
unesp   UNIVERSIDADE ESTADUAL PAULISTA
“JÚLIO DE MESQUITA FILHO”

CAMPUS DE GUARATINGUETÁ

FÁBIO LÚCIO ALVES

O MODELO PADRÃO DAS INTERAÇÕES ELETROFRACAS: 
ASPECTOS FENOMENOLÓGICOS DO SETOR ESCALAR E SUA 

EXTENSÃO SUPERSIMÉTRICA

Guaratinguetá
2012



 !"#$ %&'#$ (%)*+

$ ,$-*%$ .(-/0$ -(+ #12*/(34*+ *%*2/$ /('(+5

(+.*'2$+  *1$,*1$%67#'$+ -$ +*2$/ *+'(%(/ * +8( *92*1+0$

+8.*/+#,:2/#'(

-;<<=>?@ABC @D>=<=E?@F@ G

 @HIJF@F= F= *EK=EL@>;@ FC

'@MDI< F= 7I@>@?;EKI=?NO

8E;P=><;F@F= *<?@FI@J .@IJ;<Q

?@O D@>@ @ CR?=EABC FC ?S?IJC

F= ,=<?>= =M  S<;H@T

$>;=E?@FC>5 .>CUT ->T  =>E@EFC %T F= 'T '@>P@JLC

7I@>@?;EKI=?N

VWXV



M838i
Alves, Fábio Lúcio 
      O Modelo Padrão das Interações Eletrofracas: aspectos 
fenomenológicos do setor escalar e sua extensão supersimétrica / Fábio 
Lúcio Alves – Guaratinguetá : [s.n], 2012.
      112 f : il. 
      Bibliografia: f. 111-112
     
      Dissertação (Mestrado) – Universidade Estadual Paulista, Faculdade de 
Engenharia de Guaratinguetá, 2012.
      Orientador: Prof. Dr. Fernando Luiz de Campos Carvalho

1. H 2. Teoria quântica de campos 3.  Aceleradores de partículas  I. 
Título

CDU 539.12(043)                                       





 ! "# $%&&'$%(!&)#

*+,'" (-$'" !(.)#

 !"#$%& '( )*+,*+)-.- / "0( 1!23( 4"1

5$3$!60( 789:8; !<=>?

@A!72!60( #B;?C D> @;8DB8EFC >: 3GH>IHG8JB;8 >: 5K?GH8 I8

58HB<D8D> D> &I9>IL8;G8 DC #8:MB? D> @B8;8JGI9B>JN D8

2IG=>;?GD8D> &?J8DB8< 18B<G?J8 OPQ<GC D> %>?RBGJ8 5G<LCO

1A&%$!6S&" 1;T:GC D> &UH><TIHG8 !H8DT:GH8 VW,))X

2 &"1 Y #8:MB? D> @B8;8JGI9B>JN

A>HCIL>HG:>IJC !H8DT:GHC ;><8JG=C 8C 8IC D> W,),

2 &"1 Y #8:MB? D> @B8;8JGI9B>JN

A>HCIL>HG:>IJC !H8DT:GHC ;><8JG=C 8C 8IC D> W,,-

2 &"1 Y #8:MB? D> @B8;8JGI9B>JN



 !" #$%&'$()*+

 !"#$%&' ()(*(#+,%)-% # .%/01 ' ,%/ "%23!(' ,#(0 0%!/"'1 ,()4# ()05("#&6' % 2'"&#

$(#)-% $#0 -"(7/+#&8%0 ,#(0 ()-%)0#09  -( 0%)4'"1 ' ,%/ :/(-' ;7"(!#$'9

• <'0-#"(# $% #!"#$%*%" # -'$# ,()4# 2#,=+(#1 %, %05%*(#+ # ,()4# #>?1 5'" -%" ,%

%)0()#$' # 5"'00%!/(" $(!)#,%)-% )# >($#

•  !"#$%&' #' ,%/ #,(!'0  )37(0 @#>'(# %  )$"A B(7%("' 5'" -'$#0 '0 *')0%+4'01
'5()(8%01 5#"*%"(#0 % ,',%)-'0 2%+(C%0 *',5#"-(+4#$'0 D/)-'09  !"#$%&' #'0 #,(!'0

 )$"A  ,#"#)-%1 E(+-') F#"+'01 F#"+'0 F'"')#$'1 :#"(%+# G05()(C#1  )!%+ H#0I/%C

%  /!/0-' F4/,7%0 5'" -'$# # #D/$# )# %+#7'"#&6' $%0-% -"#7#+4' % 5%+'0 ,',%)-'0

#!"#$J>%(0 >(>%)*(#$'09 <'0-#"(# $% #!"#$%*%" K #,(!# L#-(#)# F#"$'0' 5'" -'$'

#5'('1 #,(C#$%1 *')0%+4'0 % 5%+#0 *')-"(7/(&8%0 5#"# # "%#+(C#&6' $%00% -"#7#+4'9

•  '0 #,(!'0 $# ,'"#$(# %0-/$#)-(+ $# MEG@N1 #!"#$%&' #0 "(0#$#01 '0 #7"#&'01 '
*#"()4' % # -'"*($# 5'" -'$'0 '0 #)'0 %, I/% ,'"%( +J9 G05%"' I/% -'$'0 '0 I/%

5#00#"#, 5%+# ,()4# >($# )# ,'"#$(# %0-/$#)-(+ #+*#)*%, ' 0/*%00' % # 2%+(*($#$%9

 >'*O01 ' ,%/ :/(-' ;7"(!#$'P

•  !"#$%&' #' N"'29 Q%")#)$'1 ,%/ '"(%)-#$'"1 5'" -'$'0 '0 %)0()#,%)-'0 "%5#00#R
$'01 5%+#0 ()3,%"#0 4'"#0 $(05%)0#$#0 %, ,% %)0()#" % 5%+# !"#)$('0# 5#*(O)*(#9

<'0-#"(# $% #!"#$%*%" 5%+# #,(C#$% % *')0%+4'0 >#+('0'01 5'" ,% $#" %05%"#)&# %

5'" #*"%$(-#" #*"%$(-#" %, ,(,9 @/#0 *')-"(7/(&8%0 %/ +#>#"%( *',(!' 5#"# 0%,5"%1

)6' #5%)#0 '0 %)0()#,%)-'0 %, Q=0(*# L%?"(*#1 ,#0 '0 %)0()#,%)-'0 % %S5%"(O)R

*(#0 $% >($#1 %0-%0 I/% )6' #5"%)$%,'0 %, )%)4/, +(>"' '/ #"-(!'1 ,#0 >(>%)$' %

*',5#"-(+4#)$' )'00# >($# *', '/-"#0 5%00'#09

•  !"#$%&' #'0 ,%/0 5"'2%00'"%0 $# QG<TMEG@N1 %, %05%*(#+1 # N"'29 H#+A"(# 5%R

+'0 0J7('0 *')0%+4'0 % '5()(8%01 #'0 5"'2%00'"%0 U3+(' :#")V W'X1 :#"(0#1 F()$"#1

F'")%--(1 Y0#7%+1 W')$#1  +!#--( % # -'$'0 '0 '/-"'0 I/% $("%-# '/ ()$("%-#,%)-%

*')-"(7/("#, 5#"# ' ,%/ *"%0*(,%)-'9

•  !"#$%&' # -'$'0 '0 2/)*(')J"('0 $# QG<TMEG@N1 5%+# #-%)&6'1 *#"()4' % $(0R
5'0(&6'9 @6' %+%0Z  )# F"(0-()# [%,%1 N#-"=*(#1 QJ-(,#1 B%)#-#1 Q"#)*(0*'1 :#"(#

Y)O01 F'"( % $%,#(09 .% /, ,'$' ,#(0 #,5+' #!"#$%&' # -'$# # QG<TMEG@N1

5'" -'$'0 %00%0 #)'01 5'" -%" ,% "%*%7($' % -%" *')-"(7/($' 5#"# ' ,%/ *"%0*(,%)-'

5"'\00(')#+ % 5%00'#+9  ()0-(-/(&6'1 ' :GM :MYL; ;]BY< .;9

• <'0-#"(# $% #!"#$%*%" # -'$#0 #0 $%,#(0 5%00'#0 I/% ,% #5'(#"#, 5#"# # "%#+(C#&6'
$%0-% -"#7#+4'9  I/%+%0 I/% 5'" >%)-/"# %0I/%*( $% *(-#"1 )6' 0(!)(\*# I/% 06'

,%)'0 (,5'"-#)-%1 5'(0 -'$'0 -O, /, +/!#" "%0%">#$' %, ,%/ *'"#&6'9



 !"# "$%&%'() *)+"), *)- %.)/) 0% 1))$0#+%23) 0# 4.#$5#/2)%-#+") 0# 6#!!)%' 0# 789#'

:,.#$/)$ ;146 :<=



 ! "#$%& !'(!)*&+ ,  !-'. %*/0& "&%1+*&. %!-' &%*2#' ! %!-' ($#"!''#$!'3



 ! "#$# %#&'( #) %*)+,*"-,$*#) )+ ,+&./#%000 

12*#&3+ $. 4,.&.5



 !"#$ % &' !' !"#$%" &'#()" #'* +,-$('./$* 0%$-("1('2'*3 '*4$2-"* 1$,"5$,"%6789

2"* #" *$-"( $*2'%'( $ *:' $;-$,*)" *:4$(*85<-(82' = ()*(' **( +' ,-../012345 6/

7/.10265 8 &29:;626/ 6/ #<=/<>20-2 65 ?2@A:. 6/ B:2021-<=:/1C% D<-E/0.-626/ #.12F

6:2; G2:;-.12% B:2021-<=:/1C% ()*('

>$*:5"

H/.1/ 102I2;>5 /.1:62@5. 2.A/915. =/02-. 65 756/;5 G26045 1/<65 95@5 A0-<9-A2;

5IJ/1-E5 5 /.1:65 65 ./150 /.92;20 6/../ @56/;5' K<-9-2@5. 95@ 2. 1/50-2. 6/ =2:=/ /

@/92<-.@5 6/ L:/I02 /.A5<1M</2 6/ .-@/10-2% </9/..C0-5. A202 2 95@A0//<.45 6/../ ./150

65 @56/;5' G5.1/0-50@/<1/ /.90/E/@5. 2 ;2=02<=-2<2 65 756/;5 G26045% <5. 95<9/<F

102<65 <5 ./150 /.92;20 6/ +50@2 2 5I1/0 5. 295A;2@/<15. 65 IN.5< 6/ O-==. 2 +P0@-5<.

/ IN.5<. 6/ =2:=/' ,/1/0@-<2@5. 2. ;20=:02. 6/ 6/92-@/<15 / ./3Q/. 6/ 9>5L:/ A202

5. A059/..5. 6/ A056:345 / 6/.-<1/=02345 65 IN.5< 6/ O-==.' ?5@ 5 2A5-5 6/ 9N6-=5.

95@A:129-5<2-. 5I1-E/@5. 0/.:;1265. <:@P0-95. / 5. 95@A202@5. 95@ 5. 0/.:;1265. 0/F

9/<1/@/<1/ A:I;-9265. .5I0/ 2 A5..RE/; 6/.95I/012 65 IN.5< 6/ O-==.'

#.1:62@5. 2 /S1/<.45 .:A/0.-@P10-92 @2-. .-@A;/. 65 756/;5 G26045% 5 7$$7%

-<-9-2<65 95@ 5 @56/;5 6/ 65-. 6:I;/15. 6/ O-==.% 6/1/0@-<2@5. 5. 92@A5. 6/ O-==.

+R.-95. 62 1/50-2' #.90/E/@5. 2. ;2=02<=-2<2. 6/ -<1/02345 / /S102R@5. 5. 295A;2@/<15.

65. 92@A5. /.92;20/. 62 1/50-2' #.90/E/@5. 2. <5E2. ;20=:02. 6/ 6/92-@/<15.% @/<9-5F

<2<65 .:2 6-+/0/<32 95@ 0/;2345 25 756/;5 G26045' G50 T@% <5E2@/<1/ 95@ 2 :1-;-U2345

65. 9N6-=5. 95@A:1295<2-. / 95@ 5. 0/.:;1265. 5I1-65.% 2<2;-.2@5. 5. 6-+/0/<1/. 92.5. /

95@A202@5. 5. 0/.:;1265. A202 5 ./150 /.92;20 </:105 6/ 2@I5. 5. @56/;5.% -.15 P% 756/;5

G26045 / 756/;5 G26045 7R<-@5 $:A/0.-@P10-95'

&?@?A>?B9CD?A03 756/;5 G26045 % 756/;5 G26045 7R<-@5 $:A/0.-@P10-95 % VNF

.5< 6/ O-==.'



 !"#$% &' !'  !" #$%&'%(' )*'"+ *, "+"-$(*."%/ 0&$"(%-$0*&1 2 3!"&*4"&*+*56

0-%+ %13"-$1 *, $!" 1-%+%( 1"-$*( %&' 0$1 173"(1844"$(0- "9$"&10*&' ()*(' **( +'

,-./01 2345.67.8 9 &-7:;<-<0 <0 #=>0=4-16- <? @-AB:. <0 C:-1-/6=>:0/D% E=6F01.6<-<0

#./-<:-; 3-:;6./-% C:-1-/6=>:0/D% ()*('

:;1$(%-$

G0 4-F0 ./:<60< >0=01-; -.B07/. ?+ /40 $/-=<-1< ,?<0;% +?7:.6=> ?= /40 .7-;-1 .07/?1

?+ /46. A?<0;' G0 4-F0 ./-1/0< H6/4 >-:>0 /40?160. -=< .B?=/-=0?:. I1?J0= .5AA0/15

A074-=6.A% +:=<-A0=/-;. +?1 :=<01./-=<6=> /40 .7-;-1 .07/?1 ?+ /40 A?<0;' G0 4-F0

H16//0= /40 $/-=<-1< ,?<0; ;->1-=>6-=% ?I/-6=0< /40 7?:B;6=>. ?+ /40 K6>>. I?.?=. /?

+01A6?=. -=< >-:>0 I?.?=.' G0 4-F0 <016F0< /40 <07-5 H6</4 -. H0;; -. /40 71?.. .07/6?=.

+?1 B1?<:7/6?= -=< <07-5 ?+ K6>>. I?.?=.' G0 4-F0 ?I/-6=0< =:A0167-; 10.:;/. :.6=> +?1L

/1-= 7?<0.' G0 4-F0 ./:<60< /40 .6AB;0./ 0M/0=.6?= ?+ /40 $/-=<-1< ,?<0;% /40 ,$$,%

./-1/6=> H6/4 /40 /H? K6>>. <?:I;0/. A?<0;' G0 4-F0 <016F0< /40 B45.67-; K6>>. ?+ /40

/40?15 -=< H16//0= /40 6=/01-7/6=> ;->1-=>6-= -. H0;; -. /4061 7?:B;6=>. ?= /40 /40?15'

N40 =0H <07-5 H6</4 ?+ /40 =0:/1-; @3L0F0= .7-;-1. 6. H16//0=% -=< /40 =:A0167-; 10.:;/.

+?1 /46. 7-.0 6. :.0< /? 7?AB-10 /40 K6>>. I?.?= ?+ /40 $/-=<-1< ,?<0; H6/4 /40 =0:/1-;

@3L0F0= K6>>. I?.?=. ?+ /40 ,$$,'

<=>?@AB#2 $/-=<-1< ,?<0; %,6=6A-; $:B01.5AA0/167 $/-=<-1< ,?<0; % K6>>. O?L

.?='



 !"#$ %& '!()*$"

 !" #$%&'()*+ ,-φ. /*0* µ2 > 0 & λ > 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "1

 ! #$%&'()*+ ,-φ. /*0* µ2 < 0 & λ > 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "1

 !2 345&0$6 789'%)($6 *66$()*:$6 *$6 +;/%$'6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  2

 !< 345&0$6 789'%)($6 *66$()*:$6 *$6 78*0=6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  <

2!" >)*?0*5* :& @&A'5*' B)??6CD;05)$' & ($'6%*'%& :& *($/+*5&'%$! ! ! ! ! ! 2"

2! >)*?0*5* :& @&A'5*' B)??6CW±
& ($'6%*'%& :& *($/+*5&'%$! ! ! ! ! ! ! ! 2"

2!2 >)*?0*5* :& @&A'5*' B)??6CZ0
& ($'6%*'%& :& *($/+*5&'%$! ! ! ! ! ! ! ! ! 2"

2!< E8%$C)'%&0*FG$ :$ HI6$' :& B)??6J K'%&0*FG$ (4H)(*! ! ! ! ! ! ! ! ! ! ! ! ! ! 2 

2!L E8%$C)'%&0*FG$ :$ HI6$' :& B)??6J K'%&0*FG$ M8N0%)(*! ! ! ! ! ! ! ! ! ! ! ! 2 

2!1 >)*?0*5* :& @&A'5*'J H → V V ∗
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2O

2!P >)*?0*5* :& @&A'5*'J H → V ∗V ∗
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! <2

2!O >)*?0*5* :& @&A'5*'J H → γZ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! <1

2!Q >)*?0*5* :& @&A'5*'J H → γ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! <O

2!"R >)*?0*5* :& @&A'5*'J H → γγ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! LR

2!"" S*0?80* %$%*+ :$ HI6$' :& B)??6 ($5$ D8'FG$ :* 68* 5*66*! E )':)(*FG$

'* T?80* 0&/0&6&'%* * 5*66* :$ /0$UNU&+ HI6$' :& B)??6 $H6&0U*:$ '$ SBV! L"

2!" W$:$6 :& :&(*)5&'%$6 :$ HI6$' :& B)??6J X0*'(Y)'? 0*%)$6 ($5$ D8'FG$

:* 68* 5*66*! E )':)(*FG$ '* T?80* 0&/0&6&'%* * 5*66* :$ /0$UNU&+ HI6$'

:& B)??6 $H6&0U*:$ '$ SBV! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! L 

2!"2 >)*?0*5* :& @&A'5*'J qq̄ → V + H! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! L<

2!"< >)*?0*5* :& @&A'5*'J qq → V ∗V ∗ → qq + H! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! L<

2!"L >)*?0*5* :& @&A'5*'J gg → H! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! LL

2!"1 >)*?0*5* :& @&A'5*'J ??Z qq → QQ + H! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! LL

2!"P >)*?0*5* :& @&A'5*' :* /0$:8FG$ :$ HI6$' :& B)??6 * /*0%)0 :* D86G$

:& HI6$'6 U&%$0)*)6! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! LL

2!"O >)*?0*5* :& @&A'5*' Z0
($5 $6 D;05)$'6 & 0&6/&(%)U$ *($/+*5&'%$! ! ! ! L1

2!"Q [&F\&6 :& (Y$78& /*0* * /0$:8FG$ :$ HI6$' :& B)??6 /*0* &'&0?)* :$ (&'%0$

:& 5*66* :& P]&,! E )':)(*FG$ '* T?80* 0&/0&6&'%* * 5*66* :$ /0$UNU&+

HI6$' :& B)??6 $H6&0U*:$ '$ SBV! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1"

Q



 !"# $%&'%( )% *+,-.% /010 0 /1,).&2, ), 34(,5 )% 6788( /010 %5%1870 ), *%591,

)% :0((0 )% ;<=%>! ? 75)7*0&2, 50 @8.10 1%/1%(%590 0 :0((0 ), /1,ABA%C

34(,5 )% 6788( ,3(%1A0), 5, D6E! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F"

<!; G0((0 ), 34(,5 )% 6788( C%A% H+I % /0(0), H6I *,:, J.5&2, )0 :0((0 ),

34(,5 )% 6788( /(%.),%(*0C01 /010 ),7( A0C,1%( )7J%1%59%( )% tan β Htan β =

3, 30I! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! KF

<!" G,),( )% )%*07:%59, /010 .: 34(,5 )% 6788( C%A% /010 tan β = 3! ! ! ! ! LF

<! G,),( )% )%*07:%59, /010 .: 34(,5 )% 6788( /%(0), /010 tan β = 3! ! ! ! LK

<!< G,),( )% )%*07:%59, /010 .: 34(,5 )% 6788( C%A% /010 tan β = 30! ! ! ! ! LL

<!M G,),( )% )%*07:%59, /010 .: 34(,5 )% 6788( /%(0), /010 tan β = 30! ! ! LN

<!F $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( C%A% /010 tan β = 3! N 

<!K $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( /%(0), /010

tan β = 3! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! N<

<!L $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( C%A% /010 tan β = 30! NM

<!N $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( /%(0), /010

tan β = 30! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! NF

<!;# $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( C%A% /010 tan β = 3! NK

<!;; $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( /%(0), /010

tan β = 3! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! NL

<!;" $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( C%A% /010 tan β = 30! NN

<!; $%&'%( )% *+,-.% /010 0 /1,).&2, )% .: 34(,5 )% 6788( /%(0), /010

tan β = 30! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;##

F!; O%810 )% P%Q5:05 /010 ,( JR1:7,5(! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;#<

F!" O%810 )% P%Q5:05 /010 ,( 0597JR1:7,5(! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;#<

F! O%/1%(%590&2, )70810:B97*0 )0 C75+0 759%150 J%1:7S57*0 H/1,/080),1I % 0

1%(/%*97A0 %T/1%((2, :09%:B97*0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;#<

F!< O%/1%(%590&2, )70810:B97*0 ), /1,/080),1 ), J49,5 % (.0 1%(/%*97A0 %TU

/1%((2, :09%:B97*0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;#M

F!M V70810:0 )% P%Q5:05 /010 , AR197*%! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;#M

F!F V70810:0 )% P%Q5:05 H → ff̄ % 1%(/%*97A0 *,5(9059% )% 0*,/C0:%59,! ! ;#F



 !"#$%&

 !"#$%&'()% *

+ , -%&./% 01&$)%  2

 !" #$%&'() *$ +(,-$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ""

 ! .,$/&( 0)1%2342$( *$ 5'6$3&'( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "7

 ! !" 8 9$:(2')6% *$ +%;*)3%2$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "7

 ! ! 8 9$:(2')6% *$ <'--) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "=

 !> ? @(-&(2-'(2( *% 9%*$;% A(*&B% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  C

3 0$%4.55%5 &. 6.4178."#% . 0$%&'()% &% 9:5%" &. ;7<<5 32

>!" D$:('6$23%) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! >C

>!"!" D$:('6$23% $6 EF&6'%2) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! > 

>!"! D$:('6$23% $6 GH)%2) *$ +(,-$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! >I

>!"!> D$:('6$23% H → V V ∗
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! >=

>!"!7 D$:('6$23% H → V ∗V ∗
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7>

>!"!I D$:('6$23% H → γZ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7I

>!"!J 8 D$:('6$23% 82K5L$;; H → γZ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7J

>!"!M 8 D$:('6$23% 8NK5L$;; H → γZ∗
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7=

>!"!= 8 D$:('6$23% 8NK5L$;; H → γγ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7O

>! P$),;3(*%) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! I"

>!> A&%*,QB% *% GH)%2 *$ <'--) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! I>

>!>!" A&%:$))% *$ R,)B% *$ GH)%2) S$3%&'(') ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! II

>!>! A&%*,QB% ?))%:'(*( :%6 TUV W<'--)K)3&(L;,2-X ! ! ! ! ! ! ! ! ! ! JC

>!7 P$),;3(*%) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! JC

""



 !

 ! "#$%& '( )*++$ (, ,%'(-%$ $./(0$*,120*3%$ 45

"# $%&'(% &' &%)* &+,('-%* &' .)//* # # # # # # # # # # # # # # # # # # # # # # # 0"

"#! 1 2'-%3 &' .)//* 4% $%&'(% $54)6% 2+7'3*)68-3)9% # # # # # # # # # # # # # 0:

"#; <4-'3=>?'* &%* @A*%4* &' .)//* # # # # # # # # # # # # # # # # # # # # # # # # B0

"#;# <4-'3=>C% 9%6 ,A*%4* &' D=+/' # # # # # # # # # # # # # # # # # # # # B:

"#;#! <4-'3=>C% 9%6 E836)%4* # # # # # # # # # # # # # # # # # # # # # # # # # : 

"#;#; F+-%G=9%7(=6'4-% &%* ,A*%4* &' .)//* # # # # # # # # # # # # # # # # :;

"#" H=3/+3= &' &'9=)6'4-% &%* ,A*%4* &' .)//* IJG7=3 &% $%&'(% $54)6%

2+7'3*)68-3)9% # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # :"

"#"# K'9=)6'4-% &% ,A*%4 &' .)//* ('L' '6 E836)%4*MH0
1 −→ ff̄ # # # # :"

"#"#! K'9=)6'4-% &% ,A*%4 &' .)//* 7'*=&% '6 E836)%4*M H0
2 −→ ff̄ # # :"

"#"#; K'9=)6'4-% &% ,A*%4 &' .)//* ('L' '6 ,A*%4* &' D=+/'M H0
1 −→ V V ∗

:N

"#"#" K'9=)6'4-% &% ,A*%4 &' .)//* 7'*=&% '6 ,A*%4* &' D=+/'MH0
2 −→

V V ∗
# # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # :N

"#N O'*+(-=&%* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # :N

"#N# H=3/+3=* &' &'9=)6'4-% # # # # # # # # # # # # # # # # # # # # # # # # :0

"#N#! 2'>?'* &' IP%Q+' # # # # # # # # # # # # # # # # # # # # # # # # # # # # R!

6 7%&$*'(089:($ ;*&8*$ <=<

4 >/?&'*3( <=5

0# I%4*-3+>C% &= $=-3)S <4L=3)=4-' # # # # # # # # # # # # # # # # # # # # # # # #  T;

0#! H=3/+3= &' K'9=)6'4-% # # # # # # # # # # # # # # # # # # # # # # # # # # # # #  T0

@(A(0?&3*8$ "*"-*%+0BC38$ <<<



 !"#$%&' (

)*$+',%-.'

