3 U�aCjw $�awRNc. j@3N cCLCI�a cj�j3c sCj@ URcCjCq3 U�aCjw Lncj 3uCcjY
F33UCN< CN LCN0 j@�j j@3 DD̄∗ CNj3a�,jCRN Cc �jja�,jCq3 CN cAs�q3 CN $Rj@ CcRcUCNc z �N0 S
�N0 <Cq3 aCc3 jR j@3 8RaL�jCRN R8 j@3 cj�j3c X(3782) �N0 Zc(3900). �00CN< � Nn,I3RN jR j@3
cwcj3L ,�N UaR0n,3 URcCjCq3 U�aCjw Nn,I3RN cj�j3c sCj@ @C003N ,@�aL s@C,@ �aCc3 8aRL
j@a33A$R0w 0wN�LC,cY i@3 L�cc3c R8 cn,@ cj�j3c c@RnI0 $3 �aRnN0 4800 K3p. cIC<@jIw
�$Rq3 j@3 ,naa3Nj Pc cj�j3c 8RnN0 $w j@3 H?+$ ,RII�$Ra�jCRNY i@3 cAs�q3 CNj3a�,jCRN
R8 j@3 DN cwcj3L �N0 ,RnUI30 ,@�NN3Ic Cc �IcR �jja�,jCq3 CN N�jna3 �N0 Cc GNRsN jR
UaR0n,3 j@3 cj�j3 Λc(2595) )SS4. SSO*Y BN j@Cc s�w. s3 sCII @�q3 �jja�,jCRN CN $Rj@ DD̄∗

�N0 DN cn$cwcj3Lc �N0 j@3 ,@�N,3c R8 <3N3a�jCN< � j@a33A$R0w cj�j3 CN j@3 NDD̄∗ �a3
@C<@Y i@nc. j@3 cjn0w R8 j@3 j@a33A$R0w cwcj3L NDD̄∗ �N0 ,RnUI30 ,@�NN3Ic ,�N $aCN<
CN8RaL�jCRN RN j@3 <3N3a�jCRN R8 Nn,I3RN a3cRN�N,3c sCj@ @C003N ,@�aL �N0 URcCjCq3
U�aCjw. CN Rj@3a sRa0c. URcCjCq3 U�aCjw U�ajN3ac R8 j@3 a3,3NjIw 0Cc,Rq3a30 Pc cj�j3cY
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BN j@Cc �UU3N0Cu s3 <Cq3 j@3 3uUa3ccCRN R8 j@3 �LUICjn03c V V�UU3�aCN< CN j@3 #3j@3A
b�IU3j3a 3\n�jCRNW CN j@3 CcRcUCN $�c3 CN j3aLc R8 j@3 �LUICjn03c V CN j@3 ,@�a<3 $�c3 8Ra
j@3 0C{3a3Nj cwcj3Lc cjn0C30Y �II j@3 jsRA$R0w cwcj3Lc ,RNcC03a30 @�q3 cja�N<3N3cc
S =+1. $nj j@3w ,�N @�q3 0C{3a3Nj CcRcUCN I �N0 ,@�aL C \n�NjnL NnL$3acY r3 8RIIRs
j@3 CcRcUCN U@�c3 ,RNq3NjCRN <Cq3N CN `38Y )ee*. cn,@ j@�j |K−〉. |D0〉 �N0 |D∗0〉 �a3
C03NjC~30 sCj@ j@3 cj�j3 −|I = 1/2, I3 =−1/2〉. �N0 |π+〉=−|I = 1, I3 =−1〉Y iR cCLUIC8w
j@3 NRj�jCRN. s3 RLCj j@3 I�$3Ic I �N0 I3 CN j@3 G3j |I, I3〉. �N0 s@3N3q3a j@3a3 ,RnI0 $3
� ,RN8ncCRN jR s@C,@ U�ajC,I3 j@3 cj�j3 |I, I3〉 Cc $3CN< �ccR,C�j30 sCj@. s3 CN,In03 j@3
U�ajC,I3 s3 �a3 a383aaCN< jR qC� � cn$CN03u CN j@3 G3j |I, I3〉Y BN j@Cc s�w. 8Ra 3u�LUI3.
|K−〉=−|1/2,−1/2〉K �N0 |D0〉=−|1/2,−1/2〉DY

�YS C =+1 �N0 I = 0, 1

BN j@Cc ,�c3. s3 @�q3 jsR ,RnUI30 ,@�NN3Ic. DK �N0 DSη . cn,@ j@�j 8Ra I = 0. s3 @�q3

|DK;0, 0〉= 1√
2
[|1/2, 1/2〉D ⊗ |1/2,−1/2〉K − |1/2,−1/2〉D ⊗ |1/2, 1/2〉K]