 !"# "$%&%'() &%!#*%+!# ,) #!"-.) .# %'/-,! %!0#1")! .) &2!), .# 3*//!4 #!1%'%$ 0$#5*!")

0#') 6).#') 7%.$8)9 : *;0)$"<,1*% .) &2!), .# 3*//! #!"= %!!)1*%.% .*$#"%;#,"# >

/#$%?8) .# ;%!!% .%! 0%$"@1-'%! #'#;#,"%$#! #A*!"#,"#! ,% ,%"-$#B% C-#4 .# %1)$.) 1); )

6).#') 7%.$8)4 !# .= 0#'% C-#&$% #!0),"<,#% .# !*;#"$*% ')1%'4 ) #,"8) 1(%;%.) 6#1%,+

*!;) .# 3*//!9 D; ;).) .# #,"#,.#$ 1);) )1)$$# #!!# /#$%?8) .# ;%!!% E 0#,!%$ ,)

1%;0) .# 3*//!4 -; 1%;0) F-,.%;#,"%' G) #!"%.) .# #,#$/*% ;@,*;% .#!"# 1%;0) )1)$$#

0%$% -; 5%')$ .*!"*,") .# B#$)H4 0#$;#%,.) ").) ) -,*5#$!) # )&!#$5%$ 1);) %! .*F#$#,"#!

0%$"@1-'%! *,"#$%/#; 1); #'#9 :! 0%$"@1-'%! C-# !8) &%!"%,"#! I!#,!@5#*!I> !-% 0$#!#,?%

0)!!-#; ;%*)$ ;%!!% #,C-%,") %C-#'%! C-# !)F$#; 0)-1) !#-! #F#*")! "J; ;%!!%! 0#C-#+

,%!9 :"E ) 0$#!#,"# %,)4 ,8) !# (%5*% )&!#$5%.) #A0#$*;#,"%';#,"# ) &2!), .# 3*//! ,)!

/$%,.#! %1#'#$%.)$#!4 1),!"$-@.)! 1); )&K#"*5) .# !-% .#"#1?8) # 5#$*L1%?8) .# )-"$)!

%!0#1")! "#2$*1)! .) 6).#') 7%.$8)9  $% #!"*;%.) C-# % !-% ;%!!% .#5#$*% !# #,1),"$%$

#; -;% #!1%'% .# #,#$/*% .# MMN O#P9 Q#!"# %,)4 ,) R3S GR%$/# 3%.$), S)''*.#$H ,)

S TQ4 F)* .#!1)&#$"% -;% 0%$"@1-'% C-# "#; 1%$%1"#$@!"*1%! C-# !# %!!#;#'(%; > 0$)+

0)!"% ,% "#)$*%4 1-K% ;%!!% ;#.*.% #!"= 0$2A*;% .# MUV O#P9 6-*")! "#!"#! 1),"*,-%; %

!#$ $#%'*B%.)! 0%$% % 1),L$;%?8) .#!"% 0%$"@1-'% 1);) !#,.) ) &2!), .# 3*//!9

W 1),(#1*;#,") .#"%'(%.) .% ;%"E$*% !# ")$,)- 0)!!@5#' %"$%5E! .) #;0$#/) # .#!#,+

5)'5*;#,") .# %1#'#$%.)$#! .# 0%$"@1-'%! G) R3S % ;%*)$ ;=C-*,% %"E #,"8) 1),!"$-@.%4

1-K) F-,1*),%;#,") 0).# %"*,/*$ /$%,.#! 5%')$#! .# #,#$/*% # ,)! 0)!!*&*'*"%$= )&"#$ $#!-'+

"%.)! !-$0$##,.#,"#!4 *,1'-*,.) % 0)!!@5#' .#!1)&#$"% .) &2!), .# 3*//!H9 W! 0$*,1*0%*!

#A0#$*;#,")! C-# *,1'-#; % &-!1% 0#') &2!), .# 3*//! !8)X W :YR:Z G: Y)$)*.%' R3S

:00%$%"-!H # ) S6Z GS);0%1" 6-), Z)'#,)*.H9 :"$%5E! .#!"#! #A0#$*;#,")!4 0).#$= !#

)&!#$5%$ )! 0$)5=5#*! .#1%*;#,")! # 0$)1#!!)! .# 0$).-?8) .) &2!), .# 3*//!9 Q) 1%!)

.)! $#!-'"%.)! #A0#$*;#,"%*! $#1#,"#;#,"# 0-&'*1%.)! !)&$# % 0)!!@5#' .#"#1?8) .) &2+

!), .# 3*//! )! 1%,%*! 1),!*.#$%.)! F)$%; )! .#1%*;#,")! #; .)*! F2"),! .# %'"% #,#$/*%

G1),!*.#$%.) -;% .%! %!!*,%"-$%! ;%*! 1'%$%! # !#; #5#,")! .# F-,.)H # ) .#1%*;#,") .#

-; &2!), .# 3*//! #; [ 'E0"),! \U]^4 C-# 0)!!*&*'*"%$%; % !-% 0)!!@5#' .#!1)&#$"%9



 

! "#$%&'(" )%*&% &+,#,-." /0 , 1,+&'+ )"* %*&2)"* )"* 1+"3%**"* )% )%3,'4%5&" % ),

*%67" )% 3."82% )% 1+")267" )" #9*"5 )% :';;*0 +%,-'<,+ 24, 3"41,+,67" 3"4 "* 1+"3%*=

*"* 5" >")%-" ?,)+7" % 5" >")%-" >@5'4" A21%+*'4/&+'3"0 4%53'"5,5)" "* +%*2-&,)"*

%B1%+'4%5&,'* +%3%5&%4%5&% 12#-'3,)"*C

D" 3,1@&2-" E0 )%*3+%(%+%4"* "* 1+'53'1,'* ,*1%3&"* )" >")%-" ?,)+7"0 &,'* 3"4"

,* &%"+',* )% ;,2;% % "* 4%3,5'*4"* )% ;%+,67" )% 4,**,C F4 *%;2'), ,1+%*%5&,+%4"*

, -,;+,5;',5, )" >")%-" ?,)+7" % "#&%4"* "* 1+'53'1,'* ,3"1-,4%5&"*C D" 3,1@&2-" G0

)%*3+%(%+%4"* "* 4")"* )% )%3,'4%5&" % 1+")267" )" #9*"5 )% :';;* 5" >")%-" ?,)+7"0

%B1-'3'&,5)" "* ,3"1-,4%5&"*0 )%&%+4'5,5)" ,* +%*1%3&'(,* -,+;2+,* )% )%3,'4%5&" % *%6H%*

)% 3."82%C

D" 3,1@&2-" I0 )%*3+%(%+%4"* #+%(%4%5&% ,-;24,* 3,+,3&%+@*&'3,* )" #9*"5 )% :';;*

%4 4")%-"* *21%+*'4/&+'3"*0 '5'3',5)" 3"4 " 4")%-" )% )"'* )2#-%&"* )% :';;* % 1"*&%=

+'"+4%5&% )%*3+%(%+%4"* "* ,3"1-,4%5&"* 1,+, " 3,*" *21%+*'4/&+'3"C J"41,+,+%4"* "*

+%*2-&,)"* )"* 1+"3%**"* ,**"3',)"* ," #9*"5 )% :';;* 5" >")%-" ?,)+7" % 5" >")%-"

>@5'4" A21%+*'4/&+'3"C K'*32&'+%4"* ,* )'L%+%56, %5&+% ,* *%6H%* )% 3."82%0 #%4 3"4"

,1+%*%5&,+%4"* "* +%*2-&,)"* )" 82% 1")% *%+ " *'5,- ,**"3',)" ," #9*"5 )% :';;*C

?"+ M40 5" 3,1@&2-" N0 ,1+%*%5&,+%4"* ,* 3"5*')%+,6H%* M5,'* )%*&% &+,#,-."C



 !"#$%&' (

) *'+,&' -!+./'

 !"#$%" &'#()" #'* +,-$('./$* 0%$-("1('2'* 3 45' -$"(6' 74$ #$*2($8$ '* 9'(-:24%'*

$%$5$,-'($* $ " 5"#" 2"5" 6,-$(';$5< 0*-' -$"(6' 3 2",*6#$('#' 45' #'* 5$%="($*

74$ 9"**4:5"*> 9"6* ' 5'6"( 9'(-$ #$ *4'* 9($#6./$* 1"6 8$(6?2'#' $@9$(65$,-'%5$,-$

ABC< D$**$ 5"#$%"> '* 9'(-:24%'* $%$5$,-'($* *)" ';(49'#'* *$;4,#" 2(6-3(6"* #' 1:*62'

$*-'-:*-62'> $5 #"6* ;(49"*E "* 13(56",* $ "* FG*",*<  * 13(56",* *)" 9'(-:24%'* 74$

*$;4$5 ' $*-H-6*-62' #$ I$(56JK6('2> *)" 9'(-:24%'* 74$ 9"**4$5 *96, *$56J6,-$6("<  *

FG*",* *)" 9'(-:24%'* #$*2(6-'* 9$%'* $*-'-:*-62' #$ L"*$J06,*-$6, $ #$**' 1"(5' -M5 *96,

6,-$6("<

N $*-(4-4(' #' 5'-3(6' 74$ 2",=$2$5"* 3 F'*62'5$,-$ 1"(5'#' 9$%"* 13(56",*< 0*-$

;(49" 9"#$ *$( #686#6#"> 9"( *4' 8$O> $5 74'(P* $ %39-",*<  * %39-",* *)" $5 45 ,Q5$("

#$ *$6* $ ';(49'#"* $5 -(M* 1'56%:'*E " $%3-(", Re−S> " 5Q", Rµ−
S> " -'4 Rτ−

S $ "* *$4*

($*9$2-68"* ,$4-(6,"* νe> νµ $ ντ <  * 74'(P* 9"( *4' 8$O -'5F35 *)" $5 *$6* $ -'5F35

*)" ';(49'#"* $5 -(M* 1'56%:'*E 49 R4S> #"T, R#S> *-(',;$ R*S> 2='(5 R2S> F"--"5 RFS $ "

-"9 R-SAU> VC<W"#"* "* 13(56",* 26-'#"* ,)" 9"**4$5 $*-(4-4(' 6,-$(,'<

N" 2",-(H(6" #"* %39-",* $ 74'(P* 74$ ,)" 9"**4$5 $*-(4-4(' 6,-$(,'> $@6*-$5

9'(-:24%'* 74$ *)" 2",*-:-46#'* #$ 74'(P*> 2",=$26#'* 2"5" =H#(",*<  * =H#(",* *)"

2%'**6?2'#"* $5 FH(6",* $ 53*",*< LH(6",* *)" 9'(-:24%'* 2",*-6-4:#'* #$ -(M* 74'(P* "4

-(M* ',-674'(P* $,74',-" "* 53*",* *)" 9'(-:24%'* 1"(5'#'* 9"( 45 74'(P $ 45 ',-6J

74'(P< X"5" $@$59%" #$ FH(6",* 9"#$J*$ 26-'( "* 9(G-",* $ "* ,M4-(",*> ",#$ " 9(G-", 3

2",*-6-4:#" 9"( #"6* 74'(P* 49 $ 45 74'(P #"T, $ "* ,M4-(",* 2"59"*-"* 9"( #"6* 74'(P*

#"T, $ 45 74'(P 49< Y4',-" ' $@$59%"* #$ 53*",* 9"#$5"* 26-'( " 9:",> 1"(5'#" 9"(

45 74'(P 49 $ ',-674'(P #"T, $ " Z[&*6 2",*-6-4:#" 9"( 45 74'(P 2='(5 $ 45 ',-674'(P

2='(5<

 !"#$%" &'#()" -'5F35 6,2%46 '* 6,-$('./$* $,-($ 9'(-:24%'*> ," 2'*"> '* 6,-$('./$*

$%$-("5';,3-62' $ 1('2' R$ 1"(-$S< N 6,-$('.)" ;('86-'26",'% ,)" 3 #$*2(6-' 9$%" !"#$%"

&'#()"< &"#$5"* $,-$,#$( ' 6,-$('.)" $,-($ '* 9'(-:24%'* 9$%' -("2' #$ 9'(-:24%'* 5$J

#6'#"('*> 2='5'#"* #$ FG*",* 6,-$(5$#6H(6"*> 2"5 *96, 6,-$6("< N* 6,-$('./$* #$*2(6-'*

B\



  

!"#$ %$&"#$ '(&)*$ +,- $. ."/012+". 34.$2. -"&1(&$)".5 $ 64+$2 7γ8 !()( ( 12+")(9*$

"#"+)$-(/2:+1;(< $. 7W±
8 " 7Z0

8 !()( (. 12+")(9*$ 6)(;( " $. /#=$2. 7/8 !()( ( 12+")(9*$

6$)+">

? 6$)-0#(9*$ -(+"-@+1;( &$ %$&"#$ '(&)*$ : )"(#1A(&( (+)(B:. &" 0-( +"$)1( C0D2E

+1;( &" ;(-!$. 7;$2.1.+"2+" ;$- ( +"$)1( &" ;(-!$.< -";D21;( C0D2+1;( " )"#(+1B1&(&"

".!";1(#8 (..$;1(&( F. +"$)1(. &" /(0/"> ?. +"$)1(. &" /(0/" .*$ ;$2G02+$. &" +"$)1(.

(..$;1(&(. (. +)(2.6$)-(9H". &" .1-"+)1(. /#$3(1. " #$;(1.>

 !" #$%&'() *$ +(,-$

?. .1-"+)1(. ."-!)" 6$)(- )".!$2.@B"1. !"#$ &"."2B$#B1-"2+$ &(. +"$)1(. 6I.1;(.< "- ".E

!";1(# ( 6I.1;( &" !()+I;0#(. C0" 6(A 0- 0.$ "J+"2.$ &".+(. +)(2.6$)-(9H". &" .1-"+)1(>KLM>

?;)"&1+(E." C0" +$&(. (. 12+")(9H". "2+)" (. !()+I;0#(. !$&"- .") "J!)"..(. !$) -"1$

&(. ;N(-(&(. .1-"+)1(. &" /(0/" #$;(1. C0" !$) .0( B"A ".+*$ )"#(;1$2(&(. ( C0(2+1&(&".

6I.1;(. ;$2.")B(&(.< ;$-$ "J"-!#$ ( ;()/( "#:+)1;(< ;$) " "+; KOM> P Q"$)"-( &" R$"+N")

".+@ &1)"+(-"2+" )"#(;1$2(&$ F. C0(2+1&(&". ;$2.")B(&(.>

P "202;1(&$ &".+" +"$)"-( &1A C0" ." 0-( (9*$ : 12B()1(2+" .$3 0- /)0!$ &" +)(2.E

6$)-(9H".< "2+*$ &"B" "J1.+1) 0-( $0 -(1. C0(2+1&(&". ;$2.")B(&(.< +(-3:- ;N(-(&(.

;$2.+(2+". &" -$B1-"2+$< (..$;1(&(. ( ".+(. +)(2.6$)-(9H".> S" 0-( 6$)-( -(1. &1)"+(<

.1-"+)1(. ;$))".!$2&"- F. #"1. &" ;$2.")B(9*$ " B1;"EB").(>

S".." -$&$< +"-$. &$1. 1-!$)+(2+". +1!$. &" .1-"+)1(. 12+")2(. 7+)(2.6$)-(9H".

C0" 2*$ -1.+0)(- ;(-!$. ;$- !)$!)1"&(&". ".!(9$E+"-!$)(1. &16")"2+".85 (. .1-"+)1(.

/#$3(1. " (. .1-"+)1(. #$;(1.>

?. .1-"+)1(. /#$3(1. .*$ +)(2.6$)-(9H". ;$2+I20(. C0"  !" #$%$ #$& &(. ;$$)&"E

2(&(. &$ ".!(9$E+"-!$> T$-$ "J"-!#$. +"-$.5 $ /)0!$ &" .1-"+)1( &" 1.$.!12 SU(2)< $

/)0!$ &" .1-"+)1( &" .(3$) SU(3) " "+;>

T$2.1&")"-$. $ /)0!$ U7 8 7;$2G02+$ &" 2=-")$. ;$-!#"J$. ;$- -4&0#$ 021+@)1$8

C0" ".+@ (..$;1(&$ ( )$+(9H". /#$3(1.> '()( 0-( &(&( 6(." KVM

Ψ → exp(iα)Ψ, 7W> 8

$ ;(-!$ Ψ .$6)" 0-( +)(2.6$)-(9*$ &" )$+(9*$ !()(-"+)1A(&( !$) 0-( 6(." α< C0" : (

-".-(< !()( +$&$. $. !$2+$. &$ ".!(9$E+"-!$< $0 ."G(< 0-( 6(." /#$3(#>

?. .1-"+)1(. #$;(1. ".+*$ (..$;1(&(. ($ 6(+$ &$ !()D-"+)$ ;$2+I20$ α #$%$ #$' #()

*""'#$ (#() #" $)%(+",-$&%" &" 0-( 6$)-( ()31+)@)1(> XJ"-!#$. &".+( .1-"+)1(. .*$5 $

/)0!$ &" .1-"+)1( &( 12+")(9*$ "#"+)$-(/2:+1;( U(1)em " $ /)0!$ &" .1-"+)1( &" 1.$.!12

6)(;$ SU(2)L> T$- 3(." 2( 1&"1( &".;)1+( (2+")1$)-"2+" !$&"E." &1A") C0" +"$)1(. C0"

.*$ 12B()1(2+". 6)"2+" ( +)(2.6$)-(9H". #$;(1. .*$ &"2$-12(&(.< 2( #12/0(/"- ;$))"2+"<



 !

"#$#  !"#$%& '! (%)*!% &'()' (*#+,)' *'(-# +*.)",#/)0)' )# 1+,/"23,# 0* 4)56* 789: "5;#

"#/(*<0# '*+= 0*'*/>#.>,0# ) '*65,+%

?#/',0*+* Ψ '*/0# 5$ *'()0# @2',"# 0*'"+,(# 3#+ 5$) .)6+)/6,)/) L A5* B ,/>)+,)/(*

'#C 5$ 6+53# 0* (+)/'@#+$)DE*' 4% ?#$ ) 3+#$#D-# 0) (+)/'@#+$)D-# 6.#C). ) (+)/'F

@#+$)D-# .#").: 5$ ,$3#+()/(* )'3*"(# B +*>*.)0#% G (*#+,) A5* #+,6,/).$*/(* *+) .,>+*

'* (+)/'@#+$) *$ 5$) (*#+,) ,/(*+)6*/(*% H $#0# 0* '* #C(*+ ) ,/>)+,I/",) 0) (*#+,)

'#C (+)/'@#+$)DE*' .#"),' '* 0= 3*.) ,/(+#05D-# 0* /#>#' ")$3#' JCK'#/' >*(#+,),'L #'

"M)$)0#' ")$3#' 0* 6)56*: A5* ,/(*+)6*$ "#$ # ")$3# Ψ 0* 5$) $)/*,+) ,/>)+,)/(* 0*

6)56*% H /<$*+# 0* ")$3#' 0* 6)56* * ) @#+$) 3)+(,"5.)+ 0*'()' @#+$)' ,/>)+,)/(*' 0*

6)56* 0*3*/0* 0* 3)+(,"5.)+,0)0*' 0# 6+53# 0* ',$*(+,) 4% +%$& ,#!-$&%.!/0!1 " /2.!#"

'! -%.,"& '! 34&"/& '! *%)*! %&&"-$%'"& 5 $*)%6 %" /2.!#" '! *!#%'"#!& '" *#)," '!

&$.!0#$% (7

&N*$3.#O ?#/',0*+* ) @#+$) .#"). 0* J!% L: ,'(# B:

Ψ → exp(iα(x))Ψ, J!%!L

#/0* ) @)'* α 0*3*/0* 0* ")0) 3#/(# 0# *'3)D#F(*$3# x ≡ xµ% ?#/',0*+)$#' # 6+53#

0* ',$*(+,) U(1): A5* 3#''5, )3*/)' 5$ 6*+)0#+: )# A5). '* )''#",) 5$ ")$3# 0* 6)56*:

A5* B # $*0,)0#+ 0) ,/(*+)D-#%

1)+) # 6+53# SU(N) (*$#' N2 − 1 6*+)0#+*' * "#++*'3#/0*/(*$*/(* # $*'$#

/<$*+# 0* CK'#/' 0* 6)56*%

P# ")'# 0# 1+,/"23,# 0* 4)56*: "#/',0*+* # ")$3# *'3,/#+,). 0* Q,+)" 0* $)'') m:

'3,/

1
2
* ")+6) qe% G .)6+)/6,)/) A5* 0*'"+*>* *'(* ','(*$) @2',"# B 789

L = ψ̄(i∂µγ
µ − m)ψ. J!%RL

1#0*$#' $#'(+)+ A5* *'() (*#+,) B ,/>)+,)/(* '#C (+)/'@#+$)DE*' 6.#C),' SJ L: )

A5). )(5) '#C+* #' ")$3#' * '5)' 0*+,>)0)' 0) '*65,/(* @#+$)O

ψ → exp(iqθ); ψ̄ → exp(−iqθ);

∂µψ → exp(iqθ)∂µψ, J!%TL

#/0* ) @)'* 6.#C). /*'(* ")'# B qθ * # 3)+I$*(+# "#/(2/5# 0) (+)/'@#+$)D-# B θ% ?#$# >,'(#

)/(*+,#+$*/(*: ,/>)+,I/",)' "#/05U*$ ) A5)/(,0)0*' "#/'*+>)0)' JV*#+*$) 0* P#*(M*+L%

W*+*$#' # A5* )"#/(*"* A5)/0# )' (+)/'@#+$)DE*' 0* @)'* '-# .#"),': ,'(# B: 0*3*/F
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"#$ "%& '(()"#*%"%& #&+%,(-.#$+()%/&0 1#&.# $("(2

ψ → exp(iqθ(x)); ψ̄ → exp(−iqθ(x));

∂µψ → exp(iqθ(x))∂µψ + iq(∂µθ(x)) exp(iqθ(x))ψ, 34056

'($ #&.% .)%*&7()$%,8( 9 +(&&:;#< $(&.)%) =># % <%?)%*?/%*% "#/@% "# &#) /*;%)/%*.#A "#

34056 ;#$(& =># #&.% *8(-/*;%)/B*'/% #&.C %&&('/%"% %( 7%.( "# ∂µψ *8( &# .)%*&7()$%)

'($( ψ0 D%)% %&&#?>)%) % /*;%)/B*'/% >./</E%)#$(& ( D)/*':+/( "# F%>?#2 =># '(*&/&.# #$

/*.)(">E/) >$ '%$+( ;#.()/%<2 ( '%$+( "( 7G.(* Aµ(x)0 H&.# '%$+( ;#.()/%< &# .)%*&7()$%

"% &#?>/*.# 7()$%I

Aµ → Aµ − 1

e
∂µθ(x). 340J6

K $("( $%/& &/$+<#& "# '(*&.)>/) #&.% <%?)%*?/%*% "# ?%>?# 9 &>L&./.>/) % "#)/;%"%

+%)'/%<2 ∂µ2 +#<% "#)/;%"% '(;%)/%*.# Dµ "#M*/"% '($ L%&# *( %'(+<%$#*.( $:*/$(

Dµ ≡ ∂µ + iqeAµ. 340N6

O($ % /*.)(">,8( "# >$ *(;( '%$+(2 *( '%&( Aµ2 #@/?#-&# % /*.)(">,8( "# *(;(&

.#)$(& *% <%?)%*?/%*%2 #$ +%)./'><%) ( .#)$( %&&('/%"( P #*#)?/% '/*9./'% "#&.# '%$+(

QRS0 T#*"( %&&/$2 % U*/'% '($L/*%,8( =>%")C./'% *% +)/$#/)% "#)/;%"% =># 9 /*;%)/%*.#

7)#*.# % 340J6 9 ( .#*&() "( '%$+( #<#.)($%?*9./'(2 '(*V#'/"( '($( .#*&() "# W%@X#<<

Fµν = ∂µAν − ∂νAµ. 340R6

K .#)$( $%&&/;( )#<%'/(*%"( %( '%$+( "( 7G.(* *8( 9 /*;%)/%*.# &(L .)%*&7()$%,Y#&

<('%/& # "#&.# $("( #@/?#-&# =># ( 7G.(* *8( .#*V% $%&&%0

Z <%?)%*?/%*% '($+<#.% +%)% #&.# &/&.#$% 9 '(*V#'/"% '($( <%?)%*?/*% "% [H1 # 9

#&')/.% '($(

LQED = ψ̄(i /D − m)ψ − 1

4
FµνF

µν

≡ L
 !"#$

+ L
!%&$#'()*

, 340\6

(*"# % +%).# </;)# 9 "%"% +()

L
 !"#$

= ψ̄(i/∂µ − m)ψ − 1

4
FµνF

µν
340 ]6

% +%).# )#<%'/(*%"% P /*.#)%,8( 9 #@+)#&&% +()

L
!%&$#'()*

= qeψ̄γµψAµ. 340  6
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 ! "#$%&' ()*+,-.,$' /$ 012$-&1'

•  !"#$%!&' ()&$&' # *+%,)!"&-&'

"# #$%&'($)# *+#&(,)-)# .) .)'/(&0)1 &% #/) %)$*($)1 .2* #2* #$%&'($)# &3)')#

)##*4$)-)# 5 6)7().7$).) -& #$#'&%)# 89#$4*#: ;*%* &3&%<6* -& #$%&'($) .2* &3)')1 */

%)$# 4*%/%&.'& 4=)%)-)# -& #$%&'($)# )<(*3$%)-)# .) .)'/(&0)1 <*-&%*# 4$')( *  !"!#$%

>.?%&(* @/A.'$4* )##*4$)-* 5# <)('94/6)# &6&%&.')(&#B: C% %*-* -& #& &#'/-)( ) @/&+()

-& #$%&'($) -& /%) -&'&(%$.)-) '&*($) *4*((& 4*% ) $.'(*-/D2* -& '&(%*# 4*% 4*&E4$&.'&#

<&@/&.*# .) 6)7().7$).)1 @/&+().-* ) #/) $.,)($A.4$): F$#4/'$(&%*# * '&%) <*( %&$* -*

&3&%<6* ) #&7/$(:

C% -*# '$<*# -& <)('94/6)# 4*.=&4$-)# )'/)6%&.'& #2* *# 4=)%)-*# &'()*! ><)('94/G

6)# &6&%&.')(&# @/& #&7/&% ) H#')'$#'$4) -& I&(%$GF$()41 */ #&J)1 <*##/&% #<$. #&%$G

$.'&$(*B1 @/& $.'&()7&% )'(),K# -) 8*(D) 8*('&: L& *# @/)(M# <*##/&% ( +,!+( +(!!(-

-$0G#& @/& ) #$%&'($) LC>NB K &3)'):

H.'2* ) 6)7().7$).) <)() &##& #$#'&%) 89#$4*1 4*.#$-&().-* ) %&#%) %)##) <)() *#

@/)(M# K -)-) <*(O

L =
3

∑

l=1

q̄l(i∂
µγµ − m)ql, >P: PB

*.-& l = 11 2 & 3 #2* )# (&#<&4'$,)# 4*(&# -*# @/)(M#:

"7*() .* 4)#* &% @/& (! +(!!(! #()( "! &'()*! !." /$0,),%1,!1 '&(&%*# ) #&7/$.'&

6)7().7$).)

L =
3

∑

l=1

q̄l(i∂
µγµ − m)ql + d̄(m − md)d + s̄(m − ms)s. >P: NB

;*% ) )-$D2* -&##&# '&(%*#1 ) #$%&'($) 8*$ @/&+()-) & 4*.#&@/&.'&%&.'& ) $.,)(G

$A.4$) -) 6)7().7$).):

F$0&%*# @/& /%) #$%&'($) 8*$ @/&+()-) &#<*.').&)%&.'& @/).-* ) 6)7().7$).) K

$.,)($).'& #*+ /% -&'&(%$.)-* 7(/<* -& '().#8*(%)DQ&#1 %)# * ,R4/* >&#')-* -& %9.$%)

&.&(7$) -& /% #$#'&%)B .2* * K:

"+*(-)(&%*# -*$# 4)#*# $%<*(').'&# &% @/& )4*.'&4& ) @/&+() &#<*.'A.&) -& #$%&G

'($)O * %&4).$#%* -& S*6-#'*.& >@/&+() -& #$%&'($) 76*+)6B & * %&4).$#%* -& T$77#

>@/&+() -& #$%&'($) 6*4)6B:

 ! !" # $%&'()*+, -% .,/-*0,(%

U)() -&#4(&,&( &#'& %&4).$#%*1 4*.#$-&()%*# /% 4)%<* &#4)6)( 4*%<6&3* 4*% )/'* $.G

'&()D2* & $.,)($).'& 8(&.'& )* 7(/<* C> B VWX:
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" #$%&$'%($'$ )$&$ *++$ ,*-&($ . */)&*++$ )-&

L = ∂µφ
∗∂µφ − V (φ∗φ), 012 34

-'5* - )-,*'6($# . 5*7'(5- 6-8-9

V (φ∗φ) ≡ µ2(φ∗φ) + λ(φ∗φ)2. 012 !4

" 5(':8(6$ 5- +(+,*8$ *8 012 34 . 5*+6&(,$ )-& ;8 6$8)- *+6$#$& 6-8)#*/- -;

5-(+ 6$8)-+ *+6$#$&*+ &*$(+2 < -=>*,(?- . *+,;5$& - *+)*6,&- 5* 8$++$ 5$ ,*-&($ * (++-

. &*$#(@$5- '-&8$#8*',* )*#$ $'A#(+* 5-+ ,*&8-+ =(#('*$&*+9 -; +*>$9 6-8)$&$'5- 6-8 -

,*&8- 5* 8$++$ 5$ #$%&$'%($'$ *+6$#$& 5* B#*('CD-&5-'2

E*&*8-+ F;$(+ +G- -+ ?$#-&*+ 5- ?A6;- )$&$ $ ,*-&($ *+,;5$5$2

" 5*'+(5$5* H$8(#,-'($'$ )$&$ $ ,*-&($ 5*+6&(,$ )-& 012 34 . -=,(5$ 5*9

H =
∑

r

πrϕ̇r − L, 012 I4

-'5* π . - 8-8*',- 6-'>;%$5-9 5*7'(5- 6-8-

πr ≡
∂L

∂(ϕ̇r)
. 012 J4

< F;* '-+ #*?$ $

H = φ̇∗φ̇ + (~∂φ∗).(~∂φ) + V (φ∗φ). 012 K4

"- -=+*&?$& $ 5*'+(5$5* H$8(#,-'($'$9 ,*8-+ F;* -+ 5-(+ )&(8*(&-+ ,*&8-+ +G- )-+C

(,(?-+ 5*7'(5-+ * $ *'*&%($ 5*?* +*& #(8(,$5$ )-& =$(/-9 5*++$ L-&8$ - )$&:8*,&- λ 5*?*

+*& )-+(,(?-2 M;$',- $- )$&:8*,&- µ2
9 - +('$# +*&A $?$#($5- )$&$ -+ +*%;(',*+ 6$+-+N

µ2 < 0 ; µ2 > 0. 012 O4

P$&$ 5*,*&8('$& )$&$ F;* ?$#-& 5* φ - )-,*'6($# 76$ 8('(8(@$5- ,*8-+

∂V

∂φ∗ = 0;
∂V

∂φ
= 0, 0121Q4

6-'5;@('5- R+ +*%;(',*+ *F;$ST*+

φ(µ2 + 2λ |φ|2) = 0, 0121 4

φ∗(µ2 + 2λ |φ|2) = 0. 012114

U*?(5- $- +('$# 5- )$&:8*,&- µ2
9 ,*8-+ 5;$+ )-++(=(#(5$5*+N
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"# µ2 > 0

$%& '((" )%*+,-.%/ % 0"1%2 +% '(3"+% +' 4'*%2 '*'25," 6 φ = 0/ %7 ('8"/ % 09)7%

)%*3,*7" " ('2 ,*0"2,"*3' (%& " 32"*(:%24"-.% ;7' +',<" " 1"52"*5,"*" ,*0"2,"*3'=

>'((" :%24" % ?%3'*),"1 6 ";7'1' ;7' "?"2')' *" @572" AB= #C

D,572" B= C E%3'*),"1 FAφ# ?"2" µ2 > 0 ' λ > 0=

&# µ2 < 0

E"2" '(3" )%*+,-.%/ % ?%3'*),"1 6 4%(32"+% *" @572" AB=B#

D,572" B=BC E%3'*),"1 FAφ# ?"2" µ2 < 0 ' λ > 0=

G 0"1%2 +% 4,*H4% )%22'(?%*+'*3' 6

|φ|2 = −µ2

2λ
≡ v2. AB=BI#

>" ';7"-.% "),4" %&('20"J(' ;7' % 09)7% 6 +'5'*'2"+%/ %7 ('8"/ ?%((7, +%,( 0"1%2'(

?"2" φ/ (.% '1'(C ±v.
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"#$ % &'(#)*% +# &',%+# +& -.(/#0 +v0 &'(1&-&1&$#' # &'2&(,1# +& $%''% +% ,&#13%

+&'(13,% 2#1 456 786 9',% &'(#)*% #(%'3#:% %  !"#$% "&'()*+)"% ," &-."*$-% +# '3',&$%6

; 1&+&<:3=># +# (%$2# (#$2)&?# φ &$ ,&1$#' +% '&@/3:,& 2%1%$&,13A%=># <(%

φ(x) = exp(
i

2v
ξ(x))

(

v +
σ(x)√

2

)

, 456578

#:+& ξ & σ '># (%$2#' &'(%)%1&' 1&%3'6

; &B/%=># 456578 ,C$ &''% D#1$% +&-3+# %# D%,# +& '& &',%1 1&%)3A%:+# ,&#13% +&

2&1,/1E%=>#6 F ,&1$# &:,1& 2%1C:,&'&' &',. %''#(3%+# %# &',%+# +& $G:3$% &:&1@3% &'H

(#)*3+# & % 2&1,/1E%=># '& D%A &$ ,#1:# +&',& $G:3$#6 "#$ 1&)%=># %3:+% % &',& ,&1$#

&:,1& 2%1C:,&'&' I 3:,&1&''%:,& #E'&1-%1 # $G:3$#0 +%+# 2#1 v0 & # '&@/:+# ,&1$# B/& &',.

%''#(3%+# J 2%1,G(/)% B/& '/1@& B/%:+# # -.(/# I 2&1,/1E%+#6

K&',& $#+#0 (#$ % '/E',3,/3=># +& 456578 &$ 456 780 % :#-% )%@1%:@3%:% &$ ,&1$#'

+#' :#-#' (%$2#' ,#1:%H'&

L =
1

2
∂µσ∂µσ +

1

2
∂µξ∂

µξ − 1

2
(−2µ2)σ2 + O(σ3) + ,&1$#' +& 3:,&1%=>#. 4565L8

M+&:,3<(%$#' +#3' (%$2#' &'(%)%1&' 1&%3'0 #:+& /$ ,&$ $%''% & # #/,1# :>#N (%$2#

σ(x)0 (#$ $%''% mσ =
√

−2µ2
& # (%$2# '&$ $%''% ξ(x)6 ;# %-%)3%1 # 2#,&:(3%) +% <@/1%

50 2#+&$#' D%A&1 /$% %:%)#@3% (#$ # D/:+# +& /$% @%11%D% +& (*%$2%@:&0 & +&''% D#1$%0

+&-3+# % 2%1%$&,13A%=># 456578 #E'&1-%1 B/& # (%$2# σ &',. %''#(3%+# J' #'(3)%=O&' :%

+31&=># 1%+3%) & # (%$2# ξ J' #'(3)%=O&' %:@/)%1&'6 M:D&1&H'& &:,># B/& σ(x) I $%''3-# 2#1

+&'(1&-&1 #'(3)%=O&' :% +31&=># 1%+3%) & (#$ 3''# +&'2&:+&1 &:&1@3%6 9:B/%:,# # (%$2#

ξ(x) :># 2#''/3 $%''% &$ -31,/+& +& '/%' #'(3)%=O&' #(#11&1&$ :% +31&=># %:@/)%1 & :>#

+&'2&:+&1&$ &:&1@3%6

F' $&(%:3'$#' +& B/&E1% &'2#:,P:&% +& '3$&,13%0 &$ @&1%)0 ,C$ (#$# (%1%(,&1G',3(%

# %2%1&(3$&:,# +& 2%1,G(/)%' '&$ $%''%0 %''#(3%+%' %#' (%$2#' &'(%)%1&'0 & (%+% /$ +&)&'

+&'(1&-& /$% 2%1,G(/)% :&/,1% & +& '23: Q6 "#$# '%E&$#'0 2%1,G(/)%' (#$ '23: 3:,&31# '>#

(*%$%+%' +& ER'#:'6 9''%' 2%1,G(/)%' '&$ $%''% B/& &$&1@&$ +& /$% +&,&1$3:%+% ,&#13%

(#$ B/&E1% &'2#:,P:&% +& '3$&,13% '># +&:#$3:%+%' (#$# ER'#:' +& S%$E/HT#)+',#:&0

#/ +& /$ $#+# $%3' (#$/$0 ER'#:' +& T#)+',#:&6

 !"#$"%& '" (#)'*+#,"

F U&#1&$% +& T#)+',#:& 2#+& '&1 &:/:(3%+# (#$# VWXN

Y&Z% /$% ,&#13% 3:-%13%:,& '#E % %=># +& /$ @1/2# +& ,1%:'D#1$%=O&' T0 (#$ S

@&1%+#1&'6 Y& *#/-&1 /$% B/&E1% &'2#:,P:&% +% '3$&,13%0 +& ,%) D#1$% B/& # -.(/#

4&',%+# D/:+%$&:,%)8 '&Z% 3:-%13%:,& '#$&:,& '#E % %=># +& /$ @1/2# +& ,1%:'D#1$%=O&'

T[ (#$ \ @&1%+#1&' 4T[⊂T80 &:,># '/1@31># 2%1,G(/)%' +& '23: A&1# & '&$ $%''% &$

:]$&1# 3@/%) %# +#' @&1%+#1&' +& T B/& :># +&3?%$ # -.(/# 3:-%13%:,&0 3',# I0 &?3',31>#
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"#$%& '()*+) ,- #./'0$1*2,)3*+-4

5- .6*7,* 6*/ * 3-*7-/. ,- 1*2,)3*+-8 * +9/-7* ,- :.73;602.) )-/ /.)). <0-

,-=-/ .:.7-6-7 +. 3-*7>. ,-)67>3. :*7 "?4 @& A  B 3-+,* -/ =>)3. <0- * C70:* .))*6>.,* .

3-*7>. A D" &8 6*/* -+0+6>.,* +* 3-*7-/.4

 ! ! " #$%&'()*+ ,$ -(..)

E*/* =>/*) .+3-7>*7/-+3-8 -/ 3-*7>.) -/ <0- *6*77- <0-'7. ,- )>/-37>. C2*'.28 )07C-/

:.73;602.) )-/ /.)). ,-+*/>+.,.) '()*+) ,- 1*2,)3*+-4 #* -+3.+3*8 A +-6-))F7>* 0/

/-6.+>)/* <0- )-G. >+=.7>.+3- )*' 37.+)H*7/.IJ-) ,- C.0C- - <0- 3./'A/ )-G. 7-):*+$

)F=-2 :-2. C-7.IK* ,- /.)).4 L))>/8 -)30,./*) * 6.)* -/ <0- . )>/-37>. A <0-'7.,.

-):*+3.+-./-+3- - 2*6.2/-+3-4 L >/:*73M+6>. ,-)3- /-6.+>)/* ,-6*77- ,. :*))>'>2>,.,-

,- C-7.7 /.)). :.7. *) '()*+) =-3*7>.>) ,. 3-*7>. ,-)-+=*2=>,.4

N)). H*7/. ,- <0-'7. -):*+3M+-. ,- )>/-37>. A 6*+O-6>,. 6*/* /-6.+>)/* ,- P>CC)8

<0- :*))0> .) :7*:7>-,.,-) ,-)67>3.) . )-C0>7 QRST

 & U-):->3. . )>/-37>. ,- C.0C- ,. 2.C7.+C>.+.4

?& V7-)-7=. * +9/-7* 3*3.2 ,- C7.0) ,- 2>'-7,.,-4

W& #K* .H-3. . 3-*7>. -/ .23.) -+-7C>.) - +-/ . )0. 7-+*7/.2>X.'>2>,.,-4

E*+)>,-7-/*) 0/. 3-*7>. 6*/ 6./:* -)6.2.7 6.77-C.,* 6*/ >+=.7>M+6>. ,- C.0C-

2*6.2 H7-+3- .* C70:* D" & ,-)67>3. :*7

L = (Dµφ)∗(Dµφ) − µ2φ∗φ − λ(φ∗φ)2 − 1

4
FµνF

µν , "?4?R&

*+,- Dµ A . 6O./.,.  !"#$% % &'$%"#%()!  ! "#"# $ %& #'&$%#( )*& (+),(&

Dµ = ∂µ + ieAµ. -./.01

2 %#34#)3,#)# -./.51 ! ,)6#4,#)* 74 )* #8 *4#)87&4(#9: 8 " 3#;3 %&'#,8<

φ(x) → φ
′

(x) = exp(iβ(x))φ(x)

Aµ(x) → A
′

µ(x) = Aµ(x) − 1

e
∂µβ(x). -./.=1

>& '#8& "& $&* )',#%? & $#4@( *4& λ ! '&)8," 4#"& $&8,*,6& " A),"& $#4# #88 3;4#4

#  8*#B,%,"#" "& 6C';&/ D 8,)#% " µ2
!  8*;"#"& % 6#)"&E8  ( '&)*# #8 8 3;,)* 8

'&)",9: 8<

µ2 < 0 e µ2 > 0. -./.F1

 1 G;#)"& µ2 > 0? & (+),(& "& $&* )',#% ! φ = φ∗ = 0/ H 6,"& #  88 (+),(&?

&B8 46#(&8 I; # 8,( *4,# I; " ,J# # %#34#)3,#)# ,)6#4,#)* ! # ( 8(# I; " ,J# &  8*#"&

"  ) 43,# (+),(# ,)6#4,#)* / K&( ,88&? # * &4,# " 8'4 6 BL8&)8 " 3#;3 )M& (#88,6&8
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" #$%&'( "(#$)$*"( #'% %$(($ +,-$) $ µ. / 0-$12+3$3"45.567 *"&*"("12$ $ )$,*$1,+$1$ 3$

")"2*'3+18%+#$ "(#$)$*.

  7 9-$13' µ2 < 0: 2"%'( $ 0-";*$ "(&'1281"$ 3" (+%"2*+$ " 3"<"%'( 3"2"*%+1$* '

%=1+%' 3$ 2"'*+$. > "(2$3' 3" %"1'* "1"*,+$ '#'**" &$*$ '( <$)'*"( 3" (φ)0 " (Aµ)0 0-"

%+1+%+?$% ' &'2"1#+$). > #$%&' φ @

|φ|2 = −µ2

2λ
≡ v2

2
.

A$*$ ' #$%&' Aµ 3"<"%'( 2"*

(Aµ)0 = 0,

&'* "B+,C1#+$ 3$ +1<$*+81#+$ 3" ,$-,". D'% $ "(#')E$ 3' (",-+12" %=1+%'F (φ)0 = v√
2
:

<$%'( &$*$%"2*+?$* "B&'1"1#+$)%"12" ' #$%&' φ(x): '- ("G$:

φ(x) =
1√
2

[v + σ(x)] exp(
iξ(x)

v
). 45.HI7

J"<$13'45.HI7 "% 45.567: ';2"%'(

L =
1

2
∂µσ∂µσ +

1

2
∂µξ∂

µξ + e2v2AµA
µ +

√
2veAµ∂

µξ +

µ2σ2 − 1

4
F µνFµν + 2"*%'( 3" '*3"% (-&"*+'*. 45.H 7

/ "0-$KL' $12"*+'* 1'( %'(2*$ 0-" ' #$%&' σ(x) 2"% %$(($

√

−2µ2
M ' #$%&' ξ(x)

2"% %$(($ 1-)$ " ' ;N('1 <"2'*+$) Aµ(x) 2"% %$(($ m = ev: ;"% #'%' $ &*"("1K$ 3" -%

2"*%' 3" %+(2-*$.

O$%'( *"$)+?$* $,'*$ -%$ #'12$,"% 3' 1P%"*' 3" ,*$-( 3" )+;"*3$3" 3$ )$,*$1,+$1$

45.567 " 3$ )$,*$1,+$1$ ';2+3$ $12"*+'*%"12" 45.H 7.

/ )$,*$1,+$1$ +1+#+$) &'((-+ 3'+( #$%&'( "(#$)$*"( *"$+(: #$3$ -% $(('#+$3' $ -%

,*$- 3" )+;"*3$3": " -% #$%&' <"2'*+$) ("% %$(($: $(('#+$3' $ '-2*'( 3'+( ,*$-( 3"

)+;"*3$3". D'% ' %"(%' *$#+'#=1+' &$*$ $ )$,*$1,+$1$ "% 45.H 7: ';("*<$%'( 0-" ")$

$&*"("12$ 3'+( #$%&'( "(#$)$*"(: #$3$ -% #'% -% ,*$- 3" )+;"*3$3": " -% #$%&' <"2'*+$)

#'% %$(($: $,'*$ #'% 2*C( ,*$-( 3" )+;"*3$3".

Q(2$ 3+R"*"1K$ 1' 1P%"*' 2'2$) 3'( ,*$-( 3" )+;"*3$3" &'3" ("* *"(')<+3$ -2+)+?$13'

$ +1<$*+81#+$ 3" ,$-," )'#$) 3$ )$,*$1,+$1$. A$*$ +((': R$K$%'( $ (",-+12" "(#')E$ 3'

,$-,"

β(x) = −ξ(x)√
2v

, 45.H57
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" #$% &%'( (

φ(x) → φ
′

(x) = exp(−iξ(x)√
2v

)φ(x) = v +
σ(x)√

2

Aµ(x) → A
′

µ(x) = Aµ(x) +
1√
2ev

∂µξ(x). ) *++,

-(.%/"0 #$% ) * 1, 2 34'(53(46% 0". %06(0 65(407"5/(89%0: (003/

L(φ,Aµ) = L(φ
′

, A
′

µ).

-$.0636$34;" (0 65(407"5/(89%0 ;% ) *++, %/ ) * 1,: ".6%/"0

L =
1

2
∂µσ∂µσ − 1

2
σ2(6λv2 + µ2) + e2v2A

′

µA
′µ +

+
1

2
e2A

′

µA
′µσ(2

√
2v + σ) +

−1

4
F

′

µνF
′

µν + 6%5/"0 ;% "5;%/ 0$<%53"5, ) *+=,

"4;%

F
′

µν = ∂µA
′

ν − ∂νA
′

µ.

>%5?%.%/"0 ( ($0@4?3( ;" ?(/<" 0%/ /(00( 5%&(?3"4(;" ( ξ(x): (<A0 ( %0?"&B(

(<5"<53(;( ;" C($C% ) *+ , #$% 2 ?"4B%?3;" ?"/"  !" # "$%&'(%)* D ?(/<" %0?(&(5 σ(x)

2 ;%4"/34(;" ?(/<" ;% *%  +* E&2/ ;" C($C% $436F53" %G306% $/( ?&(00% ;% C($C%

?B(/(;( Rξ: <(5(/%653H(;( <"5 $/ <(5I/%65" ;% C($C% (ξ)* J06$;(4;" " ?"/<"56(/%46"

(003/<6A63?" ;%06% <(5I/%65" #$% 0% %4?"465( 340%53;" 4(0 %G<5%009%0 ;"0 <5"<(C(;"5%0:

4"6(K0% #$% <(5( C5(4;%0 '(&"5%0 ;% (ξ) 5%?$<%5(/"0 ( %0?"&B( ;" C($C% $436F53" LMN*

E4(&30(/"0 4"'(/%46% "0 C5($0 ;( &(C5(4C3(4( "53C34(& % ;( &(C5(4C3(4( %/ ) *+=,*

O"/" ".0%5'(;": ( &(C5(4C3(4( "53C34(& <"00$3 = C5($0 ;% &3.%5;(;%* E 4"'( &(C5(4C3(4(

%/ ) *+=,: <"00$3 (C"5( $/ ?(/<" %0?(&(5 ?"/ $/ C5($ ;% &3.%5;(;% % $/ ?(/<" '%6"53(&

?"/ 65@0 C5($0 ;% &3.%5;(;%* E 0"/( ;%00%0 C5($0 ;% &3.%5;(;% 5%0$&6( 6(/.2/ %/ =* E

346%5<5%6(8P" ;" ;%0(<(5%?3/%46" ;" ?(/<" 0%/ /(00( %06F &3C(;( (" 7(6" ;" 0%$ C5($

;% &3.%5;(;% ?"55%0<"4;%5 Q <"&(53H(8P" ;" ?(/<" '%6"53(&* J/ "$65(0 <(&('5(0: " ?(/<"

ξ(x) ).A0"4 ;% R"&;06"4%, 7"3 (.0"5'3;" <%&" ?(/<" '%6"53(& % % ;%00( 7"5/( 0% 6"54"$

/(003'"*

 !" # $%&'%(&)%(% *+ ,+*-.+ /%*'0+

D C5$<" ;% 03/%653( ;(0 346%5(89%0 %&%65"75(?(0 <(5( " S";%&" >(;5P" 7"3 <5"<"06" <"5

R&(0B"T %/ UV1U* E /"63'(8P" %5( $43W?(5 (0 346%5(89%0 75(?( % %&%65"/(C4263?( %/ $/
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"#$%& '$( %&))$*))( +&,& )*,(-#*. #()*/$.0 . *1-(#.23& (0(-#&,."14-*+.5 &$ )(6.5 U(1)em7

8.*) -.#/(5 . -(&#*. (0(-#&9#.+. 9&* 9&#,$0./. %&# :(*1;(#" ( <.0.,5 '$( *1+&#%&#.#., .

*/4*. /( $1*=+.23& /( >0.)?&@7

A()-( ,&/&5 & 8&/(0& B./#3& 4 $,. -(&#*. /( ".$"( '$( )( ;.)(*. 1& )("$*1-(

"#$%& /( )*,(-#*.5 SU(2)L ⊗U(1)Y 5 &1/( & "#$%& SU(2)L ()-C .))&+*./& .& *)&)%*1 9#.+&

( U(1)Y 5 D ?*%(#+.#". 9#.+.7 E(,&) '$.-#& +.,%&) .))&+*./&) . ())( "#$%& /( )*,(-#*. '$(

+&##()%&1/(#3& .&) ;F)&1) /( ".$"(G -#H) ;F)&1) /( ".$"( IW i
µ, i = 1, 2, 3.J .))&+*./&)

.& "#$%& SU(2)L ( $, ;F)&1 /( ".$"( IBµJ .& "#$%& U(1)Y 7

K&,& 9&#,. /( L(#*=+.# . ()+&0?. /()-( "#$%& /( )*,(-#*. /.) *1-(#.2M() (0(-#&9#.+.)5

+&1)*/(#.#(,&) &) 94#,*&1) %&# ,(*& /( )($) ()-./&) /( ?(0*+*/./(7 N, .0-.) (1(#"*.) &)

()%*1&#() )3& OPQ

u(p, s) ; v(p, s). I 7RSJ

T) ()-./&) /( ?(0*+*/./( )3& /(=1*/&) +&,& +1
2
%.#. 94#,*&1) /( ,3& /*#(*-. IRJ (

−1
2
%.#. 94#,*&1) /( ,3& ()'$(#/.ILJ5 '$( ).-*)9.U(,

uR(L) =
1

2
(1 ± γ5)u ( vR(L) =

1

2
(1 ∓ γ5)v. I 7RVJ

A()-( ,&/&5 %&/(,&) /(=1*# &) %#&6(-&#() /( ?(0*+*/./(

PL ≡ 1

2
(1 − γ5), PR ≡ 1

2
(1 + γ5). I 7RWJ

T -(#,& /( ,.)). /&) 94#,*&1) I-(#,& $)$.0 /( A*#.+J ,*)-$#. .) +&,%&1(1-()

/*#(*-. ( ()'$(#/.5 (1'$.1-& & -(#,& .))&+*./& D +&##(1-( (0(-#&,."14-*+. 13& .%#()(1-.