=
1√
2

[∣∣D+〉⊗
∣∣K0〉+ 1√

2

∣∣D0〉⊗
∣∣K+〉

]
=

1√
2

[∣∣D+K0〉+
∣∣D0K+〉] ,

|Dsη ;0, 0〉=
∣∣D+

s η
〉
. V�YSW

SzS



�TT2M/Bt �Y F2`M2Hb V - BbQbTBM pbY +?�`;2 Szl

mcCN< j@3c3 3\n�jCRNc. s3 <3j

V I=0
DK→DK = 〈DK;0,0|V |DK;0,0〉= 1

2

[〈
D+K0∣∣V

∣∣D+K0〉+2
〈
D+K0∣∣V

∣∣D0K+〉

+
〈
D0K+

∣∣V
∣∣D0K+〉

]
=

1
2
[VD+K0→D+K0 +2VD+K0→D0K+ +VD0K+→D0K+] ,

V I=0
DK→Dsη = 〈DK;0,0|V |Dsη ;0,0〉= 1√

2

[〈
D+K0∣∣V

∣∣D+
S η
〉
+
〈
D0K+

∣∣V
∣∣D+

S η
〉]

=
1√
2

[
VD+K0→D+

S η +VD0K+→D+
S η

]
,

V I=0
Dsη→Dsη = 〈Dsη ;0,0|V |Dsη ;0,0〉=VD+

s η→D+
s η . V�YlW

BN ,�c3 R8 I = 1.

|DK;1, 0〉= 1√
2

[
|1/2, 1/2〉⊗ |1/2,−1/2〉+ |1/2,−1/2〉⊗ |1/2, 1/2〉

]

=
1√
2

[∣∣D+〉⊗
∣∣K0〉−

∣∣D0〉⊗
∣∣K+〉

]
=

1√
2

[∣∣D+K0〉−
∣∣D0K+〉] ,

|Dsπ;1, 0〉= |0 0〉⊗ |1 0〉=
∣∣D+

s π0〉 . V�YkW

i@nc.

V I=1
DK→DK = 〈DK;1, 0|V |DK;1, 0〉= 1

2

[〈
D+K0∣∣V

∣∣D+K0〉−2
〈
D+K0∣∣V

∣∣D0K+〉

+
〈
D0K+

∣∣V
∣∣D0K+〉

]
=

1
2
[VD+K0→K+D0 −2VD0K+→D+K0 +VD0K+→D0K+] ,

V I=1
DK→Dsπ = 〈DK;1, 0|V |Dsπ;1, 0〉= 1√

2

[〈
D+K0∣∣V

∣∣D+
s π0〉−

〈
D0K+

∣∣V
∣∣D+

s π0〉]

=
1√
2

[
VD+K0→D+

s π −VD0K+→D+
s π0

]
,

V I=1
Dsπ→Dsπ = 〈Dsπ;1, 0|V |Dsπ;1, 0〉=

〈
D+

s π0∣∣V
∣∣D+

s π0〉=VD+
s π0→D+

s π0 . V�Y:W

�Yl C =−1 �N0 I = 0, 1

i@3 RNIw URccC$I3 ,@�NN3I Cc D̄K. sCj@

|D̄K;0, 0〉= 1√
2

[
|1/2 1/2〉D̄ ⊗ |1/2 −1/2〉K − |1/2 −1/2〉D̄ ⊗ |1/2 1/2〉K

]

=
1√
2

[∣∣D̄0〉⊗
∣∣K0〉−

∣∣D−〉⊗
∣∣K+〉

]
=

1√
2

[∣∣D̄0K0〉−
∣∣D−K+〉] ,

|D̄K;1, 1〉= |1/2, 1/2〉D̄ ⊗ |1/2, 1/2〉K =
∣∣D̄0K+〉 . V�Y9W
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BN j@Cc s�w.