()). ,*)-$#.7 X +&##(1-( 9(#,*Y1*+. /.) *1-(#.2M() 9#.+.) /& -*%& IV −A)5 &$ )(6.5 +&##(1-(

/& -*%& L(-&#Z.[*.05 %&/( )(# ()+#*-. (, -(#,&) /&) ()-./&) /( ?(0*+*/./(7

T) 04%-&1) )(#3& /()*"1./&) %&# l5 l = e, µ, τ 7 X +&##(1-( 9#.+. +.##("./. %.#. &)

04%-&1) ( )($) 1($-#*1&) 4

J+
µ = l̄γµ(1 − γ5)ν = 2l̄LγµνL. I 7R\J

X *1-#&/$23& /&) +.,%&) /( ,3& ()'$(#/. ( ,3& /*#(-. 4 /./. %&#

L ≡
(

ν

l

)

L

=

(

PLν

PLl

)

=

(

νL

lL

)

R ≡ PRl = lR, I 7R]J

(, '$( L +&##()%&1/( . $, /$;0(-& /( *)&)%*1 ( R $, )*1"0(-& /( *)&)%*1 9#.+&7 ^())(

+.)& g 4 . +&1)-.1-( /( .+&%0.,(1-& /& "#$%& SU(2) ( g
′

/& "#$%& U(1)7



  

!"#$%&%'() * #)$$%'+% ,$*#* #*$$%-*(* %. +%$.)" (* #)$$%'+% (% /")"0/' )1+%.)"

J i
µ = L̄γµ

τ i

2
L, 2 3456

)'(% τ i
2 i = 1, 2, 3 6 "7) *" .*+$/8%" (% 9*:;/ '* $%0$%"%'+*<7) ,:'(*.%'+*; =&/(%

*0>'(/#%?3

@% ,)$.* * %A0;/#/+*$ 2 3456B ":1"+/+:/'() ) (:1;%+) (% /")"0/' % *" .*+$/8%" (% 9*:;/B

)1+%.)"

J1
µ =

1

2
(l̄LγµνL + ν̄LγµlL),

J2
µ =

i

2
(l̄LγµνL − ν̄LγµlL),

J3
µ =

1

2
(ν̄LγµνL − l̄LγµlL). 2 34C6

D""/.B * #)$$%'+% %. 2 3EF6B 0)(% "%$ %"#$/+* %. +%$.)" (% J1
µ % J2

µB #).) %A0$%"")

* "%-:/$

iJ2
µ = −1

2
(l̄LγµνL − ν̄LγµlL),

J1
µ =

1

2
(l̄LγµνL + ν̄LγµlL). 2 34 6

D (/,%$%'<* %'+$% )" +%$.)" *#/.* ')" ;%&* *

(J1
µ − iJ2

µ) =
1

2
(2l̄LγµνL) =⇒ J+

µ = 2(J1
µ − iJ2

µ). 2 34E6

D""/. )1+%.)" :.* %A0$%""7) 0*$* * #)$$%'+% ;%0+G'/#* #*$$%-*(*3 H* "%I:>'#/* %"J

#$%&%$%.)" :.* %A0$%""7) 0*$* J3
µB * +%$#%/$* #).0)'%'+% (* #)$$%'+% 2* #)$$%'+% '%:+$*63

9)(%.)" (%K'/$ * #)$$%'+% (% L/0%$#*$-* #).)

JY
µ ≡ −(L̄γµL + 2R̄γµR) = −(ν̄LγµνL + l̄LγµlL + 2l̄RγµlR). 2 3446

D #)$$%'+% %;%+$).*-'M+/#* 0)(% %'+7) "%$ %"#$/+* %. +%$.)" (* #)$$%'+% '%:+$*2

J3
µ6 % (* #)$$%'+% (% L/0%$#*$-* 2JY

µ 6

Jem
µ = −l̄γµl = −(l̄LγµlL + l̄RγµlR) =

= J3
µ +

1

2
JY

µ . 2 34N6

@* $%;*<7) )1+/(* *#/.* )1"%$&*.)" I:% *" #)$$%'+%" '%:+$*" %"+7) *"")#/*(*" O"

#*$-*" 0)$ .%/) (* "%-:/'+% $%;*<7)

Q = T3 +
Y

2
. 2 34P6
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" #$%&#''() )*+,-. #/ 0 1234 5 6)78#6,-. 6)/) &#9.:() -# ;#99<=.77<>,'8,?,/.1

>#'+. &#9.:() Q &#@#&#<'# A 6.&B. #95+&,6.C T3 6)&&#'%)7-# A +#&6#,&. 6)/%)7#7+# -) ,')'%,7

@&.6) # Y 5 . 8,%#&6.&B. @&.6.1

D#E#/)' .-,6,)7.& +#&/)' &#9.6,)7.-)' A %.&+# 6,75+,6.C -# ,7+#&.:() -)' @5&/,)7'

# -)' *F')7' -# B.GB#1 " 9.B&.7B,.7. 6)/%9#+. 5 #$%&#''. %)& H3I

LMP = Lléptons + Lquarks + Lbósons + LHiggs + LY W , 0 12J4

#/ KG# Lléptons 5 . 9.B&.7B,.7. KG# -#'6&#E# )' 95%+)7' C Lquarks 5 . 9.B&.7B,.7. .'')6,.-.

.)' KG.&L'C Lbósons 5 . 9.B&.7B,.7. KG# -#'6&#E# )' *F')7' -# B.GB#C LHiggs 5 . 9.B&.7B,.7.

KG# -#'6&#E# ) '#+)& #'6.9.& 0'#+)& -# M,BB'4 # LY W 5 ) +#&/) -. 9.B&.7B,.7. -) =)-#9)

N.-&() KG# -#'6&#E# . ,7+#&.:() -)' @5&/,)7' 6)/ ) '#+)& #'6.9.&1

•  ! "#$%&'!

" 9.B&.7B,.7. KG# -#'6&#E# )' @5&/,)7' 5 -.-. %)&

Lléptons = L̄iγµ(∂µ + i
g

2
τ iW i

µ + i
g

′

2
Y Bµ)L + R̄iγµ(∂µ + i

g
′

2
Y Bµ)R, 0 12O4

)7-# )' 6./%)' -# /() #'KG#&-. # -,&#,+. #'+() -#P7,-)' 7. #KG.:() 0 1!Q41 R)7',-#&.7-)

. &#9.:() 0 1234 %)-#/)' 6)7'+&G,& . '#BG,7+# +.*#9. 0 1!41

S,BG&.  1!T >U/#&)' KGV7+,6)' .'')6,.-)' .)' 95%+)7'

•  ! ()*+,!

W /)-) 6)/) )' 8X-&)7' ,7+#&.B#/ @&.6./#7+# %)-# '#& #$%&#'') %)& /#,) -.'

,7+#&.:Y#' @&.6.' -)' KG.&L' KG# )' 6)/%Z#/1 "'',/C 6)7',-#&./)' .' '#BG,7+#'

8,%F+#'#' HOI

,4 W' KG.&L' %)''G#/ '.*)&#' -,@#&#7+#'T GC -C 'C 6C * # +1
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""# $%&% '%()* +',- %'')."%&) % ,*/' .)*+' &"',"0,%' 12+*3+45)6 2+*&+ + %784#9 :'

5-&*)0' ';) '"0<4+,)' &+ .)*9

"""# =' .)**+0,+' +4+,*)3%<0>,".%' + ?*%.%' ';) '"0<4+,)' &+ .)*6 %,8%0&) %@+0%' 0)

+'@%A) &)' '%()*+'9

= @%*,"* &%' 5"@B,+'+' .)0'"&+*%&%'6 @)&+3)' &+C0"* )' '+<8"0,+' &8(4+,)' ?*%.)' &+

3;) +'D8+*&%

LU ≡
(

u

d′

)

L

=

(

u

d cos θc + s sin θc

)

L

, 1 9!E#

LC ≡
(

c

s′

)

L

=

(

c

−d sin θc + s cos θc

)

,

)0&+ θc > .5%3%&) &+ F0<84) &+ 3"',8*% &+ $%(("() + ,%3(>3 )' '"0<4+,)' &+ 3;) &"*+",%

RU , RD , RS , RC. 1 9GH#

$)3) ?)*3% &+ "0,*)&87"* )' D8%*I' 0) J)&+4) K%&*;)6 2%3)' +'.*+2+* % '8% 4%L

<*%0<"%0% +3 %0%4)<"% M 4%<*%0<"%0% &)' 4>@,)0'6

Lquarks = L̄U i/∂LU + L̄Ci/∂LC + R̄U i/∂RU + ... + R̄Ci/∂RC . 1 9GN#

O) 3+'3) 3)&) .)3) ?)" &+C0"&) @%*% )' 4>@,)0'6 8'%0&) % *+4%A;) &+ P+44LJ%00L

Q"'5"<"3%6 )(,+3)' @%*% )' D8%*I' % ,%(+4% '+<8"0,+ 1 9!#9

R"<8*%  9!S QT3+*)' D8F0,".)' %'')."%&)' %)' D8%*I'

•  ! "#!$%! &' ()*+'

= &"0F3".% %'')."%&% %)' (B')0' &+ <%8<+ > &%&% @)*

Lbosons = −1

4
W i

µνW
µν
i − 1

4
BµνB

µν ,



 !

"#$%&'( ") '"%)*# +*# '",#*%"# +*# $()-*#.

W i
µν ≡ ∂µW

i
ν + ∂νW

i
µ + gǫijkW j

µW k
ν ,

Bµν ≡ ∂µBν − ∂νBµ. / 0! 1

2# '"%)*# (##*$&(+*# 3 4(5%(,5&(,( +" 67(89* +* 5(:5" " ( 4(5%(,5&(,( +" ;(++""<=

>*-*< ?@A B*%() *)&'&+*# -*% #&)-4&$&+(+". ")C*%( #"D() ,"$"##E%&*# ") F:(4F:"% '"*%&(

+" 5(:5" -(%( * $(,$"4()",'* +" (,*)(4&(# (+<&,+(# +*# CG#*,# +" 5(:5"0

•  !"#$% &'()*)%

H,'"# +" (-%"#",'(%)*# ( 4(5%(,5&(,( +* #"'*% "#$(4(%. '()CI) $J()(+( 4(5%(,5&(,(

+* CG#*, +" K&55#. <()*# %"$*%+(% * )"$(,&#)* +" K&55#0 L#'" )"$(,&#)* -*##&C&4&'( (

5"%(89* +" )(##( -(%( *# CG#*,# +" 5(:5" ('%(<I# +( F:"C%( "#-*,'M,"( +" #&)"'%&(0

N"#'" )*+*. $*,#&+"%")*# :) +:C4"'* "#$(4(%

Φ ≡
(

φ+

φ

)

, / 0!O1

+" B*%)( F:" ( J&-"%$(%5( +"#'" +:C4"'* #"D( Y = 10

• H 4(5%(,5&(,( "#$(4(% -*+" #"% "#$%&'( $*)*

Lescalar = ∂µΦ†∂µΦ − V (Φ†Φ), / 0!P1

$*) * -*'",$&(4 +(+* -*%

V (Φ†Φ) = µ2Φ†Φ + λ(Φ†Φ)2. / 0!!1

Q*)* ( 4(5%(,5&(,( ") / 0!P1 ,9* -"%)(,"$" &,<(%&(,'" F:(,+* -%*)*<")*# (

'%(,#B*%)(89* 54*C(4 3 4*$(4. +"<")*# ",'9* &,'%*+:R&% ( +"%&<(+( $*<(%&(,'" ( #"5:&%. +"

)*+* F:" ( 4(5%(,5&(,( #" '*%," ,*<()",'" &,<(%&(,'".

∂µ → Dµ = ∂µ + ig
τ i

2
W i

µ + i
g

′

2
Y Bµ, / 0!@1

*,+" τ i
/ i = 1, 2, 3 1 #9* (# )('%&R"# +" >(:4& ,( %"-%"#",'(89* B:,+()",'(40

H F:"C%( "#-*,'M,"( +" #&)"'%&( *$*%%" -(%( ( #"5:&,'" $*,+&89* ,*# -(%M)"'%*#S

µ2 < 0 " λ > 00 L#$*4J")*# * <(4*% "#-"%(+* -(%( * <E$:* +* #&#'")(S

(Φ)0 =

(

0
v√
2

)

. / 0!T1
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" #$%#&'() *# +,$$, *) $-$'#+, . &)/$'(0-*) (#,1-2,/*) %#30#/,$ %#('0(4,56#$ ,)

(#*)( *) 78&0)9 : %,(,+#'(-2,5;) #<%)/#/&-,1 . #$&(-', *, $#=0-/'# >)(+, ?!@

Φ(x) = exp(i
~ξ(x)~σ

v
)

(

0
v+H(x)√

2

)

,

)/*#

~ξ(x) . 0+ &,+%) /;) >A$-&) # H(x) . 0+ &,+%) >A$-&)9 B)/$-*#(,/*) 30# ) &,+%)

~ξ(x)C . 0+ 4D$)/ *# E)1*$')/#C )0 $#F,C 0+ &,+%) /;) >A$-&)C #/';) . %)$$A7#1 #1#+-/8G1)

&)+ , $#=0-/'# '(,/$>)(+,5;) *# =,0=#H

Φ
′

= U(ξ)Φ =

(

0
v+H(x)√

2

)

; U(ξ) = exp(−i
~ξ~σ

v
). I 9JKL

B)+ ,$ '(,/$>)(+,56#$ *#M/-*,$ ,/'#(-)(+#/'#C %)*#+)$ #$&(#7#( %)( $#%,(,*) )$

*->#(#/'#$ '#(+)$ *, 1,=(,/=-,/, I 9JNL9

" +D*01) *, *#(-7,*, &)7,(-,/'# 30# ,%,(#&# #+ I 9JNL .
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∣

∣
DµΦ

′

∣

∣

∣
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√
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√
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µν ]† =

= (gMW )2[ε∗µ(k1)εν(k1)][ε
µ∗(k2)ε

ν(k2)] + ,BH/

Q3 0$#*)3 $10#$ >)%>R$0$3 $* + ,BH/ #$K$#$*23$ S 3)*& 7$ 3@913 7) EJ3)13 5$0)#9&93?

;8$ 6 7&7& 7$ K)#*& <$#&% @)#

∑

λ

εµ(k, λ)εν∗(k, λ) = −gµν +
kµkν

M2
. + ,B!/

D8E30908917) + ,B!/ $* + ,BH/ >R$<&*)3 $*

|M |2 = (gMW )2

[

−gµν +
k1µk1ν

M2
W

]2 [

−gµν +
kµ

2 kν
2

M2
W

]

. + ,B./
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[

−gµν +
k1µk1ν

M2
W

]2 [

−gµν +
kµ

2 kν
2

M2
W

]

= gµνg
µν − gµν

kµ
2 kν

2

M2
W

− k1µk1ν

M2
W

gµν +
k1µk1ν

M2
W

kµ
2 kν

2

M2
W

= 2 +
(k1.k2)

2

M4
W

. 2 3456

" -%'.7#' $,)1*1% $& 2 3456 -'.$ ,$% )1*)7*1.' )'(,0.$%1(.' ' %$8$%$()01* .$ %$-'7,'

.' 9:,'( .$ ;0<<,= 0,#' >= p = (mH , 0, 0, 0) $ 1 .0%$?@' .$ -%'-1<1?@' .', 9:,'(, $&

,$(#0.', )'(#%A%0', .$ 8'%&1 B7$

~k1 = −~k23 C$(.' 0,,' $& D0,#1= ', B71.%0&'&$(#',

-'.$& ,$% $,)%0#', $& #$%&', .$ ,71, )'&-'($(#$, #$&-'%1* $ $,-1)01* .1 ,$<70(#$ 8'%&1

k1 =
(mH

2
, ~k1

)

; k2 =
(mH

2
, ~k2

)

. 2 34E6

F$D1(.'G,$ $& )'(#1 ' %$8$%$()01* $,#19$*$)0.' $ 1 $B71?@' $& 2 34E6= ' -%'.7#'

$,)1*1% %$,7*#1 $&

k1.k2 =
(mH

2

)2

− ~k1.~k2

=
(mH

2

)2

+
∣

∣

∣

~k1

∣

∣

∣

2

, 2 34H6

' &'&$(#'

~k1= > .1.' -'%

~k1 =

√

(mH

2

)2

− M2
W . 2 3 I6

J79,#0#70(.' 2 3 I6 $& 2 34H6 '9#$&',

k1.k2 =
(m2

H − 2M2
W )

2
. 2 3 K6

L/-*0)0#1(.' ' #$%&' .' (7&$%1.'% .$ 2 3 K6

(

m2
H − 2M2

W

)

=

√

m4
H

(

1 − 4M2
W

m2
H

)

+ 4M4
W , 2 3 46

B7$ -'.$ ,$% ,0&-*0M)1.' -1%1

(

1 − 4M2
W

m2
H

)

= 1 +

(

2MW

mH

)2

− 4M2
W

m2
H

+
4M2

W

m2
H

− 2

(

2MW

mH

)2

=

(

1 − M2
W

m2
H

− M2
W

m2
H

)2

− 4M2
W M2

W

m4
H

= λ(M2
W ,M2

W ,m2
H), 2 3  6
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λ(x, y; z) =
(

1 − x

z
− y

z

)2

− 4
xy

z2
. ' ( )*

+",-.#-"& /"0 %1-%1 ,%123-.$"1 %0 ' ( 4* "5-%0"1

k1.k2 =
1

2

√

m4
Hλ(M2

W ,M2
W ,m2

H) + 4M4
W . ' ( 6*

7 .0839-2$% :2.$,;-9/. $. :2.3 8.,-90"1 %0 ' (<=*& 1% -",#.

|M |2 = (gMW )2 m4
H

4M4
W

[

λ(M2
W ,M2

W ; m2
H) +

12M4
W

m4
H

]

. ' ( =*

7 3.,>2,. $% $%/.90%#-" 8.,. %1-% 8,"/%11" ? $.$. 8%3. ,%3.@A"

dΓ =
∑

pol

|M |2 1

32π2

∣

∣

∣

~k1

∣

∣

∣

m2
H

dΩ~k1
, ' ( !*

"#$% dΩ~k1
? " B#>23" 1C39$" $. 8.,-D/23. /"0 0"0%#-"

~k1 #" ,%E%,%#/9.3 $% ,%8"21" $"

5C1"# $% F9>>1(

G1/,%H%#$" " 0C$23"

∣

∣

∣

~k1

∣

∣

∣
/"0"

∣

∣

∣

~k1

∣

∣

∣
=

mH

2

√

λ(M2
W , M2

W ; m2
H), ' ( I*

1251-9-29#$" ' ( =*& ' ( I* %0 ' ( !* % 9#-%>,.#$" 1"5,% " B#>23" 1C39$" dΩ~k1
"5-%0"1

Γ =
1

64π

g2m3
H

M2
W

√

λ(M2
W ,M 2

W ; m2
H)

[

λ(M2
W ,M2

W ; m2
H) +

12M4
W

m4
H

]

. ' ( J*

K%L#9#$"

GF√
2

=
g2

8M2
W

, ' ()M*

"#$% GF ? . /"#1-.#-% $% N%,09 % g . /"#1-.#-% $% ./"83.0%#-" %3%-,"E,./.(

7 3.,>2,. $% $%/.90%#-" 8"$% L#.30%#-% 1%, %1/,9-. /"0"

Γ =
GF m3

H

8
√

2π

√

λ(M2
W ,M2

W ; m2
H)

[

λ(M2
W ,M2

W ; m2
H) +

12M4
W

m4
H

]

. ' ()4*

•  !"#$%!&'( H → Z0Z0

O $9.>,.0. $% N%P#0.## $" 8,"/%11" ? .:2%3% ,%8,%1%#-.$" #. L>2,.  ( ( +.,.

$%-%,09#., . 3.,>2,. $% $%/.90%#-" $%1-% 8,"/%11" 5.1-. .8%#.1 $9H9$9, . %:2.@A" ' ()4*

8", 20 E.-", <& 8"91 -,.-.Q1% $% 20 $%/.90%#-" %0 $2.1 8.,-D/23.1 9$R#-9/.1& ,%123-.#$"
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Γ =
GF m3

H

16
√

2π

√

λ(M2
Z ,M2

Z ; m2
H)

[

λ(M2
Z ,M2

Z ; m2
H) +

12M4
Z

m4
H

]

. / 0123

4.5 # 6#,&',# 7% 7%8#(5%"). %"8."),#7# +#,# #59.$ .$ 9:$."$ 7% &#'&%; 8#,,%&#7.$

% "%'),.$; +.7%5.$ %$8,%<%, '5# %*+,%$$-. &%,#6 +#,# #59.$ 7%8#(5%").$0 ="),.7'>("7.

δV = 2(1) +#,# V = W (Z) )%5.$

Γ = δV
GF m3

H

16
√

2π

√

λ(M2
V ,M2

V ; m2
H)

[

λ(M2
V , M2

V ; m2
H) +

12M4
V

m4
H

]

. / 01 3

 !"! #$%&'($)*+ H → V V ∗

4."$(7%,#5.$ ("(8(#65%")% . $%&'(")% +,.8%$$. H → W+W−∗ → W+fif̄
′

i ,0 ?.$)%,(.,@

5%")%; &%"%,#6(>#,%5.$ %$)% ,%$'6)#7. +#,# .'),.$ 8#$.$ ABBC0 D 8("%5E)(8# 7%$)% +,.8%$$.

%$)E ,%+,%$%")#7# "# F&',# / 0G3; ."7% (fi, f̄
′

i ) $-. .$ HI,5(."$ % '5 7.$ +.$$J<%($ 8#"#($

7% 7%8#(5%"). 7. W−
i I; +., %*%5+6.; (e−, ν̄e)0

K(&',#  0GL M(#&,#5# 7% K%N"5#"L H → V V ∗
0

D 6#,&',# 7(H%,%"8(#6 I 7#7# +.,

dΓ =
(2π)4

2mH

∑

pol

|M |2 dΦ3 / 0113

."7% dΦ3 I . %$+#O. 7% H#$% +#,# ),P$ +#,)J8'6#$ (W+, fi, f̄
′

i )0

Q %$+#O. 7% H#$% +.7% $%, %$8,(). 8.5.

dΦ3(P, k, q1, q2) = dΦ2(P, k; ∆i)dΦ2(∆i; q1, q2)(2π)3d2∆i / 01R3
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∆i = q1 + q2 ; (∆i)
2 = (q1 + q2)

2, % &'()

#*+, P, k, q1 , q2 -.# #- /01+23$#$,*4#- +# 56-#* +, 738--9 +# 56-#* +, 8108, W+
, +#-

:;2$3#*- (fi, f̄
′

i ) 2,-<,"43=1$,*4,& > /01+23$#$,*4# +# 56-#* =32401?9 W−∗
9 ; ∆i&

> ,-<1@# +, :1-, *# 2,:,2,*"31? +, 2,<#0-# +# W <#+, -,2 ,-"234# "#$#

dΦ2(∆i; q1, q2) = (2π)−6 |~q∗1|
4
√

∆2
i

dΩ∗
1 =

(2π)−6

8
dΩ∗

1. % &'A)

B -,8032 =,23C"12,$#- 1 ,/01@.# % &'A)9 +,-4, $#+# "#*-3+,2,$#- # ,-<1@# +, :1-,

+1+# <#2

(

∏

f

d3pf

(2π)3

1

2Ef

)

(2π)4δ4(pA + pB −
∑

pf ), % &'D)

"#$ pA, pB, pf "#$# #- /01+23$#$,*4#- +1- <124E"0?1- ,*=#?=3+1- *# <2#",--#&

F1 ,G<2,--.# 8,21? ,$ % &'D) <#+,$#- "1?"0?12 # 4,2$# ,$ % &'A)& H#$,",$#-

,-"2,=,*+#

d3q1

(2π)3

1

2Eq1

d3q2

(2π)3

1

2Eq2

(2π)4δ4(∆i−q1−q2) =
(2π)−6

4
(2π)4d3q1

Eq1

d3q2

Eq2

δ4(∆i−q1−q2). % &'!)