V I=0
D̄K→D̄K = 〈D̄K;0,0|V |D̄K;0,0〉= 1

2

[〈
D̄0K0∣∣V

∣∣D̄0K0〉−2
〈
D̄0K0∣∣V

∣∣D−K+〉

+
〈
D−K+

∣∣V
∣∣D−K+〉

]
=

1
2
[VD̄0K0→D̄0K0 −2VD̄0K0→D−K+ +VD−K+→D−K+] ,

V I=1
D̄K→D̄K = 〈D̄K;1,1|V |D̄K;1,1〉=

〈
D̄0K+

∣∣V
∣∣D̄0K+〉=VD̄0K+→D̄0K+ . V�YfW

iR 3N0 j@Cc �UU3N0Cu. s3 ~N0 Cj nc38nI jR cnLL�aCy3 �II j@3 a3cnIjc-

V I=1
DK→DK =

1
2
[VD+K0→D+K0 −2VD+K0→D0K+ +VD0K+→D0K+] ,

V I=1
DK→Dsπ =

1√
2

[
VD+K0→D+

s π0 −VK+D0→D+
s π0

]
,

V I=1
Dsπ→Dsπ =VD+

S π0→D+
S π0 ,

V I=1
D̄K→D̄K =VD̄0K+→D̄0K+ ,

V I=0
D̄K→D̄K =

1
2
[VD̄0K→D̄0K0 −2VD̄0K0→D−K+ +VD−K+→D−K+] ,

V I=0
DK→DK =

1
2
[VD+K0→D+K0 +2VD+K0→D0K+ +VD0K+→D0K+] ,

V I=0
DK→Dsη =

1√
2

[
VD+K0→D+

s η +VD0K+→D+
s η

]
,

V I=0
Dsη→Dsη =VD+

s η→D+
s η . V�YeW
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BN j@Cc �UU3N0Cu. s3 UaRqC03 j@3 a3cnIjc 8RnN0 8Ra j@3 G3aN3I V nc30 CN j@3 a3cRInjCRN
R8 j@3 #3j@3Ab�IU3j3a 3\n�jCRN s@3N ,RNcC03aCN< j@3 SU(4) LR03I R8 `38cY )]. f9*Y BN
j3aLc R8 j@3 K�N03Icj�L q�aC�$I3c. s3 <3j

VK+D0→K+D0 =− 1
6 f 2

{
(s−u)+ γ(t − s)+m2

K +M2
D
}
,

VK+D0→K0D+ =− 1
6 f 2

{
(s−u)+ γ(t −u)+M2

D +m2
K
}
,

VD0K+→π0D+
s
=− 1

6
√

2 f 2

{
(u− s)+ γ(t − s)+M2

D +m2
K
}
,

VK+D0→ηD+
s
=− 1

6
√

6 f 2

{
3(u− s)+ γ(2u− t − s)+2m2

π −3m2
K −M2

D
}
,

VK0D+→K0D+ =− 1
6 f 2

{
(s−u)+2γ(t −u)+mK +M2

D
}
,

VK0D+→π0D+
s
=

1
6
√

2 f 2

{
(u− s)+ γ(t − s)+M2

D +m2
K
}
,

VK0D+→ηD+
s
=− 1

6
√

6 f 2

{
3(u− s)+ γ(2u− s− t)+2m2

π −3m2
K −M2

D
}
,

Vπ0D+
s →π0D+

s
= 0,

Vπ0D+
s →ηD+

s
= 0,

Sz:
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VD̄0K+→D̄0K+ =− 1
6 f 2

{
(u− s)+ γ(t − s)+m2

K +M2
D
}
,

VD−K+→D−K+ = 0,

VD̄0K0→D̄−K+ =− 1
6 f 2 {(u− s)+ γ(t − s)} ,

VD̄0K0→D̄0K0 = 0.

i@3 ,Raa3cURN0CN< sAs�q3 UaRE3,j30 �LUICjn03c �a3

VK0D+→K0D+ =VK+D0→K0D+ =VK+D0→K+D0 =− 1
6 f 2

{
−(M2

D −m2
K)

2

s

(
γ + 1

2

)
+

3s
2

}
,

−VK0D+→π0D+
s
=VK+D0→π0D+

s
=− 1

6
√

2 f 2

{
− 3s

2
(γ +1)+(M2

D −m2
K)(m

2
π −M2

D)
(γ −1)

2s

+M2
D(γ +2)+m2

π

(
γ
2
+

1
2

)
+m2

K

(
γ
2
+

3
2

)}
,

VK0D+→ηD+
s
=VK+D0→ηD+

s
=− 1

6
√

6 f 2

{
− 3s

2
(γ +3)+M2

D (γ +2)+m2
K

(γ
2
− 3

2

)

+m2
η

(
γ
2
+

3
2

)
+2m2

π −
3
2s
(M2

D −m2
η)(M

2
D −m2

K)(γ +1)

}
,

VηD+
s →ηD+

s
=− 1

9 f 2

{
−3s

2
γ − 3γ

2s
(M2

D −m2
η)

2 +M2
D(γ +2)+ γm2

η +6m2
K −4m2

π

}
,

VD̄0K+→D̄0K+ =− 1
6 f 2

{
(M2

D −m2
K)