I,<121*+# # J?43$# 4,2$# +, % &'!) *1- "#$<#*,*4,- 4,$<#21? , ,-<1"31? 4,$#-

d3q1

Eq1

d3q2

Eq2

δ0(Mw − Eq1
− Eq2

)δ3(−~q1 − ~q2 ), . % &KL)

B ,*,2831 4#41? (Eq1
+ Eq2

) <#+, -,2 ,G<2,--1 <#2

E =
√

q2
1 + m2

f +
√

q2
2 + m2

f̄
,

,*4.#

d3q1

Eq1

d3q2

Eq2

δ0(Mw − Eq1
− Eq2

)δ3(−~q1 − ~q2 ) =
d3q1

√

q2
1 + m2

f

1
√

q2
2 + m2

f̄

δ(MW − E)

=
|~q1|
E

dΩ1δ(MW − E)dE =
|~q1|
MW

dΩ1. % &KM)

N-"2,=,*+#

EW = Eq1
+ Eq2

=
√

q2
1 + m2

f +
√

q2
2 + m2

f̄

, +,-<2,O1*+# 1- $1--1- +#- :;2$3#*-

EW = Eq1
+ Eq2

= |~q1| + |~q2| = 2 |~q1| . % &KP)
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dΦ2(∆i; q1, q2) =
(2π)−6

8
dΩ∗

1,

*()1 dΩ∗
1 9 * 6(:#;* %<;')* 1 * %'(6; &'5*:7=>?* +@0 71571%1(&6 * A6&* )* $<%*( )1 :6#:1

%17 B'7&#6;-

C676 * ?=;?#;* )* &172* dΦ2(P, k; ∆i) * 21%2* 57*?1)'21(&* 6)*&6)* 6(&17'*721(&1

5*)1 %17 #&';'D6)*- E1%%1 ?6%* *$&1712*%

dΦ2(P, k; ∆i) =
(2π)−6

8

√

λ(M2
W , ∆2

i ; m
2
H)dΩ~k , +,-.,0

?*2 dΩ~k %1()* * F(:#;* %<;')* )1 #26 567&G?#;6 ?*2 2*21(&*

~k (* 71A171(?'6; )1 715*#%*

)* $<%*( )1 H'::%-

I%%'2J 6 ;67:#76 )'A171(?'6; 5*)1 %17 1%?7'&6 ?*2*

dΓ =
(2π)−5

128mH

∑

pol

|M |2
√

λ(M2
W , ∆2

i ; m
2
H)dΩ~kdΩ∗

1d∆2
i . +,-. 0

K 1;121(&* )1 26&7'D 5676 1%&1 )1?6'21(&* 5*)1 %17 1%?7'&* ?*2*

M = (igMW )εα(k)gµα
1

D(∆2
i )

g

2
√

2
ū(q1)γ

µ(1 − γ5)v(q2), +,-..0

*()1 )1%571D62*% 6 26%%6 )*% A972'*(% 1 D(∆2
i ) 9 * 57*56:6)*7 )* $<%*( B1&*7'6; )6)*

5*7

D(∆2
i ) = ∆2

i − M2
W + iMW ΓW.

E6 1L571%%M* 1%?7'&6 6(&17'*721(&1 5676 * 57*56:6)*7J 9 '25*7&6(&1 (*&67 6 571%1(N6

)* &172* 57*5*7?'*(6; O ;67:#76 )* W - I 1L'%&P(?'6 )1%&1 &172* 9 (1?1%%=7'6 5676 1B'&67

6 )'B17:P(?'6 )* 57*56:6)*7-

Q*2* 5676 &*)*% *% ?6%*% 6&9 * 2*21(&*J ?6;?#;6712*% * 2<)#;* R#6)76)* )1

+,-..0- K ?*25;1L* ?*(S#:6)* )* 1;121(&* )1 26&7'D 9

M † = (−igMW )
g

D(∆2
i )

1

2
√

2
[v†(q2)(1 − γ5)†γ†

µγ
0u(q1)gνβεβ∗(k)],
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∑

pol

|M |2 = MM † =
(gMW )2

D(∆2
i )

(

−gαβ +
kαkβ

M2
W

)

gµαgνβ
g2

8
Tr[/q1

γµ(1 − γ5)/q2
γν(1 − γ5)]

=
(gMW )2

D(∆2
i )

(

−gαβ +
kαkβ

M2
W

)

gµαgνβ .

48πΓi

MW

{qµ
1 qν

1 + qµ
2 qν

1 − gµν(q1.q2)}, /01234

#5(6 Γi = g2

(48π)MW
7 , *,-8)-, (6 (6",%$659# (# :-#"6&&# W → fif̄

′

i 1

;, #<&6-=,>?# (6 /012 4 6 /01234 %(659%.",$#& +)6 , (6:65(@5"%, &#<-6 # A58)*#

&'*%(# Ω∗
1 6&9B 5# :,-@596&6& +)6 ,:,-6"6 6$ /012341 C&&%$ ,& %5968-,%& +)6 ",*")*,-6$#&

&?# (, D#-$,

Iαβ =

∫

dΩ∗
1q

α
1 qβ

2 . /012E4

C %5968-,* ,596-%#- :#(6 &6- 6&"-%9, "#$#

Iαβ = A∆α
i ∆β

i + B∆2
i g

αβ
/012F4

G)*9%:*%",5(# , 6+),>?# ,"%$, :#- gαβ
6 ∆iα∆iβ -6&:6"9%=,$6596 6 )9%*%H,5(# ,&

-6*,>I6&

∆i.q1 = ∆i.q2 =
∆2

i

2
,

#<96$#& # &68)%596 &%&96$, (6 6+),>I6&

A + 4B = 2π,

A + B = π,

+)6 -6&)*9, 6$ A = 2π
3

6 B = π
3
1

J<96$#& 659?# :,-, /012E4

Iαβ =

∫

dΩ∗
1q

α
1 qβ

2 =
2π

3
∆α

i ∆β
i +

π

3
∆2

i g
αβ =

π

3

(

2∆α
i ∆β

i + ∆2
i g

αβ
)

, /012K4

#) ,%5(, :,-, /01234

Iαβ =

∫

dΩ∗
1{qµ

1 qν
1 + qµ

2 qν
1 − gµν(q1.q2)} =

4π

3

(

∆µ
i ∆ν

i − ∆2
i g

µν
)

. /013L4
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" #$%&'()*+, -& ./0123 4,5(& , 6$'78, 498#-, dΩ∗
1 (&478%) &:

∫

dΩ∗
1

∑

pol

|M |2 =
(gMW )2

D(∆2
i )

(

−gαβ +
kαkβ

M2
W

)

gµαgνβ ./02;3

4π

3

48πΓi

MW

(

∆µ
i ∆ν

i − ∆2
i g

µν
)

.

< =(,-7%, &: ./02;3

(

−gαβ +
kαkβ

M2
W

)

gµαgνβ

(

∆µ
i ∆ν

i − ∆2
i g

µν
)

,

=,-& 4&( &>=(&44, =,( 4&=)()-,? ,7 4&@)?

(

−gαβ +
kαkβ

M2
W

)

gµαgνβ =

(

−gµν +
kµkν

M2
W

)

,

&

(

−gµν +
kµkν

M2
W

)

(

∆µ
i ∆ν

i − ∆2
i g

µν
)

= ∆2
i

[

2 +
(k.∆i)

2

M2
W ∆2

i

]

.

A,: ,4 %&(:,4 )B#:) B)8B78)-,4? ) #$%&'()8 -, &8&:&$%, -& :)%(#> =,-& 4&( &4B(#%) $)

C,(:)

∫

dΩ∗
1

∑

pol

|M |2 =
(gMW )2

D(∆2
i )

m4
H

4MW

4π

3

48πΓi

MW

[

λ(M2
W , ∆2

i ; m
2
H) +

12M2
W ∆2

i

m4
H

]

. ./02!3

"44#:? ,5%&:,4 ) &>=(&44+, ./01 3

dΓ

dΩ~kd∆2
i

=
(2π)−5

128mH

√

λ(M2
W , ∆2

i ; m
2
H)

(gMW )2

D(∆2
i )

m4
H

4MW

4π

3

48πΓi

MW

[

λ(M2
W , ∆2

i ; m
2
H) +

12M2
W ∆2

i

m4
H

]

.

./02/3

D) &E7)*+, )$%&(#,( =&(B&5&:,4 E7& $+, FG -&=&$-H$B#) 4,5(& , 6$'78, 498#-,

)44,B#)-, ), 594,$ W (&)80 I&4%& :,-, =,-&:,4 (&)8#J)( 7:) #$%&'()*+, %(#K#)8 4,5(&

dΩ~k ? &$B,$%()$-,

dΓ

d∆2
i

=
GF m3

H

8π
√

2

√

λ(M2
W , ∆2

i ; m
2
H)

1

π

ΓiMW

|D(∆2
i )|

[

λ(M2
W , ∆2

i ; m
2
H) +

12M2
W ∆2

i

m4
H

]

.

L$%&'()$-, )',() 4,5(& d∆2
i ,5%&:,4

Γ =
GF m3

H

8π
√

2

1

π

∫

d∆2
i

ΓiMW

|D(∆2
i )|

√

λ(M2
W , ∆2

i ; m
2
H)

[

λ(M2
W , ∆2

i ; m
2
H) +

12M2
W ∆2

i

m4
H

]

. ./02 3
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ΓW
0 (k, ∆i,mH) ≡ GF m3

H

8π
√

2

√

λ(M2
W , ∆2

i ; m
2
H)

[

λ(M2
W , ∆2

i ; m
2
H) +

12M2
W ∆2

i

m4
H

]

, )!*+,-

. /.0120. '# '#3.&4#%5( #4 )!*+ - 6# 5(0%.

Γ =
1

π

∫

d∆2
i

ΓiMW

|D(∆2
i )|

ΓW
0 (k, ∆i,mH).  !"##$

%&' ( )&'( )&*+, -&.&) &) ,)-(.&) /0(1) ., .,2(1',0-& ., W 3 4&.,'&) )5*)-1-51+

Γi 4&+ ΓW "

%&0)1.,+(67,) )1'18(+,) ), (4812(' (& 2()& .& .,2(1',0-& H → Z0 + fif̄
′

i " 9 ,:;

4+,))<& ,'  !"##$ 4&., ),+ =,0,+(81>(.( 2&'&

Γ =
1

π

∫

d∆2
i

ΓV MV

|D(∆2
i )|

ΓV
0 (k, ∆i,mH),

&0., δV ?&1 .,/01.& (0-,+1&+',0-, , k2 = M2
V "
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ū(p2)(g
′

V − g
′

Aγ5)γµu(p
′
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[
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1 = −H+ sin β, ./01/3

φ+
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φ0
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1√
2
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H0

1 sin α − H0
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3 cos β
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3 J @" (%&@:6&%*#)#7C $%+6 J (&7*&D$:6 #+7#KJ% :# #,8)$%&

:6% #*6()#"&,+6% H0
i qq̄0
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=
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=
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[
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(

1

2
g

′

YiA
∗
i Ai + ξ

)2
]

+

(

∂W

∂Ai

)∗ (

∂W

∂Ai

)

. "/0;1-

M5 5(N'7#6(5 74.%57O@(5 5%)*( % .%6(#37+9 5$% '6797G+,+5P : ,')9(6% ,( 3+4.%5 ,(

Q7NN5 H1 ( H2 +,&'7*(4 R+9%*(5 (5.(*+,%5 #% RF3'%A 756% S

〈H1〉 =

(

v1

0

)

, 〈H2〉 =

(

0

v2

)

,

,(R7,% + '4+ (53%9B+ +.*%.*7+,+ .+*+ +5 K+5(5 ,%5 3+4.%5 ,( Q7NN5A v1 ( v2 5$% *(+75 (

#$% #(N+67R%50

: 6(*4% WF .%,( 5(* 7N#%*+,% #+5 (&'+O@(5 "/012A/01!-A &'+#,% 5( (56',+ + 4+6*7G

,( 4+55+ ,% )T5%# ,( Q7NN5 ( % .+*U4(6*% M (4 "/012- .%,( 5(* ,(5.*(G+,% 5(4 .(*,+

,( N(#(*+97,+,(H11I0

V(#,% (4 R756+ +5 74.%57O@(5 +374+A 3+93'9+*(4%5 %5 6(*4%5 ,% .%6(#37+9 .%* 5(.8

+*+,% ,( 4%,% + (53*(R(* + 5'+ (56*'6'*+ 3%4.9(6+P

Da =
1

2
gA∗

i σ
a
ijAj,



 !

"#$%&'&()*+, ) "#$-"../, )*("-&,- "0 ("-0,. +,. ')0$,. ".')%)-". (H1, H2) (102."

Da =
1

2
gA∗

i σ
a
ijAj =
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]

=
1

2
g

′
[
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(
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=
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2 H i
2)

2

}

+
g

′2

8

(

H i∗
2 H i

2 − H i∗
1 H i

1

)2
+

∣
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∣
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(
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(
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(µ∗hN + >383) + VSOFT . 1234?6
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(
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(
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$'--'-3 P$ 8'-%- $'9- +#0'9- @ (#8#--)09% ./9*9B'0 $@/%&%- (.$@098%- ;'0' -# &#/#0$9('0
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(
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(
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(
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(
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(
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(
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(
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3√
2

sin βd̄γ5d

}

.

:?")+@ A+'"2 *(%()'&0+) " %()'" f16 B22" 1"*( 2() C(&%" $('D)+0*" ,-( f1v1dd̄

3"))(21"0*( +" %()'" *( '+22+@ "- 2(E+@

md = f1v1. 5;6<F9

G"' " -2" *+2 2(?-&0%(2 (>1)(22H(2

tan β =
v2

v1

, sin β =
v2

√

v2
1 + v2

2

, mW =
gv

2
;

(03"0%)+'"2 1+)+ " %()'" *( +3"1$+'(0%" *( I-J+K+ +1L2 2-D2&%-&.H(2 ( '+0&1-$+.H(2

+$?=D)&3+2@

f1 =
gmd√

2mW cos β
. 5;6<M9

N( '"*" +0O$"?" 1"*('"2 *(%()'&0+) " %()'" f2 *+*" 1")

f2 =
gmu√

2mW sin β
. 5;6<89

P") Q' 3+$3-$+)('"2 "2 %()'"2 3)-4+*"2 *( 5;6 <96 G"02&*()( "2 %()'"2

f1

[

ψQ1
ψD(H2

1 ) + ψ̄Q1
ψ̄D(H̄2

1 )
]

= f1

[

ψQ1
ψD

(

H− sin β
)

+ ψ̄Q1
ψ̄D

(

H+ sin β
)]

,5;6< 9

f2

[

ψQ2
ψU(H1

2 ) + ψ̄Q2
ψ̄U(H̄1

2 )
]

= f2

[

ψQ2
ψU

(

H+ cos β
)

+ ψ̄Q2
ψ̄U

(

H− cos β
)]

.5;6<<9

: 2"'+ *(2%(2 *"&2 %()'"2@ ( " -2" *( 5;6<79@ 0"2 $(A+ +" 2(?-&0%( )(2-$%+*"

f1

[

ψQ1
ψD(H2

1 ) + ψ̄Q1
ψ̄D(H̄2

1 )
]

+ f2

[

ψQ2
ψU(H1

2 ) + ψ̄Q2
ψ̄U(H̄1

2 )
]

=
g

2
√

2mW

{

H+ūd (md tan β + mu cot β)
}

+
g

2
√

2mW

{

H+ū (mu cot β − md tan β) γ5d
}

. 5;6RSS9
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" #$%&$'%($'$ )* ('+*&$,-. )./ 01/.'/ )γ* 2(%%/ $ 34&5(.'/ 6.5 +.)./ ./ +*&5./

$'+*&(.&5*'+* )*+*&5('$)./ +75 $ 3.&5$

Lint = − gmu√
2mW sin β

[

(H0

1 sin α + H0

2 cos α)uū − iūγ5uH0

3 cos β
]

− gmd√
2mW cos β

[

(H0

1 cos α − H0

2 sin α)dd̄ − id̄γ5dH0

3 sin β
]

+
g

2
√

2mW

{

H+ūd (md tan β + mu cot β) + 6.58#*9. 6.':;%$).

}

+
g

2
√

2mW

{

H+ū (mu cot β − md tan β) γ5d + 6.58#*9. 6.':;%$).

}

.<=>?@?A

$A B.5. &*$#,$). 8$&$ . 6$/. )$/ ('+*&$,-. 6.5 ./ 01/.'/ )* %$;%*C */6&*D*5./ ./

$6.8#$5*'+./ 6.5 ./ 34&5(.'/E

gH0

1
uū = − igmu√

2mW

sin α

sin β
, gH0

1
dd̄ = − igmd√

2mW

cos α

sin β

*

gH0

2
uū = − igmu√

2mW

sin α

sin β
, gH0

2
dd̄ = − igmd√

2mW

sin α

cos β
.

0A F$&$ .0+*&5./ $/ ('+*&$,G*/ 6.5 ./ #48+.'/ 0$/+$ /;0/+(+;(& $/ )*H'(,G*/ )./

I;$&J/ 8$&$ $/ )*H'(,G*/ )./ #48+.'/C .; /*:$C 5;)$& )* (u, d) 8$&$ (ν, e−)>

 !"!" #$%&'()&*+(,-.%& /&0 120&.0 /- 34550

" )*+*&5('$,-. )./ $;+.K$6.8#$5*'+./ 4 &*$#(L$)$ 6.5 $ /;0/+(+;(,-. )$/ *I;$,G*/ <=>M@K

=>M!A *5 <=>= A> "/ ('+*&$,G*/ +&(#('*$&*/ /-. )* 5$(.& ('+*&*//* ;5$ D*L I;* /* $/

5$//$/ /-. $8&.8&($)$/C . )*6$(5*'+. )* ;5 01/.' )* 2(%%/ *5 .;+&./ 01/.'/ )* 2(%%/ 4

8*&5(+().> N*/+* 5.). &*8&.);L(5./ $ /*%;(& $ #$%&$'%($'$ )* ('+*&$,-. I;* 8.//(0(#(+$

$ .0+*',-. )./ $6.8#$5*'+./OPPQ>

LHHH = −gmW H+H−
[

H0

1 cos (β − α) + H0

2 sin (β − α)
]

− gmZ

4 cos θW

[

H0

1 cos (β + α) + H0

2 sin (β + α)
]

.

.
{

cos 2α
[

(

H0

1

)2 −
(

H0

2

)2
]

− 2H0

1H
0

2 sin 2α −
[

(

H0

3

)2
+ 2H+H−

]

cos 2β
}

.<=>?@PA
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 ! "#$%&$# '( '()#*+(,-. './ 01/.,/ '( 2*%%/ 3456#$

'. 7.'(8. 79,*+. :&6($/*+;-$*).

"#$# %&'$%(%$)*& #& +#$,-$#& .% .%'#/)%01* .*& 23&*0& .% 4/,,& 5"67#$ 0* 8*.%+*

890/)* :-7%$&/);1$/'* -1/+/<#$%)*& *& $%&-+1#.*& .# &%=>* 3.1? *0.% #& +#$,-$# .% .%6

'#/)%01* @*$#) '#+'-+#.#& %) .%1#+A%B 5*)* CD (/&1*? *& 23&*0& .% 4/,,& .# %E1%0&>*

&-7%$&/);1$/'# .* 8*.%+* "#.$>* 7*&&-/ #'*7+#)%01*& F-% ./@%$%) .*& #'*7+#)%01*& .*

23&*0 .% 4/,,& .* 8*.%+* "#.$>*B G&1%& #'*7+#)%01*& ./&1/0,-%)6&% 7*$ #7$%&%01#$%)

@-0=H%& 1$/,*0*);1$/'#& .*& I0,-+*& α % βB J& 1#E#& .% .%'#/)%01* 0%&1% )*.%+* &%$>*

%&'$/1#& '*)*KLMN

Γ = ΓMP .(@#1*$ 1$/,*0*);1$/'*)2,

*0.% %&1% @#1*$ 1$/,*0*);1$/'* %&1# #&&*'/#.#* # '#.# 1/7* .% #'*7+#)%01*B

 ! !" #$%&'($)*+ ,+ -./+) ,$ 0'11/ 2$3$ $( 456('+)/7H0

1
−→ ff̄

G) 09(%+ D$(*$%? # +#$,-$# .% .%'#/)%01* 7#$# * 23&*0 .% 4/,,& +%(% .# %E1%0&>* &-7%$6

&/);1$/'#? %) 7#$19'-+#& 1/7*6.*O0 '*)* d, s, b % +;71*0& e, µ ; %&'$/1# '*)*

Γ(H0

1 −→ ff̄) = ΓMP .
cos2 α

cos2 β

=
NCmH

8π

(mf

v

)2 cos2 α

cos2 β

[

1 −
4m2

f

m2
H

]3/2

,

*0.% NC = 3 7#$# F-#$P& % 1 7#$# +;71*0&B

"#$# 7#$19'-+#& 1/7*6-7? '*)* u % c 1%)*&

Γ(H0

1 −→ qq̄) =
3mH

8π

(mf

v

)2 sin2 α

sin2 β

(mf

v

)2

.

 ! !8 #$%&'($)*+ ,+ -./+) ,$ 0'11/ 9$/&,+ $( 456('+)/7 H0

2
−→

ff̄

5*)* 0* 137/'* #01%$/*$? 7#$# 7#$19'-+#& 1/7*6-7 % 1/7*6.*O0 &-#& $%&7%'1/(#& +#$,-$#&

.% .%'#/)%01* &>*

Γ(H0

2 −→ qq̄) =
3mH

8π

(mf

v

)2 cos2 α

sin2 β

(mf

v

)2

%

Γ(H0

2 −→ qq̄) =
NCmH

8π

(mf

v

)2 sin2 α

cos2 β

[

1 −
4m2

f

m2
H

]3/2

.
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 ! !" #$%&'($)*+ ,+ -./+) ,$ 0'11/ 2$3$ $( -./+)/ ,$ 4&51$6

H0

1
−→ V V ∗

" #$%&'%$ () ()*$+,)-./ ), 012/-2 () &$'&)3 /' 2)4$3 V = W±, Z3 /-() ', (/2 012/-2

5 /6728)## 5 )9:%)22$ :/%

Γ =
cos2 (β − α)

π

∫

d∆2

i

ΓV MV

|D (∆2
i )|

ΓV
0 (k, ∆i,mH) , ;<=>?@A

/-() ΓV
0 ;B+() 2)CD/ 3.1.33 )E'$CD/ @=F!A 5 %):%)2)-.$(/ :/%

ΓV
0 (k, ∆i,mH) ≡ GF m3

H

8π
√

2

√

λ (M2
V , ∆2

i ; m
2
H)

[

λ
(

M2

V , ∆2

i ; m
2

H

)

+
12M2

V ∆2
i

m4
H

]

 ! ! #$%&'($)*+ ,+ -./+) ,$ 0'11/ 7$/&,+ $( -./+)/ ,$ 4&51$6H0

2
−→

V V ∗

G$%$ / 012/- () H+&&2 ,$+2 :)2$(/3 $ #$%&'%$ () ()*$+,)-./ 5 )2*%+.$ */,/

Γ =
sin2 (β − α)

π

∫

d∆2

i

ΓV MV

|D (∆2
i )|

ΓV
0 (k, ∆i,mH) . ;<=>?<A

I)2.) *$2/3 / 012/- () H+&&2 :/() ()*$+% ), (/+2 012/-2 () &$'&) %)$+2= J :/22KB)#

)2*%)B)% .$,05, $2 #$%&'%$2 () ()*$+,)-./2 :$%$ / *$2/ ), E') /2 :%/('./2 () ()*$+,)-./

2)4$, (/+2 012/-2 () &$'&) /6728)##3 +2./ 53 H0
1 −→ V ∗V ∗

) H0
2 −→ V ∗V ∗

=

 !" #$%&'()*+%

I)2.$ 2)CD/ $:%)2)-.$%),/2 /2 %)2'#.$(/2 -',5%+*/2 /0.+(/2 :/% ,)+/ ($ '.+#+L$CD/ (/2

2)&'+-.)2 2/M.N$%)2O HPQR"S3 HTUVW3 HG"TX3 YZHY ) YYZH [>Z\= R/, /2 %)2'#.$(/2

-',5%+*/2 */-.%'K,/2 &%]^*/2 .)-(/ */,/ :%+-*+:$+2 :$%_,).%/2 mA ) tan β= `2 $*/:#$7

,)-./2 2D/ ().)%,+-$(/2 $ :$%.+% ($ ^9$CD/ ()22)2 :$%_,).%/2= a/%$, )2*/#8+(/ (/+2

B$#/%)2 :$%$ tan βO @ ) @?= G$%$ *$($ ', ()22)2 B$#/%)2 */-.%'K,/2 /2 &%]^*/2 .$-./

:$%$ / 012/- () H+&&2 #)B) */,/ :$%$ / 012/- () H+&&2 :)2$(/3 $,0/2 -)'.%/2 ) RG7:$%3

*/-2+()%$-(/ 2)'2 :%+-*+:$+2 :%/*)22/2 () ()*$+,)-./ ) :%/('CD/= "-$#+2$,/2 /2 $2:)*7

./2 ,$+2 %)#)B$-.)2 :$%$ *$($ *$2/ ) %)$#+L$,/2 ',$ $-]#+2) */,:$%$.+B$ )-.%) /2 012/-2

() H+&&2 #)B) ) :)2$(/ ) / 012/- () H+&&2 (/ b/()#/ G$(%D/= c)%] '.+#+L$($ .$-./ -/2

&%]^*/2 */,/ -$2 (+2*'22d)2 $ 2)&'+% $ -/.$CD/O H0
1 ≡ h ) H0

2 ≡ H=
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 !"!# $%&'(&%) *+ *+,%-.+/01

"#$%&'#()*+$ , $)-&#( +$ ()$&.',/+$ 0&*1(#%+$ 2,(, ,$ .,(-&(,$ /) /)%,#*)0'+ /+$ )$%,.,()$

0)&'(+$ 3452,( /+ 67768

•  !""# $%&%' (' )*+* tan β = 3,

9 :-&(, ;<8=> #.&$'(, +$ 2(+%)$$+$ /) /)%,#*)0'+ 2,(, &* ?@$+0 /) A#--$ .)B) 2,(,

tan β = 38

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

 50  60  70  80  90  100  110

B
R

(h
)