2

2s
(1− γ)− 3s

2
(1+ γ)+M2

D(2+ γ)+m2
K(2+ γ)

}
,

VD̄0K0→D−K+ =− 1
6 f 2

{
(M2

D +m2
K)(1+ γ)− 3s

2
(1+ γ)+

(M2
D −m2

k)
2

2s
(1− γ)

}
,

VD−K+→D−K+ = 0, VD̄0K0→D̄0K0 = 0.
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mcCN< j@3 a3cnIjc c@RsN CN j@3 �UU3N0Cu �. s3 ,�N saCj3 j@3 �$Rq3 �LUICjn03c CN j@3
CcRcUCN $�c3 �c

V I=0
DK→DK =− 1

3 f 2

{
3s
2
− (M2

D −m2
K)

2

s
(γ +1/2)

}
,

V I=0
DK→Dsη =− 1

3
√

3 f 2

{
− 3s

2
(γ +3)+M2

D(γ +2)+
m2

K
2

(γ −3)+
m2

η
2
(γ +3)

+2m2
π +

3
2s
(M2

D −m2
η)(M

2
D −m2

K)(γ +1)

}
,

V I=1
DK→DK = 0,

V I=1
DK→Dsπ =− 1

3
√

12 f 2

{
− 3s

2
(γ +1)+(M2

D −m2
K)(m

2
π −M2

D)
(γ −1)

2s

+M2
D(γ +2)+M2

D(γ +2)+
m2

π
2
(γ +1)+

m2
K

2
(γ +3)

}
,

V I=1
D̄K→D̄K =− 1

6 f 2

{
(M2

D −m2
K)

2

2s
(1− γ)− 3s

2
(1+ γ)+M2

D(2+ γ)+m2
K(2+ γ)

}
,

V I=0
D̄K→D̄K =

1
6 f 2

{
(M2

D +m2
K)(1+ γ)− 3s

2
(1+ γ)+ (M2

D −m2
K)

2

2s
(1− γ)

}
.
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BN j@Cc �UU3N0Cu s3 <Cq3 j@3 03j�CIc R8 j@3 ,�I,nI�jCRN R8 j@3 ai
j ,R3|,C3Njc �UU3�aCN< CN

2\cY V9YlzW. V9YklW. V9YkkW. s@C,@ �a3 a3I�j30 jR j@3 HRa3Njy 03,RLURcCjCRN R8 2\Y V9YllW.
�N0 jR 03j3aLCN3 2\Y V9YkeWY #w ,RNja�,jCN< I1

α . I2
µα �N0 I3

µνα sCj@ j@3 ,Raa3cURN0CN<
HRa3Njy cjan,jna3c. s3 ,�N <3j � c3j R8 ,RnUI30 3\n�jCRNc s@Rc3 cRInjCRN. CN 3�,@ ,�c3.
�IIRs nc jR saCj3 j@3 ai

j ,R3|,C3Njc CN j3aLc R8 c,�I�a CNj3<a�IcY r3 R$j�CN Vj@3 3uUa3cA
cCRN 8Ra j@3 a1

1 ,R3|,C3Nj ,�N $3 8RnN0 CN 2\Y V9Yl9W $nj. 8Ra ,RNq3NC3N,3. s3 saCj3 Cj
@3a3 �<�CNW

a1
1 =

k2(PI1)− (k ·P)(KI1)

k2P2 − (k ·P)2 ,

a2
1 =

[
(P · k)2 − k2P2]GI2 + k2PPI2 +P2KKI2 −2(P · k)KPI2

2[(P · k)2 − k2P2]
,

a2
3 =

1
2[(P · k)2 − k2P2]2

[
P · k

(
k2P2 − (P · k)2)GI2 −3k2(P · k)PPI2

+2
(
k2P2 +2(P · k)2)KPI2 −3P2(P · k)KKI2] ,

a3
1 =

1
2 [(P · k)2 − k2P2]2

[
k2 (k2P2 − (P · k)2)GPI3 −P · k

(
k2P2 − (P · k)2)GKI3

− k4PPPI3 +3k2(P · k)PPKI3 +P2(P · k)KKKI3 −
(
k2P2 +2(P · k)2)KKPI3] ,

a3
2 =

1
2 [(P · k)2 − k2P2]2

[
−P · k

(
k2P2 − (P · k)2)GPI3 +P2 (k2P2 − (P · k)2)GKI3

+ k2(P · k)PPPI3 −
(
k2P2 +2(P · k)2)PPKI3 −P4KKKI3 +3P2(P · k)KKPI3] , V+YSW

Sze
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a3
4 =− 1

2 [(P · k)2 − k2P2]3
[
3k2(P · k)

(
k2P2 − (P · k)2)GPI3 −

(
k2P2 − (P · k)2)

×
(
k2P2 +2(P · k)2)GKI3 −5k4(P · k)PPPI3 +3k2 (k2P2 +4(P · k)2)PPKI3

+P2 (k2P2 +4(P · k)2)KKKI3 −3(P · k)
(
3k2P2 +2(P · k)2)KKPI3] ,

a3
6 =− 1

2 [(P · k)2 − k2P2]3
[(
(P · k)2 − k2P2)(2(P · k)2 + k2P2)GPI3

−3P2(P · k)
(
(P · k)2 − k2P2)GKI3 + k2 (4(P · k)2 + k2P2)PPPI3

−3(P · k)
(
2(P · k)2 +3k2P2)PPKI3 −5P4(P · k)KKKI3

+3P2 (4(P · k)2 + k2P2)KKPI3] .

s@3a3.

PI1 = Pµ I1
µ , KI1 = kµ I1

µ ,

GI2 ≡ gµα I2
µα , PPI2 ≡ PµPα I2

µα , KPI2 ≡ kµPα I2
µα , KKI2 ≡ kµkα I2

µα ,

GPI3 ≡ gµνPα I3
µνα , GKI3 ≡ gµνkα I3

µνα , PPPI3 ≡ PµPνPα I3
µνα , V+YlW

PPKI3 ≡ PµPνkα I3
µνα , KKKI3 ≡ kµkνkα I3

µνα , KKPI3 ≡ kµkνPα I3
µνα .

MRj3 j@�j j@3 ai
j ,R3|,C3Njc CN 2\Y V+YSW �N0 j@3 c,�I�ac CN 2\Y V+YlW 03U3N0 RN j@3

L�cc3c m1. m2 �N0 m3 R8 j@3 U�ajC,I3c CNqRIq30 CN j@3 jaC�N<nI�a IRRU �c s3II �c RN j@3
L�cc R8 j@3 K∗

R cj�j3 �N0 j@3 L�cc3c R8 j@3 U�ajC,I3c jR s@C,@ Cj ,�N 03,�w. s@C,@ s3
a3Ua3c3Nj $w ma �N0 mb Vc33 7C<Y 9YfWY

mcCN< 2\Y V9YlSW. �N0 sRaGCN< CN j@3 a3cj 8a�L3 R8 j@3 03,�wCN< U�ajC,I3. s3 ,�N saCj3

PI1 =
∫ dq0

(2π)

∫ d3q
(2π)3

P0q0

F(q0, #»q )
, KI1 =

∫ dq0

(2π)

∫ d3q
(2π)3

k0q0 − #»
k · #»q

F(q0, #»q )
,

GI2 =
∫ dq0

(2π)

∫ d3q
(2π)3

q02 − #»q 2

F(q0, #»q )
, PPI2 =

∫ dq0

(2π)

∫ d3q
(2π)3

(P0q0)2

F(q0, #»q )
, V+YkW

KPI2 =
∫ dq0

(2π)

∫ d3q
(2π)3

(k0q0 − #»
k · #»q )P0q0

F(q0, #»q )
, KKI2 =

∫ dq0

(2π)

∫ d3q
(2π)3

(k0q0 − #»
k · #»q )2

F(q0, #»q )
.

s@3a3

F(q0, #»q ) = [q02 −ω2
1 + iε][(k0 −q0)2 −ω2

2 + iε][(P0 −q0)2 −ω2
3 + iε], V+Y:W

sCj@ ω1 =
√

#»q 2 +m2
1. ω2 =

√
(
#»
k − #»q )2 +m2

2 �N0 ω3 =
√

#»q 2 +m2
3Y i@3 CNj3<a�Ic CN 2\Y V+YkW

�a3 U�ajC,nI�a ,�c3c R8 j@3 LRcj <3N3a�I CNj3<a�I I(a,b,b′,c,d,e) 03~N30 �c

I(a,b,b′,c,d,e) =
∫ dq0

(2π)

∫ d3q
(2π)3

aq02
+(b+b′,Rc2θ) #»q 2 + cq0| #»q |,Rcθ +d q0 + e | #»q |,Rcθ

[q02 −ω2
1 + iε][(k0 −q0)2 −ω2

2 + iε][(P0 −q0)2 −ω2
3 + iε]

.