Mh[GeV]

bb

τ+τ−

gg

ΖΖ
W

+
W

−

µ+µ−

Ζγ

cc

ss

γγ

C#-&(, <8=D 6+/+$ /) /)%,#*)0'+ 2,(, &* ?@$+0 /) A#--$ .)B) 2,(, tan β = 38

E %,0,. /) /)%,#*)0'+ F )* '' 0G+ 1 %#0)*,'#%,*)0') ,%)$$HB).I 2+#$ , *,$$, /+

?@$+0 /) A#--$ *,#$ .)B) 1 #0J)(#+( K *,$$, /) /&,$ B)L)$ , *,$$, /+ M&,(N '+28 O)$')

-(P:%+I + %,0,. M&) 2()/+*#0, /&(,0') '+/+ + #0')(B,.+ /) *,$$, /+ A#--$ 1 + /)%,#*)0'+

)* ??I /, +(/)* /) 100
8 E&'(+$ %,0,#$ #*2+(',0')$ $G+ τ+τ−

) --I $)0/+ M&) + B,.+( /,

.,(-&(, /) /)%,#*)0'+ /+ Q.'#*+ ,&*)0', 2,(, *,$$,$ ,%#*, /) RSST)U8 E /)%,#*)0'+

)* $$ /+*#0, $+?() )* %% ,'1 , *,$$, 2(@V#*, /) !WT)UX )* $)-&#/, )$') Q.'#*+ 2(+%)$$+

+%+(() %+* &*, ',V, /) /)%,#*)0'+ ?,$')0') #*2+(',0') )* ().,YG+ , $$I )* )$2)%#,. 2,(,

*,$$, /) RSS T)U8

4(+%)$$+$ %+*+D WW I ZZ ) Zγ ;/)%,#*)0'+ )* ?@$+0$ /) -,&-)> $&(-)* 0+ #05

')(B,.+ /) !S , RSS T)UI 0)$', ()-#G+ $)&$ ?(,0%F#0- (,'#+$ $G+ ?,$',0')$ 2)M&)0+$I

'+(0,0/+5$) ().)B,0')$ , 2,('#( /) RSST)U8 ")%,#*)0'+$ )* J1(*#+0$ /+*#0,* )* 2(,'#5

%,*)0'+ '+/+ + #0')(B,.+ /) *,$$,8
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•  !""# $%#&'()  ) $&*& tan β = 3+

"# $%&'# ()*+, #-'./.01#23/ 3/ -'34.//3/ 5. 5.4#62.013 -#'# &2 78/30 5. 96%%/

-./#53 -#'# tan β = 3*
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:6%&'# )*+; <353/ 5. 5.4#62.013 -#'# &2 78/30 5. 96%%/ -./#53 -#'# tan β = 3*

=#'# ./1. 78/30 3 5.4#62.013 .2 11 > #4.//?@.A . 53260# # -#'16' 5. #-'3B62#5#C

2.01. +DE F.G*

H# 432-#'#IJ3 432 3 %'K$43 53 96%%/ A.@.L 03 601.'@#A3 5. MMECM+EF.G 3/ 4#0#6/

/J3 /&-'62653/* "3 601.'@#A3 .01'. NEEC)EEF.GL 3/ 5.4#62.013/ 62-3'1#01./ /J3; OOL77L

WW . ZZ* P/ 5.4#62.013/ .2 78/30/ 5. %#&%. 53260#2 /37'. 5.4#62.013/ 5.@653 Q

43''.IR./ '#56#16@#/*

P 5.4#62.013 .2 %A&30/ 1.2 &2 7'#04O60% '#163 /6%06$4#16@3 .2 432-#'#IJ3 432

//L 44L µ+µ−
. -'34.//3/ #5@6053/ 5. 43''.IR./ '#56#16@#/*

H.4#62.013/ .2 S>'2630/ 4323; µ+µ−
L // . 44 03 601.'@#A3 5. MEECNEEF.G #-'3BC

62#5#2.01.L -3//&.2 &2# 1#B# 5. 5.4#62.013 62-3'1#01.L 2#/ 432 # 2#//# 53 78/30

5. 96%%/ 2#63' T&. +EE F.G ./1./ -'34.//3/ -#//#2 # 4301'67&6' -3&43 . #3 4301'K'63

53 4#/3 53 78/30 5. 96%%/ A.@.L 03 T&#A 3 7'#04O60% '#163 #//346#53/ # ./1./ -'34.//3/

#&2.01# 432 3 #&2.013 5# 2#//# 53 96%%/*

"3 601.'@#A3 #-'3B62#53 5. M+ECMUEF.G(mH V NMW ,L 3 -'34.//3 2#6/ '.A.@#01. >

5.4#62.013 53 78/30 5. 96%%/ .2 77* W -#'16' 5./1. A6261.L 3 4#0#A 430160&# 62-3'1#01.L



  

!"# $% &#'"() ") *"+", --. '/&*&$0$) $& τ+τ−
& ZZ1 2" *)+$0(3) 45MW 6 mH 6

5Mt7. )# '/)*&##)# !"0# /&,&8"+9&# :% ;)/"! 0+$0*"$)# "*0!"1

<="+$) 45MW 6 5Mt 6 mH7. ) '/)*&##) >=& '&$)!0+" ? ) $&*"0!&+9) &! 991

•  !""# $%&%' (' )*+* tan β = 30,

@ AB=/" 4C1C7 /&'/&#&+9" )# '/)*&##)# $& $&*"0!&+9) '"/" =! DE#)+ $& F0BB# ,&8&

'"/" tan β = 301
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G0B=/" C1CH I)$)# $& $&*"0!&+9) '"/" =! DE#)+ $& F0BB# ,&8& '"/" tan β = 301

@,B) #&!&,J"+9& ") >=& )*)//& '"/" ) DE#)+ $& F0BB# ,&8& *)! tan β = 3 ? )D#&/8"$).

)= #&:". ) *"+", J &! 99 +3) ? "*&##K8&, *0+&!"90*"!&+9&1

L# '/0+*0'"0# *"+"0# #=/B&! '"/" !"##"# $) DE#)+ $& F0BB# "D"0M) $& N5OP&Q1 L#

$&*"0!&+9)# &! DD & τ+τ−
'/&$)!0+"! #)D/& 9)$" " ;"0M" $" &#*"," $& !"##". 9&+$) =!

'&>=&+) $&*/?#*0!) '"/" !"##" ") /&$)/ $& NN P&Q1 R#9&# !&#!) *"+"0# 9S! ) !&#!)

*)!')/9"!&+9) '"/" ) *"#) *)! tan β = 31

T)!) +) *"#) $& =! F0BB# ,&8& *)! tan β = 3. " 9"M" $& $&*"0!&+9) &! B,U)+#

? =! '/)*&##) 0+9&/!&$0%/0) &! /&,"(3) ")# $&!"0# & "'/&#&+9" =! "=!&+9) +) #&= 8",)/

')/ 8),9" $& NNCP&Q1

V/)*&##)# &! >=& )# '/)$=9)# $& $&*"0!&+9) #3) DE#)+# $& B"=B& #& )/0B0+"!

+" /&B03) $& !"##" "*0!" $& NOOP&Q1 R##& ? ) *"#) $& J −→ WW & ZZ1 L '/)*&##) J

−→** *)+*)//& *)! J −→ WW +" /&B03) 0+9&/!&$0"/0" $& !"##" $& NOOWNNOP&Q. #&+$)
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"#$ % &'()*% +(),-$ #* .+'%/ 0$ 1/+,23),- /+()% 4#5$/)%/ +% 0$2+)*$,(% $* 226 7 2+,+'

ZZ 5%44#) #* *+)%/ 1/+,23),- /+()% "#+,0% 2%*5+/+0% 2%* % 2+4% 0% 184%, 0$ 9)--4

'$.$ 2%* tan β = 36

:$2+)*$,(%4 2%* 2%//$;<$4 /+0)+().+4 2%*% γγ $ Zγ 4$ (%/,+* $.)0$,($4 +5+/()/ 0$

==>?$@A 2%,4(/+4(+,0% 2%* % -/BC2% 5+/+ %4 1/+,23),- /+()%4 0% 9)--4 '$.$ $ tan β = 3A

%,0$ % 2+,+' γγ 4#/-$ 5+/+ #*+ *+44+ *$,%/ "#$ D>?$@ $ 5+44+ + ($/ #* .+'%/ 0$

1/+,23),- /+()% /$'$.+,($ +2)*+ 0$ =>>?$@6

•  !""# $%#&'()  ) $&*& tan β = 30+

E+ C-#/+ FG6DH /$5/$4$,(+*%4 %4 5/%2$44%4 0$ 0$2+)*$,(% 0$ #* 184%, 0$ 9)--4

5$4+0% 5+/+ tan β = 306
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 !"#$% &'() *+,+- ,. ,./%!0.12+ 3%$% #0 45-+1 ,. 6!""- 3.-%,+ 3%$% tan β = 30'

7+ /+12$8$!+ ,+ 3$+/.--+ 6!""- 3.-%,+ /+0 tan β = 3 +1,. + ,./%!0.12+ .0 22

+/+$$. % 3%$2!$ ,. 9:;<.= . /+12$!4#! /+0 #0 4$%1/>!1" $%2!+ 4%-2%12. -!"1!?/%2!@+A

1.--. /%-+ .-2. ,./%!0.12+ -. !1!/!% 1+ !12.$@%B+ ,. C;;D&;;<.=A %B/%1E%1,+ #0 @%B+$

.-28@.B %+ $.,+$ ,. (;;<.=F,#%- +$,.1- ,. "$%1,.G% 0.1+$ H#. 1+ /%-+ ,. 6!""- 3.-%,+

/+0 tan β = 3'

I- ,./%!0.12+- .0 44 . τ+τ−
,+0!1%0 .0 2+,+ + !12.$@%B+ ,. 0%--% ,. 9;;D

J;;;<.=' K-2% 3$.,+0!1L1/!% M +4-.$@%,% 2%04M0 3%$% + /%-+ ,. #0 6!""- B.@. /+0

tan β = 30A 1+ !12.$@%B+ ,. (;DJJ;<.=' N#%1,+ /+03%$%,+ /+0 + ,./%!0.12+ ,. #0 6!""-



 !

"#$%&' (') tan β = 3* #$+#$ ",'(#$$'$ $-' .)"',+%/+#$* "',0) $-' )%.$ $.1/.2(%+.3'$ /'

./+#,3%4' &# 5!!67!!8#9:

;' (%$' &# tan β = 30* ' &#(%.)#/+' #) <=$'/$ &# 1%>1# +?) >)% ('/+,.<>.@-'

<%.A% B>%/&' (')"%,%&' %'$ <,%/(C./1 ,%+.' (') tan β = 3 D&.E#,#) &# &>%$ ',&#/$ &#

1,%/&#F% %",'A.)%&%)#/+#G: H$ <,%/(C./1 ,%+.'$ "%,% '$ <=$'/$ &# 1%>1# $-' ,#4#3%/+#$

/' ./+#,3%4' &# I!!6J!!8#9:

H &#(%.)#/+' #) 14K'/$ 0 ,#4#3%/+# /' ./+#,3%4' &# I!!6L!!8#9: M(.)% &#$+# ./+#,6

3%4' $>% ('/+,.<>.@-' $# +',/% "'>(' .)"',+%/+#: N$+# (')"',+%)#/+' &.E#,# $.1/.2(%+.6

3%)#/+# /' ./+#,3%4' &# 57!65L!8#9* "%,% ' (%$' &# tan β = 3:

O)% ('/+,.<>.@-' $.1/.2(%+.3% /' ./+#,3%4' I!!67!!8#9 0 ' &#(%.)#/+' #) &'.$

P.11$ 4#3#$ (>Q% ',&#) &# 1,%/&#F% 0 10−3
:

R,'(#$$'$ ',.>/&'$ &# (',,#@S#$ ,%&.%+.3%$ (')' Zγ # γγ /-' %"%,#(#):H>+,'$ ",'6

(#$$'$ (')' ZA* AA # W±H±
/-' '(',,#) &#3.&% % ('/$#,3%@-' &% $.)#+,.% TR:

•  !""# $%&%' (' )*+* tan β = 3 % , -.#,/ 0%  !""# 0, 1,0%$, 2*0+3,4

U% (')"%,%@-' &'$ <,%/(C./1 ,%+.'$ &' <=$'/ &# P.11$ /' V'&#4' R%&,-' # /'

V'&#4' VW/.)' X>"#,$.)0+,.('* /' ./+#,3%4' &# Y!655!8#9 "'&#)'$ '<$#,3%,Z

H$ &#(%.)#/+'$ #) <<* τ+τ−
* $$ # µ+µ−

/' ./+#,3%4'* "%,% P.11$ 4#3# # tan β = 3*

%",#$#/+%) % )#$)% ',&#) &# 1,%/&#F% #) (')"%,%@-' (') '$ &#(%.)#/+'$ /' V'&#4'

R%&,-': H &#(%.)#/+' #) (( /' V'&#4' R%&,-' 0 )%.$ $.1/.2(%+.3' /' ./+#,3%4' %/%4.$%&'*

%' ('/+,[,.' &' V'&#4' VW/.)' X>"#,$.)0+,.('* B># "%$$% % $#, ,#4#3%/+# #/+,# 5!!6

55!8#9:

;% ,#1.-' #/+,# L!6\!8#9* %)<'$ '$ <=$'/$ &# P.11$ "'&#) &#(%., #) <=$'/$ &#

1%>1#: R%,% ' <=$'/ &# P.11$ )%.$ 4#3#* %(.)% &' ./+#,3%4' ('/$.&#,%&' ' &#(%.)#/+'

#) <=$'/$ &# 1%>1# 0 $>",.).&': M41' %/[4'1' '(',,# "%,% ' <=$'/ &# P.11$ &' V'&#4'

R%&,-'* B>%/&' #$+#$ (%/%.$ $# +',/%) <%$+%/+#$ $.1/.2(%+.3'$ (') %>)#/+' &% )%$$%:

H ",'&>+' 2/%4 B># $>,1# &' &#(%.)#/+' (') % ./+,'&>@-' &# (',,#@S#$ ,%&.%+.3%$

(')' γγ $-' .1>%4)#/+#$ ,#4#3%/+#$ /% )#$)% ',&#) &# 1,%/&#F% "%,% %)<'$ '$ <=$'/$

&# P.11$:

H &#(%.)#/+' #) Zγ 0 ',.1./%&' %' ,#&', &# 5!!8#9* (')' /' V'&#4' R%&,-':

•  !""# )%#*0,'  ' )*+* tan β = 3 % , -.#,/ 0%  !""# 0, 1,0%$, 2*0+3,4

M/%4.$%,#)'$ '$ &#(%.)#/+'$ "%,% >) <=$'/ &# P.11$ "#$%&' # >) <=$'/ &# P.11$

&' )'&#4' "%&,-' /' ./+#,3%4' &# 57!6L!!8#9:

N/+,# 57!6I!!8#9* ' &#(%.)#/+' #) << "%,% >) P.11$ "#$%&' '(',,# &' E',)%

)#/'$ %(#/+>%&% B>%/&' (')"%,%&' %' <=$'/ &# P.11$ &' V'&#4' R%&,-': H )#$)'

'(',,# "%,% τ+τ−
* ((* $$ # µ+µ−

: ;% ,#1.-' #/+,# I!!67!!8#9* ' <=$'/ &# P.11$ "#$%&'

%",#$#/+% <,%/(C./1 ,%+.'$ %",'A.)%&%)#/+# ('/$+%/+#$ # (') 3%4', 1,%/&# "%,% '$ &#(%.6

)#/+'$ #) <<* τ+τ−
# ((* ' B># /-' '(',,# "%,% ' <=$'/ &# P.11$ &' V'&#4' R%&,-'* '/&#



 !

"#$%# $%&%# #'( )*+$( )",(-"# . / (* 0 (-1",# 1" 2-%,1"3% )",(-"#45 6) 7%$( -"8"9%,$" :

;*" <%-% )%##%# )%+(-"# ;*" 0==>"?@ (# A-%,BC+,2 -%$+(# 1(# 1"B%+)",$(# <-"1()+,%$"#

B+$%1(# %,$"-+(-)",$" #(7-") *) B"-$( %B-:#B+)(5 DB+)% 1"#$" 9%8(- 1" )%##%@ ( 1"B%+E

)",$( ,"##"# 7:-)+(,# 1( F(1"8( G%1-'( 1+)+,*") 1-%#$+B%)",$"5 H 1"B%+)",$( ") $$

#" $(-,% 1()+,%,$" %B+)% 1" I==>"? <%-% ( AJ#(, 1" K+22#5

H 1"B%+)",$( ") AJ#(,# 1" 2%*2" <%-% *) AJ#(, 1" K+22# <"#%1(@ B() *)% )%##%

%A%+&( 1" /==>"?@ %<-"#",$% A-%,BC+,2 -%$+( #+2+,+LB%$+9(5 G%-% ( AJ#(, 1" K+22# 1( F(1E

"8( G%1-'( "8" #" $(-,% +)<(-$%,$" <%-% )%##%# %B+)% 1" /==>"?@ #",1( <-"1()+,%,$"#

%$: ( $:-)+,( 1( +,$"-9%8( 1" )%##% B(,#+1"-%1( ,% L2*-%5 M( +,$"-9%8( 1" /==E0==>"?

"&+#$" *)% B"-$% B(--"#<(,1N,B+% ,( 1"B%+)",$( ") AJ#(,# 1" 2%*2" ",$-" ( AJ#(, 1"

K+22# <"#%1( " ( AJ#(, 1" K+22# 1( F(1"8( G%1-'(5

M( +,$"-9%8( 1" !0=E/==>"?@ (# 1"B%+)",$(# ") <%-$OB*8%# +,1*3+1%# <(- 8((<# <%-%

*) AJ#(, 1( K+22# 1( F(1"8( G%1-'( %<-"#",$%) A-%,BC+,2 -%$+(# )%+(-"# ;*%,1( B()E

<%-%1(# % *) AJ#(, 1" K+22# 1% "&$",#'( #*<"-#+):$-+B%5 P"#+,$"2-%QR"# ") CC@ AA@ ZA

" W±H±
(B(--") %<",%# <%-% ( AJ#(, 1" K+22# <"#%1(5 H <-(1*$( CC $"-S #*<(#$%)",$"

*)% %##+,%$*-% ") 7:-)+(,# " A(#(,# 1" 2%*2"5

•  !""# $%&%' (' )*+* tan β = 30 % , -.#,/ 0%  !""# 0, 1,0%$, 2*0+3,4

D,%8+#%-")(# ( +,$"-9%8( T=E!! >"? " B()<%-%-")(# (# %#<"B$(# +)<(-$%,$"# <%-%

*) AJ#(, 1" K+22# 8"9" " ( AJ#(, 1" K+22# 1( F(1"8( G%1-'(5

H# B%,%+# AA " τ+τ−
<-"1()+,%,$"# ,( +,$"-9%8( ") ;*"#$'( $%,$( <%-% ( AJ#(, 1"

K+22# 1% "&$",#'( #*<"-#+):$-+B% B()( ( AJ#(, 1" K+22# 1( F(1"8( G%1-'( %<-"#",$%)

*) B()<(-$%)",$" #")"8C%,$" ,% -"2+'( %B+)% 1" !!=>"?@ (,1" #"*# A-%,BC+,2 -%$+(#

#(7-") *) 1"B-:#B+)(5H*$-(# B%,%+# #+2,+LB%$+9(# ;*" "&+A") ( )"#)( B()<(-$%)",$(

#'( ## " µ+µ−
5 6) B%,%8 ;*" #" 1+#$+,2*" <%-% %)A(# (# AJ#(,# 1" K+22# : ( B%,%8 BBU

,( F(1"8( G%1-'( "8" %<-"#",$% *) A-%,BC+,2 -%$+( +)<(-$%,$" <%-% )%##%# %A%+&( 1"

V=>"?5 M( B%#( 1( AJ#(, 1" K+22# 8"9" 1% "&$",#'( #*<"-#+):$-+B% "8" #" $(-,% -"8"9%,$"

<%-% )%##%# %B+)% 1" !==>"?@ %8B%,Q%,1( *) 9%8(- +)<(-$%,$" %( -"1(- 1" !!W>"?5

H A-%,BC+,2 -%$+( <%-% ( 1"B%+)",$( ") 28X(,# ,( F(1"8( G%1-'( %*)",$% B() (

%*)",$( 1% )%##% B()( "#<"-%1(@ %( B(,$-S-+( 1( B%#( 1( AJ#(, 1" K+22# 8"9" (,1" % -%3'(

1" -%)+LB%Q'( 1+)+,*+ %$: !!T>"?5 D <%-$+- 1"#$" 9%8(- "8% %*)",$% B(,#+1"-%9"8)",$"5

M( F(1"8( G%1-'(@ % 1"#+,$"2-%Q'( ") AJ#(,# 1" 2%*2" (B(--" <%-% )%##%# )",(-"#

;*" !==>"?@ #*% )%+(- B(,$-+A*+Q'( #" 1S <%-% )%##%# %B+)% 1" !T=>"?5 H )"#)( ,'(

%B(,$"B" <%-% *) K+22# 8"9"@ (,1" ( A-%,BC+,2 -%$+( $(-,%E#" -"8"9%,$" <%-% )%##%# %B+)%

1" !==>"?@ " #" $(-,% #+2,+LB%$+9( <%-% *) 9%8(- 1" )%##% +2*%8 % !!W>"?5

Y(,$-+A*+Q'( 9+,1%# 1" B(--"QR"# -%1+%$+9%# %<-"#",$%) (-1",# 1" 2-%,1"3% #")"8E

C%,$"# <%-% (# A-%,BC+,2 -%$+(# 1( AJ#(, 1" K+22# 8"9" " 1( F(1"8( G%1-'(5

•  !""# )%#*0,'  ' )*+* tan β = 30 % , -.#,/ 0%  !""# 0, 1,0%$, 2*0+3,4



 !

"#$# %&'% (#&)* ) +,'%$#-#.) %&'/0#0) &%$1 !2234225%67

"#$# ) 89&), 0% :+;;& <%&#0)* )& (#,#+& 88 % µ+µ−
<$%0)=+,#= &)8$% ')0) +,'%$-#.)