V+Y9W
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BN0330. s3 ,�N saCj3 j@3 CNj3<a�Ic CN 2\Y V+YkW �c

PI1 = I(0,0,0,0,P0,0), KI1 = I(0,0,0,0,k0,−| #»k |), GI2 = I(1,−1,0,0,0,0)

PPI2 = I(P02
,0,0,0,0,0), KPI2 = I(k0P0,0,0,−| #»k |P0,0,0),

KKI2 = I(k02
,0, | #»k |2,−2k0| #»k |,0,0), V+YfW

s@3a3 P0 = mK∗
R

�N0

k0 =
P02 −m2

a +m2
b

2P0 , | #»k |=
λ 1/2(P02

,m2
a,m2

b)

2P0 . V+YeW

i@3 q0 CNj3<a�jCRN CN 2\Y V+Y9W ,�N $3 U3a8RaL30 �N�IwjC,�IIw $w ncCN< +�n,@wȕc j@3Ra3LY �8j3a
j@�j. j@3 a3cnIjCN< CNj3<a�jCRN CN d3q Cc a3<nI�aCy30Y i@Cc Cc 0RN3 $w L3�Nc R8 � ,njAR{ Λ ∼ 700

K3p. CN �<a33L3Nj sCj@ j@3 ,njAR{ nc30 CN j@3 cjn0w R8 j@3 KDD̄∗ cwcj3L. CN s@C,@ j@3 K∗
R cj�j3

s�c Ua30C,j30 )lO*Y BN j@Cc s�w. s3 <3j

I(a,b,b′,c,d,e) =− i
(2π)2

Λ∫

0

dqq2
1∫

−1

d,Rcθ N(q,θ ;a,b,b′,c,d,e)
D(q,θ) , V+Y4W

sCj@ q = | #»q | �N0

N(q,θ ;a,b,b′,c,d,e) = aω1

[
k02{ω3(ω1 +ω3)(ω1 +ω2 +ω3)−P02

(ω2 +ω3)}

+2k0P0ω1ω2ω3 −ω2(ω1 +ω2){ω3(ω1 +ω3)(ω2 +ω3)−P02
(ω1 +ω2 +ω3)}

]

+q(b̃q+ ẽ)
[
− k02ω2(ω1 +ω3)+2k0P0ω2ω3 +(ω1 +ω2){(ω1 +ω3)(ω2 +ω3)

× (ω1 +ω2 +ω3)−P02ω3}
]
+(c̃q+d)ω1

[
− k02P0ω2 + k0ω3{(ω1 +ω3)

× (ω1 +2ω2 +ω3)−P02}+P0ω2(ω1 +ω2)(ω1 +ω2 +2ω3)
]
,

D(q,θ) = 2ω1ω2ω3(k0 −ω1 −ω2 + iε)(k0 +ω1 +ω2)(P0 −ω1 −ω3 + iε)

× (P0 +ω1 +ω3)(P0 − k0 −ω2 −ω3 + iε)(k0 −P0 −ω2 −ω3 + iε), V+YOW

s@3a3 s3 @�q3 CNjaR0n,30 b̃ ≡ b+b′,Rc2θ . c̃ = c,Rcθ �N0 ẽ = e,Rcθ Y
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bCLCI�aIw.

GPI3 =
∫ dq0

(2π)

∫ d3q
(2π)3

(q02 − | #»q |2)(P0q0)

F(q0, #»q )
,

GKI3 =
∫ dq0

(2π)

∫ d3q
(2π)3

(q02 − | #»q |2)(k0q0 − | #»k || #»q |,Rcθ)
F(q0, #»q )

,

PPPI3 =
∫ dq0

(2π)

∫ d3q
(2π)3

(P0q0)3

F(q0, #»q )
,

PPKI3 =
∫ dq0

(2π)

∫ d3q
(2π)3

(P0q0)2(k0q0 − | #»k || #»q |,Rcθ)
F(q0, #»q )

, V+YSzW

KKKI3 =
∫ dq0

(2π)

∫ d3q
(2π)3

(k0q0 − | #»k || #»q |,Rcθ)3

F(q0, #»q )
,

KKPI3 =
∫ dq0

(2π)

∫ d3q
(2π)3

(k0q0 − | #»k || #»q |,Rcθ)2P0q0

F(q0, #»q )
.

i@3 CNj3<a�Ic CN 2\Y V+YSzW �a3 U�ajC,nI�a ,�c3c R8 j@3 LRcj <3N3a�I CNj3<a�I I (a,b,c,d,e,e′, f , f ′, f ′′)

03~N30 �c

I (a,b,c,d,e,e′, f , f ′, f ′′)

=
∫ dq0

(2π)

∫ d3q
(2π)3

aq04
+ b̃q03| #»q |+ cq03

+ d̃q02| #»q |+ ẽq0| #»q |2 + f̃ | #»q |3

[q02 −ω2
1 + iε][(k0 −q0)2 −ω2

2 + iε][(P0 −q0)2 −ω2
3 + iε]