0% =#&&# +,0+(#0)* &%= ,%,>/=# -#$+#?@) 8$/&(#7 A) (#&) 0) B)0%.) "#0$@) %&&%& -#.)$%&

<#$# )& 8$#,(>+,; $#'+)& 0+=+,/%= &+;,+C(#'+-#=%,'% ,%&&% =%&=) +,'%$-#.)7 D (#,#. ''

E +=<)$'#,'% <#$# #=8)& )& 89&),& 0% :+;;&* ()= =#+)$ %F<$%&&+-+0#0% <#$# ) 89&), 0%

:+;;& 0) B)0%.) "#0$@)7

D 0%(#+=%,') %= ;.G),& <#$# #=8)& )& 89&),& 0% :+;;& #<$%&%,'#= 8$#,(>+,;

$#'+)& 0# =%&=# )$0%= 0% ;$#,0%H# I10−3
J* <)$E= K/#,0) &% '$#'# 0% /= 89&), 0% :+;;&

<%&#0)* &%/ -#.)$ 0+=+,/+ $#<+0#=%,'% ()= ) #/=%,') 0# =#&&#* %,K/#,') K/% <#$# )

89&), 0% :+;;& 0) B)0%.) "#0$@) %F+&'% /=# -#$+#?@)7 D 0%(#+=%,') %= 89&),& 0% ;#/;%

E =#+& &+;,+C(#'+-) <#$# /= 89&), 0% :+;;& 0) B)0%.) "#0$@) ()= $%.#?@) #) 89&), 0%

:+;;& <%&#0)7

L#,#+& $%&/.'#,'%& 0% ()$$%?M%& $#0+#'+-#& <#$# /= :+;;& <%&#0) ,@) #<#$%(%= 7

"#$# ) 89&), 0% :+;;& 0) B)0%.) "#0$@) # G,+(# (),'$+8/+?@)* #+,0# K/% <%K/%,#* E 0)

%&'#0) C,#. Zγ7

 !"!# $%&'%( )% *+,-.%

D& <$)(%&&)& 0+&(/'+0)& # &%;/+$ N)$#= <$)0/H+0)& (),&+0%$#,0) # %,%$;+# 0) (%,'$) 0%

=#&&# 0% OP%67

•  !""# $%&%' (' )*+* tan β = 3,

Q<$%&%,'#=)& ,# C;/$# IR74J #& &%?M%& 0% (>)K/% <#$# /= 89&), 0% :+;;& .%-% <#$#

tan β = 37

"#$# /= >+;;& .%-% ()= tan β = 3* ) (#,#. =#+& +=<)$'#,'%* ,) +,'%$-#.) 0% ST3

U2T5%6* E # N/&@) 0% ;.G),& K/% (),'$+8/+ ()= /=# &%?@) 0% (>)K/% 0# )$0%= 0% U<87

Q(+=# 0% UU25%6* %&'# &%?@) 0% (>)K/% '%= /= <%K/%,) #($E&(+=)* %&'#8+.+H#,0) %=

&%;/+0#7

D/'$)& <$)(%&&)& +=<)$'#,'%& ,# =%&=# )$0%= 0% ;$#,0%H# 0) <$)(%&&) #,'%$+)$

&@)V N/&@) 0% 89&),& N$#()& % <$)0/?@) #&&)(+#0#7 W <)&&X-%. ,)'#$ K/% <#$# =#&&#&

#8#+F) 0%  25%6 )& (#,#+& 0% <$)0/?@)V N/&@) 0% 89&),& N$#()& % # <$)0/?@) #&&)(+#0#

%= hW &@) +;/#.=%,'% &+;,+C(#'+-)&* #(+=# 0%  25%6* ) <$)(%&&) 0% N/&@) 0% 89&),&

N$#()& <$%0)=+,#7

•  !""# )%#*-.'  ' )*+* tan β = 3,

A# C;/$# IR7OJ +./&'$#=)& #& &%?M%& 0% (>)K/% <#$# /= 89&), 0% :+;;& <%&#0) <#$#

tan β = 37

Q N/&@) 0% ;.G),&* ()=) ,) (#&) #,'%$+)$* E ) <$)(%&&) 0)=+,#,'%7 A) +,'%$-#.) 0%

U223!!T5%6* # &%?@) 0% (>)K/% 0) <$)(%&&) E =#+)$ 0) K/% )& )/'$)& <$)(%&&)& # <#$'+$ 0%
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"#$%&' ()*+ ,-./-0 1- 2345%- 6'&' ' 6&41%.74 1- %8 9:04; 1- <#$$0 =->- 6'&' tan β = 3)

??@A-B 'CD !(EA-BF 5%';14 ' 0-.74 1- 2345%- 1#8#;%#) G 24864&C'8-;C4 0- 841#H2'

-;C&- !@EI(EEA-B 4;1- 0- 490-&>' %8' 0%'>- 402#='.74 ;4 >'=4& 1' 0-.74 1- 2345%-)

G0 6&42-0040 C'#0 2484 J%074 1- 9:04;0 J&'240 - 6&41%.74 '0042#'1' 074 #864&C';C-0

;4 #;C-&>'=4 1- K!EI(EEA-B) L484 ;4 2'04 1- %8 9:04; 1- <#$$0 =->-F 4 2';'= 5%-

6&-148#;' D ' 6&41%.74 'C&'>D0 1- J%074 1- 9:04;0 J&'240) M-64#0 1' J%074 1- $=N4;0F

-0C- 641- 0-& 24;0#1-&'14 4 2';'= 8'#0 0#$;#H2'C#>4 1- 6&41%.74) O4 24;C&P&#4 14 2'04

1#02%C#14 '2#8'F 40 >'=4&-0 1'0 0-./-0 1- 2345%- ;74 0- -0C'9#=#Q'8 248 4 '%8-;C4 1'

8'00'F -=-0 1#8#;%-8 24;C#;%'8-;C-)

•  !""# $%&%' (' )*+* tan β = 30,

O H$%&' R()ST &-6&-0-;C' 40 &-0%=C'140 ;%8D&#240 6'&' '0 0-./-0 1- 2345%- 1- %8

9:04; 1- <#$$0 =->- 6'&' tan β = 30)

U-0C- 2'04F ' J%074 1- $=N4;0 D #864&C';C- 6'&' ' 6&41%.74 1- %8 <#$$0 =->- ;4

#;C-&>'=4 1- S@IK?@A-B) V8 &-='.74 '4 2'04 tan β = 3F -0C- 6&42-004 148#;' 248 %8

>'=4& 0#$;#H2'C#>4 6'&' ' 0-.74 1- 2345%- -8 1%'0 4&1-;0 1- $&';1-Q') U4 #;C-&>'=4 1-

S@IK??A-B ' 0-.74 1- 2345%- 1#8#;#% 24;C#;%'8-;C-F '2#8' 1-0C- #;C-&>'=4 -=' 1-2&-02-)

W&42-0040 2484+ J%074 1- 9:04;0 J&'240 - 6&41%.74 '0042#'1' 074 490-&>'14 ;4

#;C-&>'=4 1- S@IKK(A-B) U4 #;C-&>'=4 1- S@IKEEA-BF '0 0-./-0 1- 2345%- -0C74 '%8-;C';14

248 4 '%8-;C4 1' 8'00'F '4 24;C&P&#4 14 2'04 1- %8 9:04; 1- <#$$0 =->- 248 tan β = 3)
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"#$%&' !()* +,-.,/ 0, 1234%, 5'&' ' 5&30%-63 0, %7 89/3: 0, ;#$$/ 5,/'03 5'&' tan β =
3(

•  !""# $%#&'()  ) $&*& tan β = 30+

< =$%&' >!( ? &,5&,/,:@' '/ /,-.,/ 0, 1234%, 5'&' %7 89/3: 0, ;#$$/ 5,/'03 5'&'

tan β = 30(

A,/@, 1'/3B 1373 ,7 @303/ 3/ 3%@&3/B 3 7,1':#/73 0, 5&30%-63 037#:':@, C ' D%/63

0, $EF3:/( <3 38/,&G'73/ 3 #:@,&G'E3 0, 7'//'/ 7,:3& 4%, HIJK,LB :3@'M/, 4%, ' /,-63

0, 1234%, C ,E,G'0'B 12,$':03 5&9N#73 0' 3&0,7 0, HJJ58( O 7,/73 13753&@'7,:@3

:63 C ,:13:@&'03 5'&' ' /,-63 0, 1234%, 0, %7 89/3: 0, ;#$$/ 5,/'03 137 tan β = 3(

O/ 5&31,//3/ /,1%:0P&#3/ 1373 D%/63 0, 89/3:/ D&'13/ , 5&30%-63 '//31#'0' /63

&,E,G':@,/ :3 #:@,&G'E3 0, HQJMR!JK,LB 3:0, ' D%/63 0, 89/3:/ D&'13/ C ' 7'#/ #753&@':@,

0,:@&, ,//,/ 5&31,//3/ :,//, #:@,&G'E3( S7 &,E'-63 '3 1'/3 0, tan β = 3B '/ /,-.,/ 0,

1234%, 0,#N'7 0, /,& /#$:#=1'@#G'/ ' 5'&@#& 0, RIJK,L(

S/@%0'73/ '/ /,-.,/ 0, 1234%, 5'&' 3 T30,E3 U'0&63 , 5'&' /%' ,N@,:/63 7V:#7'

/%5,&/#7C@&#1'( W3:/#0,&'&,73/ 3/ ,/1'E'&,/ :,%@&3/ WUM5'&B 3% /,X'B 3 89/3: 0, ;#$$/

E,G, , 3 5,/'03( < ':PE#/, /,&P 0#G#0' ,7 0%'/ 5'&@,/* ;#$$/ E,G, , ;#$$/ 5,/'03B :3

#:@,&G'E3 0, 7'//' ,:@&, HJJ , HQIK,L(

•  !""# ,%-% ./0 % ( 12#(3 '%  !""# '( 4('%,( 5&'*6(+

U'&' 3 89/3: 0, ;#$$/ E,G, >tan β = 3?B 3 5&31,//3 7'#/ #753&@':@, :,//' &,$#63 C

' D%/63 0, $EF3:/( U'&' 3 89/3: 0, ;#$$/ E,G, >tan β = 30?B 'EC7 0' 5&30%-63 ,7 D%/63
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"#$%&' ()*+ ,-./-0 1- 2345%- 6'&' ' 6&41%.74 1- %8 9:04; 1- <#$$0 =->- 6'&' tan β = 30)

1- $=?4;0 @148#;';A- ;4 #;A-&>'=4BC 4%A&40 6&42-0040 A'89D8 24;A&#9%-8C A'#0 2484+

E%074 1- 9:04;0 E&'240 - 6&41%.74 '0042#'1') F-64#0 1' E%074 1- $=?4;0C ' E%074 1-

9:04;0 E&'240 D 4 6&42-004 8'#0 0#$;#G2'A#>4) H'&' %8 9:04; 1- <#$$0 14 I41-=4 H'1&74

6&41%J#14 ;4 #;A-&>'=4 1- 8'00'0 #;1#2'14C 490-&>'K0- ' 0-8-=3';.' 14 6&42-004 1- E%074

1- $=?4;0 148#;'& ;4 #;A-&>'=4 049&- 4%A&40 8-2';#084 1- 6&41%.74C ' 1#E-&-;.' -0AL ;4

>'=4& '904=%A4 1' 0-.74 1- 2345%-) M%A&4 '06-2A4 #864&A';A- D 4 E'A4 1' E%074 1- 9:04;0

E&'240 -8 '8940 40 841-=40 0-& %8 6&42-004 #864&A';A- 6'&' ' 6400N>-= 490-&>'.74) O

#864&A';A- ;4A'& A'89D8 ' #;>-&074 5%- 424&&- ;'0 0-./-0 1- 2345%- ;-0A- #;A-&>'=4)

P48 '%8-;A4 1' 8'00' 14 9:04; 1- <#$$0 14 I41-=4 H'1&74C 3L %8' 1#8#;%#.74 ;'

0-.74 1- 2345%- 1- 6&41%.74C -;5%';A4 5%- 6'&' 4 9:04; 1- <#$$0 =->- 248 @tan β = 3B

1' -QA-;074 0%6-&0#8DA&#2' ' 0-.74 1- 2345%- '%8-;A')

•  !""# $%#&'( ) * % ( +,#(- '%  !""# '( .('%/( 0&'12(3

M #;A-&>'=4 ';'=#0'14 0-&L R!SK(SST-U) M 9:04; 1- <#$$0 6-0'14 @tan β = 3B '6&-K

0-;A' %8 24864&A'8-;A- 0#8#='& '4 9:04; 1- <#$$0 14 I41-=4 H'1&74C 6&#;2#6'=8-;A-

248 &-='.74 ' 1#8#;%#.74 1' 0-.74 1- 2345%- 248 4 '%8-;A4 1' 0%' 8'00') V4>'8-;A-C

4 6&42-004 5%- 0- 1-0A'2'C 6'&' '8940 40 841-=40 - 1-;A&- 40 1-8'#0 6&42-0040C D ' E%074

1- $=?4;0) M%A&' 0#8#='&#1'1- D 490-&>'1' 6'&' %8' 8'00' '4 &-14& 1- W!ST-UC 14 9:04;

1- <#$$0 6-0'14 @tan β = 3B - 4 9:04; 1- <#$$0 14 I41-=4 H'1&74) X=' -0A' '0042#'1'
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"#$%&' () * +,-.,/ 0, 1234%, 5'&' ' 5&30%-63 0, %7 89/3: 0, ;#$$/ 5,/'03 5'&' tan β =
30)

' %7' 3/1#<'-63 :3 13753&='7,:=3 0' /,-63 0, 1234%,) >/=, 13753&='7,:=3 530, ,/='&

'//31#'03 '3 <#7#'& 0, 5&30%-63 0, ?@&7#3:/ 5,/'03/ 4%, 1375.,7 3/ <335/ 4%, 5,&7#=,

4%, ' ?%/63 0, $<A3:/ 313&&' '=&'B@/ 0, 13&&,-.,/ &'0#'=#B'/C 3/ ?@&7#3:/ /63 4%'&D/ =35

, 83==37) E&31,//3/ 1373 ?%/63 0, 89/3:/ ?&'13/ , 5&30%-63 '//31#'0' ='78@7 /63 &,<,F

B':=,/ :,/=' &,$#63 0, 7'//'/C 3:0, ' ?%/63 ,7 89/3:/ ?&'13/ @ 037#:':=, ,7 '783/ 3/

1'/3/)

G3/ 5&31,//3/ 0#/1%=#03/ ' /,$%#& 13:/#0,&'73/ ' ,:,&$#' 03 1,:=&3 0, 7'//' 0,

H(I,J)

•  !""# $%&%' (' )*+* tan β = 3,

G' K$%&' L()HMN '5&,/,:='73/ 3/ &,/%<='03/ :%7@&#13/ 5'&' '/ /,-.,/ 0, 1234%, 0,

%7 89/3: 0, ;#$$/ <,B, 5'&' tan β = 3)

O 5&31,//3 ?%/63 0, $<A3:/ @ 037#:':=, ,7 =303 3 #:=,&B'<3 0, 7'//' L!PFHHMQ,JNC

137 %7' /,-63 0, 1234%, 0' 3&0,7 0, HM58) >:=&, !PFRPQ,JC ' /,-63 0, 1234%, 0#7#:%#

13:=#:%'7,:=,) G3 #:=,&B'<3 0, RPF PQ,JC ,<' 5,&7':,1, ,/=SB,< B3<=':03 ' '%7,:='&

'1#7' 0, HMMQ,J) O%=&3 5&31,//3 &,<,B':=, :3 #:=,&B'<3 0, !PFHMMQ,J @ ' 5&30%-63

'//31#'0' 0, 89/3:/ $'%$,C 3:0, ' 13:=&#8%#-63 7'#/ #753&=':=, @ 2W ) E'&' 3 89/3: 0,

;#$$/ <,B, 137 tan β = 3 , ,:,&$#' 03 1,:=&3 0, 7'//' 0, TI,J 2S %7' 0#?,&,:-' :' /,-63
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"#$%&' ()*+, -./0.1 2. 3456%. 7'&' ' 7&52%/85 2. %9 :;15< 2. =#$$1 >.?. 7'&' tan β = 3)

2. 3456%. 2' 5&2.9 2. *7:) @ 35<A&#:%#/85 25 7&53.115 .9 4Z B 9'#1 #975&A'<A. 7'&'

5 3'15 2' .<.&$#' 25 3.<A&5 2. 9'11' 2. *(C.D)

•  !""# $%#&'()  ) $&*& tan β = 3+

@ E$%&' F()**G #>%1A&' '1 1./0.1 2. 3456%. 7'&' %9 :;15< 2. =#$$1 7.1'25 7'&'

tan β = 3)

H'&' 9'11'1 9.<5&.1 6%. *I+J.DK A&L1 7&53.1151 752.9 35<A&#:%#&, 7&52%/85 '1M

153#'2' 2. :;15<1 2. $'%$.K N%185 2. :;15<1 N&'351 . N%185 2. $>O5<1) P 3'<'> .9 =W

7511%# %9' 1./85 2. 3456%. 9'#5& 6%. 5 3'<'> =Z) Q1A. 9.195 35975&A'9.<A5 B 5:M

1.&?'25 7'&' %9 :;15< 2. =#$$1 7.1'25 359 tan β = 3 . .<.&$#' 2. 3.<A&5 2. 9'11' 2.

!C.D) R9' 2#N.&.</' .<A&. 51 3'151 tan β = 3 F!C.DG . tan β = 3 F*(C.DG B 5 N'A5 25

O>A#95 2.3&.13.& 9'#1 &'7#2'9.<A.)

@ 7'&A#& 2. *I+J.D 5 7&53.115 259#<'<A. B ' N%185 2. $>O5<1) S5 #<A.&?'>5 2.

*I+MT(+J.D ' 1./85 2. 3456%. 2#9#<%# 359 5 '%9.<A5 2' 9'11') Q<A&. T(+MTU+J.D '

1./85 2. 3456%. A.9 %9' 7.6%.<' ?'&#'/85K .1A. 35975&A'9.<A5 B 5:1.&?'25 7'&' 5 3'15

tan β = 3 F!C.DG . tan β = 3 F*(C.DG) P ?'>5& 2' 1./0.1 2. 3456%. 7'&' '9:51 51 3'151

2#N.&. 2. '7.<'1 %9' 5&2.9 2. $&'<2.V' F*7:G)

•  !""# ,%-%) .) $&*& tan β = 30+
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"#$%&' ()**+ ,-./-0 1- 2345%- 6'&' ' 6&41%.74 1- %8 9:04; 1- <#$$0 6-0'14 6'&'

tan β = 3)

= >$%&' ?()*@A &-6&-0-;B' '0 0-./-0 1- 2345%- 6'&' %8 9:04; 1- <#$$0 C-D- 6'&'

tan β = 30)

E'&' -0B- 9:04; 1- <#$$0F ;4 #;B-&D'C4 1- GHIJHK-LF 40 2';'#0 #864&B';B-0 074

6&41%.74 '0042#'1' 1- 9:04;0 1- $'%$- - M%074 1- $CN4;0) = 6'&B#& 1-0B- #;B-&D'C4 1-

8'00'0F 4 D'C4& 1'0 0-./-0 1- 2345%- D'&#'8 0#$;#>2'B#D-8-;B- '4 &-14& 1- *HHK-L)

=2#8' 1- JHK-LF 4 6&42-004 #864&B';B- O ' M%074 1- $CN4;0F 148#;';14 049&- 40

4%B&40 2';'#0) ,%' 0-.74 1- 2345%- 1#8#;%# 24;B#;%'8-;B- 248 4 '%8-;B4 1' 8'00'F

1#M-&-;2#';14 -8 %8' 4&1-8 1- $&';1-P' 14 2'04 tan β = 30 ?JQ-LA 4 D'C4& 1' 0-.74 1-

2345%-)

•  !""# $%#&'()  ) $&*& tan β = 30+

=6&-0-;B'840 ;' >$%&' ?()*RA '0 0-./-0 1- 2345%- 6'&' %8 9:04; 1- <#$$0 6-0'14

6'&' tan β = 30)

=9'#S4 1- *THK-LF40 5%- 24;B&#9%-8 074+ 6&41%.74 '0042#'1' - M%074 1- $CN4;0)U4

2'04 1' 6&41%.74 '0042#'1'F;4 #;B-&D'C4 1- *THI(THK-LF 4 2';'C <W 148#;' 049&- 4

2';'C <Z) V%B&4 M'B4& #864&B';B- O 5%- 6'&' -0B- 9:04; 6-0'14 248 -;-&$#' 1- 2-;B&4

1- 8'00' 1' 4&1-8 1- *(Q-LF '0 0-./-0 1- 2345%- 074 0#$;#>2'B#D'0 6'&' %8 #;B-&D'C4 1-

8'00'0 8'#4&-0 -8 &-C'.74 ' %8 9:04; 1- <#$$0 6-0'14 248 -;-&$#' 14 2-;B&4 1- 8'00'

1- JQ-L)
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!"#$%& '()*+ ,-./-0 1- 2345$- 6&%& & 6%41$.74 1- $8 9:04; 1- <"##0 =->- 6&%& tan β = 30(

? 6&%@"% 1- )ABC-DE 4 6%42-004 %-=->&;@- 6&%& $8 6400F>-= 1-0249-%@& G & H$074 1-

#=I4;0E &6%-0-;@&;14 $8 24864%@&8-;@4 0"8"=&% &4 9:04; 1- <"##0 6-0&14 248 -;-%#"&

14 2-;@%4 1- 8&00& 1- JK-D(

? 0-#$"%E 2486&%&%-840 40 -02&=&%-0 ;-$@%40 LMN6&% 14 O,,O 248 4 9:04; 1-

<"##0 14 O41-=4 M&1%74(

•  !""# $%&% '() % * +,#*- .%  !""# .* /*.%$* 01.23*4

?4 2486&%&%840 4 6%42-004 1- H$074 1- #=I40 1- $8 9:04; 1- <"##0 =->- Ptan β = 3Q

)'K-D 248 4 9:04; 1- <"##0 14 O41-=4 M&1%74 ;4@&840 $8& 1"H-%-;.& ;4 ";@-%>&=4 1-

8&00&0 -8 5$- -0@- 2&;&= 0- @4%;& "864%@&;@-( M&%& 4 9:04; 1- <"##0 =->- & H$074 1-

#=I4;0 G %-=->&;@- ;4 ";@-%>&=4 1- RAN))AC-DE -;5$&;@4 5$- 6&%& $8 9:04; 1- <"##0 14

O41-=4 M&1%74 -=& G "864%@&;@- 6&%& @41& & %-#"74 1- 8&00& 24;0"1-%&1&( M&%& $8 9:04;

1- <"##0 =->- 248 tan β = 30E -0@- 2&;&= G 148";&;@- & 6&%@"% 1- JBC-D( S40 2&04 1- $8

9:04; 1- <"##0 248 tan β = 30 - $8 9:04; 1- <"##0 14 O41-=4 M&1%74 &2"8& 1- )BBC-D

&0 0-./-0 1- 2345$- 1"8";$-8 24;@";$&8-;@-(

T 6%42-004 1- 6%41$.74 &0042"&1& &6%-0-;@& 1"H-%-;@-0 24864%@&8-;@40 5$&;14

2486&%&14 248 4 9:04; 1- <"##0 14 O41-=4 M&1%74( M&%& $8 9:04; 1- <"##0 =->-

248 tan β = 30E ;4 ";@-%>&=4 1- )BBN))'C-DE &0 0-./-0 1- 2345$- &$8-;@&8 &@G 0- -0N

@&9"="U&%-8E &4 24;@%V%"4 1&0 0-./-0 14 9:04; 1- <"##0 ;4 O41-=4 M&1%74 5$- 1"8";$-8

24;@";$&8-;@- 248 4 &$8-;@4 1& 8&00&(
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"#$%&' () *+ ,-./-0 1- 2345%- 6'&' ' 6&41%.74 1- %8 9:04; 1- <#$$0 6-0'14 6'&'

tan β = 30)

•  !""# $%#&'( ) * % ( +,#(- '%  !""# '( .('%/( 0&'12(3

= 6&42-004 1- >%074 1- $?@4;0 6'&' 4 9:04; 1- <#$$0 6-0'14 - 4 9:04; 1- <#$$0 14

A41-?4 B'1&74 148#;' -8 C41' ' >'#D' 1- 8'00' -0C%1'1')

B'&' 8'00'0 '2#8' 1-  E!F-GH ' 0-.74 1- 2345%- 1- 6&41%.74 6'&' 4 9:04; 1-

<#$$0 248 Itan β = 30J 1#8#;%# 24;C#;%'8-;C-) K486'&';14 4 2'04 14 9:04; 1- <#$$0

6-0'14 248 Itan β = 3J 248 4 9:04; 1- <#$$0 14 A41-?4 B'1&74H 6'&' ' 8'00' '4 &-14& 1-

*(!F-GH %8' 2-&C' 0-8-?3';.' L 490-&M'1') N0C- '06-2C4H 2484 1#02%C#14 ;' ';O?#0- 6'&'

PQ-GH 641- -0C'& '0042#'14 '4 ?#8#'& 1- 6&41%.74 1- 6'&CR2%?'0 >-&8#S;#2'0 6&41%T#1'0H

;4 2'04 5%'&U0 C46 &-?'2#4;'14 V0 24&&-./-0 &'1#'C#M'0) W2#8' 1-0C- M'?4&H 6'&' '8940

40 2'040H '0 0-./-0 1- 2345%-8 M4?C'8 ' 1#8#;%#&) X%';C4 '40 6&42-0040 1- 6&41%.74

'0042#'1'H 6'&' '8940 40 9:04;0 1- <#$$0H '0 0-./-0 1- 2345%- 1#8#;%-8 24;C#;%'8-;C-)

Y4 2'04 tan β = 3 '0 0-./-0 1- 2345%- 24;C#;%'8 #864&C';C-0 6'&' M'?4&-0 8'#4&-0 1-

8'00') N0C' 24&&-064;1Z;2#' L -;24;C&'1' C'89L8 6'&' 4 9:04; 1- <#$$0 14 A41-?4

B'1&74) = 2';'? <W L 4 8'#0 #864&C';C-H 0%' 4&1-8 1- $&';1-T' 1' 0-.74 1- 2345%- L

' 8-08' -;24;C&'1' 6'&' %8 9:04; 1- <#$$0 14 A41-?4 B'1&74) N;5%';C4 4 2';'? <Z

'6&-0-;C' %8' 4&1-8 1- $&';1-T' 8-;4& '4 2486'&'14 V 0-.74 1- 2345%- 14 9:04; 1-

<#$$0 14 A41-?4 B'1&74)
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 ')*+,-.!/0-* 1+)!+*

 !"#$ %&""!'#$()* $+*'%$,*" *" $"-!.#*" #!/'&.*" %* 0*%!1* 2$%')* ! *" ,!.$3&",*"

%! 4!'$()* %! ,$""$5 *3%! %&".6#&,*" * ,!.$3&",* %! 7*1%"#*3!5 86! *.*''! %!9&%* $

6,$ 86!+'$ %! "&,!#'&$ 41*+$1 ! * ,!.$3&",* %! :&44" 86! $.*3#!.! $#'$9;" %! 6,$

86!+'$ %! "&,!#'&$ 1*.$1< =, "!46&%$ !".'!9!,*" $ 1$4'$34&$3$ .*,-1!#$ %* 0*%!1*

2$%')* ! !>-1&.&#$,*" #*%*" *" $.*-1$,!3#*" $""*.&$%*" $* "!#*' !".$1$'< ?3$1&"$,*" *"

-'&3.&-$&" ,*%*" %! %!.$&,!3#* ! -'*%6()* %* +/"*3 %! :&44"< 2$'$ *" %!.$&,!3#*"5

!".'!9!,*" *" %&$4'$,$" %! @!A3,$3 ! $.*-1$,!3#*" -$'$ *" -'*.!""*" .*3"&%!'$%*"

! .$1.61$,*" $" '!"-!.#&9$" 1$'46'$" %! %!.$&,!3#*< B*, $ 6#&1&C$()* %! "*D#E$'!" D*&

-*""F9!1 $ *+#!3()* %! '!"61#$%*" 36,;'&.*" -$'$ $ 1$'46'$ %! %!.$&,!3#* #*#$1 %* +/"*3

%! :&44" ! *" +'$3.G&34 '$#&*" !, D63()* %$ ,$""$< B*, $ -*""F9!1 %!".*+!'#$ %* +/"*3

%! :&44" 3* H:B !"#! $3*5 .*, ,$""$ -'/>&,$ %! IJK7!L5 ,!3.&*3$,*" *" ,*%*"

%! %!.$&,!3#* 86! D*'$, '!1!9$3#!" 3$ -'*.6'$ %!"#$ -$'#F.61$< 2$'$ *" -'*.!""*" %!

-'*%6()*5 .$1.61$,*" !, %!#$1G! $ "!()* %! .G*86! -$'$ 6, %*" ,!.$3&",*" &,-*'#$3#!"5

$ D6")* %! +/"*3" 9!#*'&$" ! .*,!3#$,*" * -'*.!""* :&44"M"#'$G16345 &3%&.$3%* $ "!()*

%! .G*86! $""*.&$%$<

? -$'#&' %! "*D#E$'!"5 .*3"#'6F,*" 4'NO.*" $""*.&$%*" $*" ,!.$3&",*" %! -'*%6()*5

$3$1&"$3%* $ -'!%*,&3P3.&$ %!"#!" -'*.!""*"5 &3.16&3%* $ '!4&)* %! ,$""$ $* '!%*' %!