, V+YSSW

sCj@ b̃ ≡ b,Rcθ . d̃ ≡ d ,Rcθ . ẽ ≡ (e+ e′,Rc2θ). f̃ ≡ ( f + f ′,Rcθ + f ′′,Rc3θ)Y T�ajC,nI�aIw. s3 ,�N
saCj3

GPI3 = I (0,0,P0,0,−P0,0,0,0,0), GKI3 = I (0,0,k0,−| #»k |,−k0,0,0, | #»k |,0),

PPI3 = I (0,0,P03
,0,0,0,0,0,0), PPKI3 = I (0,0,P02k0,−P02| #»k |,0,0,0,0,0),

KKKI3 = I (0,0,k03
,−3k02| #»k |,0,3k0| #»k |2,0,0,−| #»k |3), V+YSlW

KKPI3 = I (0,0,k02P0,−2k0| #»k |P0,0, | #»k |2P0,0,0,0).

i@3 CNj3<a�I RN j@3 q0 q�aC�$I3 R8 2\Y V+YSSW ,�N $3 R$j�CN30 ncCN< +�n,@wȕc j@3Ra3L �N0 j@3
a3L�CNCN< CNj3<a�jCRN CN d3q Cc a3<nI�aCy30 ncCN< � ,njAR{ Λ ∼ 700 K3pY BN j@Cc s�w.

I (a,b,c,d,e,e′, f , f ′, f ′′) =− i
(2π)2

Λ∫

0

dqq2
1∫

−1

d,Rcθ N (q,θ ;a,b,c,d,e,e′, f , f ′, f ′′)
D(q,θ) , V+YSkW
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s@3a3

N (q,θ ;a,b,c,d,e,e′, f , f ′, f ′′) = aω1

[
k04ω3{(ω1 +ω3)

2 −P02}

− k02ω2

{
P04 −2P02ω3(2ω1 +ω2 +ω3)+ω3(ω1 +ω3)(ω2

1 +2ω1ω2 +3ω1ω3

+2ω2ω3 +ω2
3 )
}
+2k0P0ω3

1 ω2ω3 +ω2(ω1 +ω2)
{

P04
(ω1 +ω2)

−P02ω3

(
ω2

1 +2ω3(ω1 +ω2)+3ω1ω2 +ω2
2

)
+ω3(ω1 +ω3)(ω2 +ω3)

×
(

ω1(ω2 +ω3)+ω2ω3

)}]
+q
[
b̃ω1

{
k03ω3

(
(ω1 +ω3)

2 −P02
)

+ k02P0ω2

(
ω3(2ω1 +ω3)−P02

)
− k0ω2ω3

(
(ω1 +ω3){ω1(ω2 +2ω3)

+ω2ω3}−P02
(2ω1 +ω2)

)
+P0ω2(ω1 +ω2)

(
P02

(ω1 +ω2)

−ω3{ω3(ω1 +ω2)+2ω1ω2}
)}

+ d̃ ω1

{
k02
(

ω3(ω1 +ω3)(ω1 +ω2 +ω3)

−P02
(ω2 +ω3)

)
+2k0P0ω1ω2ω3 −ω2(ω1 +ω2)

(
ω3(ω1 +ω3)(ω2 +ω3)

−P02
(ω1 +ω2 +ω3)

)}
+q
{

ẽω1

(
− k02P0ω2 + k0ω3{(ω1 +ω3)(ω1 +2ω2 +ω3)

−P02}+P0ω2(ω1 +ω2)(ω1 +ω2 +2ω3)
)
+ f̃ q

(
− k02ω2(ω1 +ω3)+2k0P0ω2ω3

+(ω1 +ω2){(ω1 +ω3)(ω2 +ω3)(ω1 +ω2 +ω3)−P02ω3}
)}]

− cω1

[
k03ω3(P0 −ω1 −ω3)(P0 +ω1 +ω3)+ k02P0ω2{P02 −ω3(2ω1 +ω3)}

+ k0ω2ω3{(ω1 +ω3)(ω1ω2 +2ω1ω3 +ω2ω3)−P02
(2ω1 +ω2)}

+P0ω2(ω1 +ω2){ω3(ω3(ω1 +ω2)+2ω1ω2
)
−P02

(ω1 +ω2)}
]
. V+YS:W

M3uj. s3 03j3aLCN3 j@3 I0 �N0 #»I 1 CNj3<a�Ic R8 2\Y V9YkfWY #w L3�Nc R8 j@3 +�n,@wȕc j@3Ra3L
s3 ,�N CNj3<a�j3 RN j@3 q0 q�aC�$I3 �N0 <3j j@3 8RIIRsCN< CNj3<a�jCRN CN d3q. s@C,@ Cc a3<nI�aCy30
$w ncCN< � ,njAR{ Λ ∼ 700 K3p.

I0 =− i
(2π)2

Λ∫

0

dqq2
1∫

−1

d,Rcθ N(q,θ)
D(q,θ) ,

#»I 1 =− i
(2π)2| #»k |2

#»
k

Λ∫

0

dqq2
1∫

−1

d,Rcθ N(q,θ)
D(q,θ)

#»
k · #»q , V+YS9W

s@3a3

N(q,θ) =−k02ω2(ω1 +ω3)+2k0P0ω2ω3 +(ω2 +ω3)

×
[
(ω2 +ω3)(ω1 +ω3)(ω1 +ω2 +ω3)−P02ω3

]
. V+YSfW
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)S* `R$3aj HY D�{3Y KnIjCA[n�aG ?�0aRNcY SY i@3 T@3NRL3NRIR<w R8 Vl [n�aG l �NjCA[n�aGW
K3cRNcY T@wcY `3qY. /S9-lfe. SOeeY

)l* DR@N /Y r3CNcj3CN �N0 M�j@�N Bc<naY /R KnIjCA[n�aG ?�0aRNc 2uCcj] T@wcY `3qY H3jjY.
:4-f9O. SO4lY

)k* 2Y q�N #3q3a3N. iY �Y `CEG3N. FY K3jy<3a. +Y /nII3LRN0. ;Y `nUU. �N0 DY 2Y `C$3CaRY �
HRs HwCN< b,�I�a K3cRN MRN3j CN � mNCj�aCy30 K3cRN KR03IY xY T@wcY. +kz-fS9Ģflz.
SO4fY

):* MCIc �Y iRaN\qCcjY mN03acj�N0CN< j@3 c,�I�a L3cRN qq̄ NRN3jY xY T@wcY. +f4-f:eĢffz.
SOO9Y

)9* DY �Y QII3a. 2Y Qc3j. �N0 DY `Y T3I�3yY MRNU3ajna$�jCq3 �UUaR�,@ jR 3{3,jCq3 ,@Ca�I H�A
<a�N<C�Nc �N0 L3cRN CNj3a�,jCRNcY T@wcY `3qY H3jjY. 4z-k:9lĢk:99. SOO4Y

)f* DY �Y QII3a. 2Y Qc3j. �N0 DY `Y T3I�3yY K3cRN L3cRN CNj3a�,jCRN CN � NRNU3ajna$�jCq3 ,@Ca�I
�UUaR�,@Y T@wcY `3qY. /9O-ze:zzS. SOOOY )2aa�jnL- T@wcY `3qY/e9.zOOOzkVlzzeW*Y

)e* `Y ?Y /�ICjy �N0 bY 7Y in�NY � URccC$I3 a3cRN�Nj cj�j3 CN UCRNA@wU3aRN c,�jj3aCN<Y T@wcY

`3qY H3jjY. l-:l9Ģ:l4. SO9OY

)4* `Y ?Y /�ICjy �N0 bY 7Y in�NY i@3 U@3NRL3NRIR<C,�I 03c,aCUjCRN R8 KN a3�,jCRN UaR,3cc3cY
�NN�Ic T@wcY. Sz-kzeĢk9S. SOfzY

)O* MRa$3aj F�Cc3a. TY #Y bC3<3I. �N0 rY r3Cc3Y +@Ca�I 0wN�LC,c �N0 j@3 IRsA3N3a<w KN

CNj3a�,jCRNY Mn,IY T@wcY. �9O:-kl9Ģk:9. SOO9Y

SSl
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)Sz* 2Y Qc3j �N0 �Y `�LRcY MRNU3ajna$�jCq3 ,@Ca�I �UUaR�,@ jR s s�q3 K̄N CNj3a�,jCRNcY Mn,IY

T@wcY. �fk9-OOĢSlz. SOO4Y

)SS* mI8A;Y K3CŇN3a �N0 DY �Y QII3aY +@Ca�I nNCj�aw L3cRN $�awRN 0wN�LC,c CN j@3 Ua3c3N,3 R8
a3cRN�N,3c- 2I�cjC, UCRN Nn,I3RN c,�jj3aCN<Y Mn,IY T@wcY. �fek-kSSĢkk:. lzzzY

)Sl* 2$3a@�a0 FI3LUj �N0 �I3u�N03a x�Cjc3qY ;In3$�IIc. ?w$aC0c. KnIjC\n�aGcY 2uU3aCL3Nj�I
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