IJK7!L<

B*, * *+Q!#&9* %! !"#6%$' $ !>#!3")* "6-!'"&,;#'&.$ %* 0*%!1* 2$%')*5 !"#6%$,*"

* ,*%!1* %! %*&" %6+1!#*" %! :&44"5 $3$1&"$,*" * -*#!3.&$1 ! !".'!9!,*" *" +/"*3" %!

:&44"5 !".$1$' ! * -"!6%*!".$1$' %!"#! ,*%!1*< R ,*%!1* %! %*&" %6+1!#*" ; $ +$"! -$'$

* !"#6%* %* "!#*' !".$1$' %$ !>#!3")* "6-!'"&,;#'&.$ %* 0*%!1* 2$%')*<

 $ .*3#&36$()* %* #'$+$1G*5 !"#6%$,*" * "!#*' !".$1$' %$ !>#!3")* "6-!'"&,;#'&.$5

*3%! !".'!9!,*" * -*#!3.&$1 $""*.&$%* ! %!#!',&3$,*" $" ,$""$" %*" .$,-*" DF"&.*" %!

:&44"< ?&3%$ 3!"#$ D$"! 9!'&O.$,*" * 1&,&#! %$" !86$(S!" !3.*3#'$%$" -$'$ $" ,$""$"

%*" .$,-*" %! :&44"<  !"#! 1&,&#! * +/"*3 %! :&44" 1!9! %* "!#*' !".$1$' %* 0TT0 ;

-'$#&.$,!3#! &3%&"#&346F9!1 %* +/"*3 %! :&44" %* 0*%!1* 2$%')*<

? O, %! *+#!' *" $.*-1$,!3#*" %*" +/"*3" %! :&44"5 '!-'*%6C&,*" $" 1$4'$34&$3$"

IUI



 !"

#$ %&'$()*+, -,. )/ #%0$($&'$/ 1)('2-34)/ 506(.%,&/7 89/,&/ #$ :)3:$ $ )3',;)-,14).$&',/<7

$ -,. )/ $=3)*>$/ #,/ -).1,/ #$ ?%::/ %&/$(%#)/ &$/')/ 4):()&:%)&)/ ,8'%@$.,/ $A14%-%');

.$&'$ ,/ )-,14).$&',/ ) 06(.%,&/ $ 89/,&/ #$ :)3:$B C,. ,/ )-,14).$&', #$'$(.%&)#,/7

$/-($@$.,/ )/ &,@)/ $A1($//>$/ 1)() )/ 4)(:3()/ #$ #$-)%.$&',/ #,/ 89/,&/ #$ ?%::/ #,

DEED7 ,&#$ 3'%4%F).,/ ,/ )-,14).$&',/ ,8'%#,/ $ )/ $A1($//>$/ #)/ ')A)/ #$ #$-)%.$&',

&, D,#$4, G)#(+,B H %.1,(')&'$ ($-,(#)( =3$ )/ 4)(:3()/ #$ #$-)%.$&', &, DEED

#%0$($. #)/ $A1($//>$/ #, D,#$4, G)#(+, )1$&)/ 1$4)/ 1($/$&*) #$ 03&*>$/ '(%:,&,.6'(%;

-)/ #,/ I&:34,/ α $ βB

C,., &) 1(%.$%() $')1)7 3'%4%F).,/ ,/ .$/.,/ /,0'J)($/ &3.6(%-,/ ) K. #$ -,&;

/'(3%( :(LK-,/ #)/ 4)(:3()/ #$ #$-)%.$&', $ /$*>$/ #$ -M,=3$ #,/ 89/,&/ #$ ?%::/ #)

$A'$&/+, /31$(/%.6'(%-)B N/ 1)(I.$'(,/ ($4$@)&'$/ 0,(). tan β 7 mA 5.)//) #, 89/,& #$

?%::/ 1/$3#,$/-)4)(< $ $&$(:%) #, -$&'(, #$ .)//) 5O $  PQ$R<B N/ @)4,($/ #$ tan β $/-,4;

M%#,/ 0,(). 3 $ 30B S. ).8,/ ,/ -)/,/7 tan β = 3 $ tan β = 307 1)() , 89/,& #$ ?%::/

4$@$ $ 1$/)#,7 0,(). ($)4%F)#)/ #%/-3//>$/ /,8($ ) ($4$@I&-%) #,/ 1(,-$//,/ ,8/$(@)#,/

1)() , %&'$(@)4, #$ .)//) -,&/%#$()#,B

C,.1)().,/ ,/ ($/34')#,/ 1)() ,/ 89/,&/ #$ ?%::/ 4$@$ $ 1$/)#, #, DEED -,.

, 89/,& #$ ?%::/ #, D,#$4, G)#(+,7 1)() $&$(:%)/ #, -$&'(, #$ .)//) #$ O $  PQ$RB N

1(,-$//, .)%/ %.1,(')&'$ $. ).8,/ ,/ -)/,/ 6 ) 03/+, #$ :4T,&/B G)() ) -,.1)()*+,

#%($') -,. ,/ ($/34')#,/ $A1$(%.$&')%/ 1384%-)#,/ /$(%) &$-$//L(%, ) /%.34)*+, #, /%&)4

%&-43%&#, )/ -)()-'$(2/'%-)/ -%&$.L'%-)/ #)/ 1)('2-34)/7 8$. -,., #)#,/ ($0$($&'$/ ),/
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.3%',/ 1)(I.$'(,/ 4%@($/7 /$&#,  !WB X/', &,/ .,/'() =3$ $/'$/ .,#$4,/7 -,&M$-%#,/ ML

3. 8,. '$.1,7 1($-%/). /$( ,8/$(@)#,/ -,. )'$&*+,7 $.8,() /$U) ,/ .$4M,($/ =3$ '$.,/

)'6 , 1($/$&'$ .,.$&',B

N3'()/ 1$(/1$-'%@)/ 03'3()/ 1)() , 1(,//$:3%.$&', #, '()8)4M, /+,Y $/'3#, #) $/;

'(3'3() .)'6.)'%-) #) /31$(/%.$'(%) 1)() .$4M,( -,.1($$&/+, #,/ 0$&,.Z&,/ #, D,#$4,

D2&%., E31$(/%.6'(%-, $ $/'3#, #$ -9#%:,/ -,.13')-%,&)%/ =3$ 1$(.%'). %.14$.$&')( $
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 !"#! $%&'()*! $%+!"!'#$+!,-" $" +!.$/0!" 12'($,!'#$)" 2#).)3$($" $- .-'4- (-" *$%5#2.-"

(!"#! #+$6$.7-8

9" ,$#+)3!" (! :$2.) '$ +!%+!"!'#$/;- 12'($,!'#$. ";- ($($" %-+

τ 1 =

(

0 1

1 0

)

; τ 2 =

(

0 −i

i 0

)

; τ 3 =

(

1 0

0 −1

)

.

9" %+-%+)!($(!" (-" #+$/-" 2#).)3$($" ";-<

Tr[1] = 4,

T r[imf/p] = 0,

T r[/a/b] = 4a.b8

9" *-'"#$'#!" 12'($,!'#$)" !, 2')($(!" '$#2+$)" ";- !=%+!""$" %-+

c = ~ = 1.

 !" #$%&'()*+$ ,- .-'(/0 1%2-(/-%'3

 !"#$ "!/;- *-'"#+2)+!,-" $ $,%.)#2(! )'>$+)$'#! %$+$ $ .$+42+$ (! (!*$),!'#- (- ?)44"

*-,- 2, !=!,%.- ($ $%.)*$/;- ($" +!4+$" (! @!A',$'8 B#).)3$+!,-" $" +!4+$" (! @!A',$'

%$+$ $ CDE8

FG :$+$ 2, ($(- %+-*!""- (!>!H"! (!"!'7$+ #-(-" -" ()$4+$,$" (! @!A',$' #-%-H

.-4)*$,!'#! ()"#)'#-"8

IG J$($ 1K+,)-' !=#!+'- '- ()$4+$,$ K +!%+!"!'#$(- %-+ 2, 1$#-+ u(p, s)8 J$($

1K+,)-' L2! !,!+4! (- %-'#- (! )'#!+$/;- K +!%+!"!'#$(- %-+ ū(p, s)< -'(! p ! s ";- -

,-,!'#- ! "%)' ($ %$+#5*2.$ +!"%!*#)>$,!'#!8 9 +!%+!"!'#$/;- K ($($ $ "!42)+

MG J$($ $'#)1K+,)-' !=#!+'- K +!%+!"!'#$(- %-+ 2, 1$#-+ v(p, s)8 J$($ $'#)1K+,)-'

L2! !,!+4! (- %-'#- (! )'#!+$/;- (- ()$4+$,$ K +!%+!"!'#$(- %-+ v̄(p, s)8 9 +!%+!"!'#$/;-
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#$%&'( )* + ,-%'( .- #-/01(0 2('( 34 56'1$304*

.$(%'(178$9( 6 .(.( ( 4-%&$'*

#$%&'( )*:+ ,-%'( .- #-/01(0 2('( 34 (08$56'1$304*

"; <('( 9(.( 5=830 2'-4-08- 03 -48(.3 $0$9$(> 3 ?-83' .- 23>('$@(AB3 εµ(k) - 03 -48(.3

C0(> ε∗µ(k)D 30.- k 6 3 131-083 .3 5=830*

E; <('( 9(.( >$0F( $08-'0( 5-'1$G0$9(D 3 2'32(%(.3'D 6 -49'$83 9313

#$%&'( )*H+ ,-2'-4-08(AB3 .$(%'(178$9( .( >$0F( $08-'0( 5-'1$G0$9( I2'32(%(.3'; - (

'-42-98$?( -J2'-44B3 1(8-178$9(*

); K .$(%'(1( - ( '-42-98$?( -J2'-44B3 2('( ( >$0F( $08-'0( .3 5=830 I2'32(%(.3';

6 (L&->- 0( C%&'( I:*";

M; <('( 9(.( ?6'8$9-D 9313 $0.$9(.3 0( C%&'( IH* ;D 8-134

N0.$9(134 e = |e| 2('( ( 9('%( .3 2=4$8'30 3& .3 2'=830 - 2('( 3 ->68'30 8-134

Qe = −1*

O; <3' 9(.( >332 I131-083 $08-'03 0B3 CJ(.3 23' 9304-'?(AB3 .( -0-'%$( - 13P

1-083; .-?-P4- $08'3.&@$' 3 5(83'

∫

d4q

(2π)4
.

Q; <('( 9(.( >332 .- 56'1$304 I>628304 - L&('R4; .-?-P4- (.$9$30(' &1 4$0(> (−1)*

S31 (4 '-%'(4 .- #-/01(0 -0&09$(.(4 (9$1( 23.-134 (8'(?64 .- &1 -J-12>3 4$1P

2>-4 93048'&$' ( (12>$8&.- $0?('$(08- (4439$(.(*

T (12>$8&.- $0?('$(08- 3& ->-1-083 .- 1(8'$@ 9313 8(1U61 6 930F-9$.(D 6 &1(

%'(0.-@( 5V4$9( (4439$(.( .$'-8(1-08- (34 .$(%'(1(4 .- #-/01(0D 30.- ( 5V4$9( .3 2'39-443

-48&.(.3 6 .-49'$8( 23' -48( L&(08$.(.-* S313 -J-12>3 2('( ( 93048'&AB3 .-48( %'(0.-@(D

9304$.-'-134 3 4-%&$08- .$(%'(1( .- #-/01(0 2('( 3 .-9($1-083 .3 U=430 .- W$%%4 -1

56'1$304 $0.$9(.3 0( C%&'( IH*:;
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#$%&'( )*+, -./'.0.12(345 6$(%'(782$9( 65 /'5/(%(65' 65 :;251 . 0&( '.0/.92$<( .=/'.0045

7(2.782$9( *

#$%&'( )*", >$(%'(7( 6. #.?17(1 /('( 5 <@'2$9.*

>5 6$(%'(7( 6. #.?17(1A 5 (12$:@'7$51 f̄ /500&$ 757.125 ~q . 0/$1 ζ . 9575 .02.

.028 0($165 65 <@'2$9. 5 :(25' (0059$(65 @ .09'$25 9575 v̄(~q, ζ)* B('( 5 :@'7$51 f 6.

757.125 ~p . 0/$1 σ C&. .028 .12'(165 15 <@'2$9. 5 :(25' @ .09'$25 9575 u(~p, σ)* D

(95/E(7.125 65 F;051 6. G$%%0 (50 :@'7$510 @ 6(65 1( H%&'( IJ*KL*

M 7(2'$N $1<('$(12. @ .1245 95102'&O6( 6( 957/50$345 650 :(25'.0 6.09'$250 (12.'$P

5'7.12.* D& 0.Q(A

M(H → ff̄) = v̄(q, ζ)

[

−i
g

2

mf

MW

]

u(p, σ). I)* L

M 95102(12. 6. (95/E(7.125 .12'. 95E9R.2.0 .7 I)* L /56. 0.' '..09'$2(

−i
g

2

mf

MW

= −i
mf

v
I)*KL

516. :5$ &2$E$N(6( ( .=/'.0045 /('( ( 7(00( 65 F;051 6. %(&%. W A C&. @ MW = gv/2*

M 057( 65 C&(6'(65 6.02. .E.7.125 6. 7(2'$N 05F'. 50 0/$10 65 .02(65 H1(E @

M̄2 ≡
∑

σ,ξ

|M |2 . I)*JL

M 057( 05F'. 50 0/$10 @ (/E$9(6(A /5$0 /56.750 2'(10:5'78PE( .7 2'(350 6. 7(2'$N.0

γ . 6.02. 7565 0$7/E$H9(' 50 98E9&E50 /502.'$5'.0*

D 98E9&E5 6.02. 7;6&E5 C&(6'(65 @ '.(E$N(65 .7 6.2(ER. ( 0.%&$',
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#$%&'( ")"* +$(%'(,( -. #./0,(0 H → ff̄ . '.12.34$5( 36014(04. -. (3627(,.046)

8 ,9-&76 :&(-'(-6 -. ;") < =

|M |2 = MM † =

[

v̄(q, ζ)

(

−i
g

2

mf

MW

)

u(p, σ)

] [

v̄(q, ζ)

(

−i
g

2

mf

MW

)

u(p, σ)

]†

=

=

(

g

2

mf

MW

)2

[v̄(q, ζ)u(p, σ)] [v̄(q, ζ)u(p, σ)]† . ;")><

8 ?74$,6 4.',6 ., ;")>< 26-. 1.' 3(73&7(-6 &4$7$@(0-6 (1 1.%&$04.1 '.7(AB.1 -.

36,27.4.@(

∑

σ

[u(~p, σ)ū(~p, σ)] =
(

mf − i/p
)

;
∑

ζ

[v(~q, ζ)v̄(p, ζ)] =
(

−mf − i/q
)

,

6 :&. 061 7.5( C

[v̄(q, ζ)u(p, σ)] [v̄(q, ζ)u(p, σ)]† = −Tr
[(

mf − i/p
)

(mf + i/q)
]

. ;")D<

E&F14$4&$0-6 ;")G<H ;")D< ., ;")>< 6F4.,61 ( .I2'.11J6 1.%&$04. 2('( 6 ,9-&76 -(

,(4'$@ $05('$(04.

|M |2 = −
(mf

v

)2

Tr
[(

mf − i/p
)

(mf + i/q)
]

. ;")"<

 !" #$%&'%$ () *)+$,-)./0

K .I2'.11J6 %.'(7 2('( ( 7('%&'( -. -.3($,.046 =

dΓ =
1

4
√

(pA.pB)2 − m2
Am2

B

|M |2 (2π)4δ4(
∑

pf − pA + pB)

(

∏

f

d3pf

(2π)3

1

2Ef

)

, ;")L<

60-. pA . pB 1J6 61 :&(-'$,6,.0461 -(1 2('4M3&7(1 -6 .14(-6 $0$3$(7 . pf . Ef 1J6

6 :&(-'$,6,.046 . .0.'%$(H '.12.34$5(,.04.H -(1 2('4M3&7(1 2'6-&@$-(1 06 .14(-6 N0(7)

K .I2'.11J6 ., ;")L< 26-. 1.' -$5$-( ., 4'O1 $,26'4(04.1 F76361) EJ6 .7.1* P&I6
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• 7 8,93 #$#%#&' %3)3 3 *0:*0#3 $3). ;< -#=( .1+< &113%#&-3 &1 *&0+>%,'&1 #$%#-.$+.1(

&3 .1+&-3 #$#%#&' -3 *03%.113 3?1.0/&-36

• @ &)*'#+,-. #$/&0#&$+.( A,. *3-. %3)3 /#)31 &$+.0#30).+. *3-. 1.0 .1%0#+& &+0&/B1

-. ,) -#&C0&)& -. D.E$)&$ . -&1 0.C0&1 -. D.E$)&$( B & C0&$-.=& 0.1*3$1</.'

*30 %3$+.0 #$430)&2F.1 A,&$+3 & -#$G)#%& -3 *03%.113( 3, 1.;&( & 4>1#%& -3 *03%.1136

• 7 .1*&23 -. 4&1. 5$&' %3$+H) &1 *&0+>%,'&1 *03-,=#-&1 -,0&$+. 3 *03%.1136 I1+.

*30 1,& /.= %3)*0..$-. & *&0+. 0.'&%#3$&-& & 4,$2J3 -.'+&( 3$-. .1+& &11.C,0&

& %3$1.0/&2J3 -3 A,&-0#)3).$+3K.$.0C#&6 I & *&0+. &113%#&-& &3 *03-,+:0#3 -31

A,&-0#)3).$+31 -&1 *&0+>%,'&1 -3 .1+&-3 5$&' . 1,&1 0.1*.%+#/&1 .$.0C#&16

I1%0./.0.)31 .) -.+&'L. & '&0C,0& -. -.%&#).$+3 *&0& 3 -.%&#).$+3 -3 ?:13$ -.

M#CC1 .) 4B0)#3$16

7 8,93 #$#%#&' *&0& .1+. *03%.113 *&0+#%,'&0 B .1%0#+3 %3)3

1

4
√

(pk.pB)2 − m2
Hm2

B

=
1

2Ek

.

 !"#$%& %'("$%"'#) ) * +), !-.,/* 0,".$".* 1*% 2"/2,/".* "'#)$%*$!)'#)3 4%'"/5

!)'#) $)+#" )+2$)()$ * )+6"7* .) 1"+) 8'"/ 6"$" )+#) 6$*2)++*3  ++%!9 * )+6"7* 8'"/ :

)+2$%#* 2*!*

δ4(p + q − k)

(

d3p

(2π)3

1

2Ep

d3q

(2π)3

1

2Eq

)

.

;*! #*.*+ *+ #)$!*+ )+2$%#*+ "2%!"9 " /"$<,$" .) .)2"%!)'#* 6"$" )+#) 6$*2)++*

82"=

dΓ =
1

2Ek

|M |2 (2π)4δ4(p + q − k)

(

d3p

(2π)3

1

2Ep

d3q

(2π)3

1

2Eq

)

.

>) "2*$.* 2*! " +)7?* @3A3B9 "+ 1,'7C)+ J1 ) J2 +?* ."."+ 6*$

J1(q
2,m2

H , M2

X) = −M2

W C0(q
2, 0, m2

H , M2

X , M2

X , M2

X)

J2(q
2,m2

H ,M2

X) =
1

2

M2
X

q2 − m2
H









1 + 2M2
XC0(q

2, 0, m2
H , M2

X , M2
X , M2

X)+

q2

q2−m2

H

(B0(q
2, M2

X , M2
X) − B0(q

2, m2
H , M2

X))









,

*'.) B0 ) C0 +?* "+ 1,'7C)+ D"++"$%'*5E)/#!"' FA@G ) MX : " !"++" ." 6"$#H2,/" 6$)+)'#)

'* /**63 I+#"+ 1,'7C)+ )+#?* $)/"2%*'"."+ J+ 1,'7C)+ I1 ) I2 ." $)1)$K'2%" FALG 6)/"+ $)/"7C)+

J1(q
2,m2

H , M2

X) = I2(τX , λX)

J2(q
2,m2

H , M2

X) =
1

4
I1(τX , λX),



 !"

#$%

τX =
4M2

X

m2
H

; λX =
4M2

X

q2
.

&' (#$)*$ #$% ( +',-$ 4.2. /()( $ #01#21$ *$ '1'%'34$ *( %(4)56 *' %(++( *$ +'4$)

3'24)$. /()4' 5%(7530)5( 893*5#'+ 4 ' 8:. ;(%$+ #(1#21() $+ 4')%$+ *( 1(7)(375(3( /$)

+'/()(*$. ( <% *' +5%/15<#() 3$++$ *'+'3;$1;5%'34$= > '1'%'34$ #(1#21(*$ +')0 44=

?()#'1(+ *$+ /)5%'5)$+ 4)@+ 4')%$+A

λ1

(

φ†
1φ1 − v2

1

)2

= λ1

[

(φ1 + φ2 + φ3 + φ4)
2 − 2v2

1 (φ1 + φ2 + φ3 + φ4)
2 + v4

1

]

,

λ2

(

φ†
2φ2 − v2

2

)2

= λ2

[

(φ5 + φ6 + φ7 + φ8)
2 − 2v2

1 (φ5 + φ6 + φ7 + φ8)
2 + v4

2

]

,

λ3

[

λ1

(

φ†
1φ1 − v2

1

)

+ λ2

(

φ†
2φ2 − v2

2

)]2

= λ3[
(

φ†
1φ1 − v2

1

)2

+ 2
(

φ†
1φ1 − v2

1

)(

φ†
2φ2 − v2

2

)

]

+λ3

(

φ†
2φ2 − v2

2

)2

.

B+ /()#'1(+ *$ C2()4$ 4')%$ *' 8D=E:. /$) +'/()(*$. +-$

(

φ†
1φ1

)(

φ†
2φ2

)

= (φ1 + φ2 + φ3 + φ4) (φ5 + φ6 + φ7 + φ8) ,

(

φ†
1φ2

)

= φ1φ5 + iφ1φ6 − iφ2φ5 + φ2φ6 + φ3φ7 + iφ3φ8 − iφ4φ7 + φ4φ8,

(

φ†
2φ1

)

= φ5φ1 + iφ5φ2 − iφ6φ1 + φ6φ2 + φ7φ3 + iφ7φ4 − iφ8φ3 + φ8φ4.

?()#'1(+ *$ C2534$ ' +'F4$+ 4')%$+A

λ5

[

ℜ
(

φ†
1φ2

)

− v1v2

]2

= λ5 [φ1φ5 + φ2φ6 + φ3φ7 + φ4φ8 − v1v2]
2 ,

λ6

[

ℑ
(

φ†
1φ2

)

− v1v2 sin ξ
]2

= λ6 [iφ1φ6 − iφ2φ5 + iφ3φ8 − iφ4φ7]
2 .

G$% $+ *';5*$+ #01#21$+ )'(156(*$+. ;(%$+ )'(156() (+ *')5;(,H'+ *$+ %'+%$+=
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M2

44 =

[

1

2

∂2V

∂φ4∂φ4

]

 !"# $

.

;.%$3 ,.',-'.+ &3). /&+<=./. 3&>-(/. *.+. $ *+<%&<+$ )&+%$7 ? /&+<=./. *+<%&<+.

+&3-'). &%

∂V

∂φ4

= λ1

[

(φ1 + φ2 + φ3 + φ4)
2 − 4φ4v

2

1

]

,

& . +&3*&,)<=. /&+<=./. 3&>-(/.

∂

∂φ4

{

λ1 (φ1 + φ2 + φ3 + φ4)
2 − 4λ1v

2

1φ4

}

= 0.

@.+. $ )&+,&<+$ )&+%$1

∂V

∂φ4

= λ3

[

4φ4 (φ1 + φ2 + φ3 + φ4)
2 − 4φ4v

2

1 + 4φ4 (φ5 + φ6 + φ7 + φ8)
]

∂

∂φ4

=
{

λ3

[

4φ4 (φ1 + φ2 + φ3 + φ4)
2 − 4φ4v

2

1 + 4φ4 (φ5 + φ6 + φ7 + φ8)
]}

=

= λ3

[

4φ2

3 − 4v2

1 + 4φ7 − 4v2

2

]

.

?*'<,.(/$1

〈φ3〉 = v1, 〈φ7〉 = v2 e 〈φk〉 = 0 (*.+. $-)+$3 =.'$+&3 /& k),

$A)&%$3 *.+. $ )&+,&<+$ &'&%&()$

∂2

∂φ4∂φ4

{

λ3

[

λ1

(

φ†
1φ1 − v2

1

)

+ λ2

(

φ†
2φ2 − v2

2

)]2
}

= 0.

B3 )&+%$3 +&3).()&3 *$/&% 3&+ /&)&+%<(./$3 +&.'<C.(/$ .3 %&3%.3 &).*.3 /&3&(D

=$'=</.3 .,<%.7 E3)&3 ,F',-'$3 +&3-').% &%

∂2

∂φ4∂φ4

{

λ2

(

φ†
2φ2 − v2

2

)2
}

= 0,

∂2

∂φ4∂φ4

{

λ4

[(

φ†
1φ1

)(

φ†
2φ2

)

−
(

φ†
1φ2

)(

φ†
2φ1

)]}

= 0,

∂2

∂φ4∂φ4

{

λ5

[

ℜ
(

φ†
1φ2

)

− v1v2

]2
}

= 0,

∂2

∂φ4∂φ4

{

λ6

[

ℑ
(

φ†
1φ2

)]2
}

= 2λ6v
2

2.
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