


1.-­‐	
  Introduc-on.	
  

2.-­‐	
  Electric	
  dipole	
  moments.	
  

3.-­‐	
  CP	
  viola-on	
  in	
  Triple	
  neutral	
  gauge	
  boson	
  couplings.	
  

4.-­‐	
  CP	
  viola-on	
  in	
  Anomalous	
  Higgs	
  boson	
  couplings.	
  

5.-­‐	
  Conclusions.	
  

RA-DPyC, CINVESTAV, México DF, may 25th, 2017. 



The Baryogenesis is the theoretical process in modern cosmology that lead  
baryon asymmetry in the early universe.  According to Shakarov’s criteria 
are three conditions  that  are required for baryogenesis : 

1.-Baryon number violation. 

2.- C and CP-symmetry violation. 

3.- Interaction out the thermal equilibrium. 

The CP violation is included in the SM by the complex phase of the CKM 
mixing matrix, and have measured small amounts of CP violation in neutral 
mesosn decays. Unfortunatly, it is not enough to explain the baryon 
asymmetry, so it is important the study of new sources of CP violation 
beyond SM..	
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   hand,	
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Thus:	
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  tree	
  level	
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  SM,	
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   couplings	
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gauge	
  bosons:	
  

Then,	
  the	
  triple	
  neutral	
  gauge	
  boson	
  couplings	
  
(TNGBC)	
  	
  are	
  not	
  induced	
  at	
  tree	
  level.	
  	
  

V (q)

p1
2 = m2
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On	
   other	
   hand,	
   Landau-­‐Yang’s	
   theorem	
  
forbids	
   any	
   TNGBC	
   with	
   tree	
   on-­‐shell	
   gauge	
  
bosons.	
  

V = γ ,Z

p2
2 = m2 q2 = m2

V (p1)

L.	
  D.	
  Landau,	
  Dokl.	
  Akad.	
  Nawk.,	
  USSR	
  60,	
  207	
  (1948);	
  
C.	
  N.	
  Yang,	
  Phys.	
  Rev.	
  77,	
  242	
  (1950).	
  

RA-DPyC, CINVESTAV, México DF, may 25th, 2017. 



γ

Z

Z *

But	
  by	
  the	
  Landau-­‐Yang’s	
  theorem	
  there	
  are	
  only	
  two	
  vertex	
  func-ons	
  describing	
  four	
  
dis-n-ct	
  TNGBCs	
  with	
  one	
  off-­‐shell	
  gauge	
  boson: 

γ

Z

γ *

γ *

Z

Z

Z *

Z

Z

Type	
  ZV*γ 

Type	
  ZZV* 

ZZγ* = ZZZ* = 

ZZ*γ = Zγ*γ = 

While	
  the	
  γγγ  coupling is	
  forbidden	
  by	
  Furry’s	
  theorem.  
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= e
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γ (∂α Fαµ )+ h1
Z (∂α Zαµ )]ZβF

µβ{
− 1
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2 h2

γ (∂α ∂β ∂
ρFρµ )+ h2

Z [∂α ∂β (∂
2+mZ

2 )Zµ ]⎡⎣ ⎤⎦Z
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 −[h3
γ (∂β F

βµ )+ h3
Z (∂β Z
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2mZ
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γ (∂2∂β Fµα )+ h4
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2 )∂β Z µα ]Zβ

Fµα }

CP-­‐odd	
  
CP-­‐odd	
  

CP-­‐even	
  

CP-­‐even	
  

This	
  coupling	
  is	
  described	
  by	
  the	
  following	
  efec-ve	
  Lagrangian	
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For	
  CP-­‐odd	
  part	
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  vertex	
  func-on	
  is	
  given	
  by	
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Same	
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  What	
  do	
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  need	
   to	
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   the	
  
CP-­‐odd	
  couplings?	
  

1.-­‐	
  Non-­‐diagonal	
  coupling	
  in	
  any	
  SM	
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2.-­‐	
  Complex	
  coupling	
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ϕi ϕi 

ϕj 

Zα(p1) 

Aµ(q) 
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Example:	
  Zα(p1)Zβ*(p2)Aµ(q)	
  

 + permutations

  
LFV = ig Zµgij

Zφi
+

∂µφ j

−

i≠ j
∑ + h.c.

Then,	
  we	
  have	
  the	
  following	
  result:	
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2 )3
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2 )4
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PRD91,093005	
  (2015)	
  

 Re(h1
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Zgji
Z*)(10−3 −10−7 )  Re(h2
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  lagrangian	
  

  
L
ZZV*

= e
mZ
2 −[ f4

γ (∂µF
µβ )+ f4

Z (∂µZ
µβ )]Zα (∂

α Zβ )+ [ f5
γ (∂α Fαµ )+ f5

Z (∂α Fαµ )] Z
µβZβ{ }

CP-­‐odd	
   CP-­‐even	
  

For	
  CP-­‐odd	
  part	
  the	
  vertex	
  func-on	
  is	
  given	
  by	
  	
  

Γ
ZZV*
αβµ (p1, p2,q) = i

(q2 −mV
2 )

mZ
2 f4

V (qαgβµ + qβgαµ )

Same	
  situa-on,	
  again,	
  we	
  need:	
  
1.-­‐	
  Non-­‐diagonal	
  coupling	
  in	
  any	
  SM	
  extension.	
  	
  

2.-­‐	
  Complex	
  coupling	
  constants.	
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But	
  by	
  the	
  Landau-­‐Yang’s	
  theorem	
  there	
  are	
  only	
  two	
  vertex	
  func-ons	
  describing	
  four	
  
dis-n-ct	
  TNGBCs	
  with	
  one	
  off-­‐shell	
  gauge	
  boson: 

Type	
  ZZV* 
This	
  type	
  of	
  coupling	
  is	
  described	
  by	
  the	
  following	
  efec-ve	
  lagrangian	
  

  
L
ZZV*

= e
mZ
2 −[ f4

γ (∂µF
µβ )+ f4

Z (∂µZ
µβ )]Zα (∂

α Zβ )+ [ f5
γ (∂α Fαµ )+ f5

Z (∂α Fαµ )] Z
µβZβ{ }

ϕi ϕi 

ϕj 

Zα(p1) 

Zµ* (q) 

Zβ (p2) 

Example:	
  Zα(p1)Zβ (p2)Zµ* (q)	
  

  +( permutation)+ (i ↔ j)

f4
Z =

mZ
2gii

Z Im(gij
Zgji

Z*)
24π 2sWq

2 (q2 − 4mZ
2 )(q2 −mZ

2 )2
F4
Z (q2,Δmij ,mi

2 )

 Re( f4
Z )  Im(gij

Zgji
Z*)(10−2 −10−5 )

 Im( f4
Z )  Im(gij

Zgji
Z*)(10−4 −10−6 )

PRD91,093005	
  (2015)	
  

Then,	
  we	
  have	
  the	
  following	
  result:	
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New	
   contribu-ons	
   to	
   the	
  CP-­‐odd	
   form	
   factors	
   are	
   induced	
  by	
   fermionic	
   non-­‐diagonal	
  
coupling	
  with	
  a	
  four	
  family: 

 
LFV = i g4 i

f Zµ f4γ
µ (1+ γ 5 ) fi

i≠4
∑ + h.c.

Γ
ZV*γ
αβµ (p1, p2,q) = i

(p2
2 −mV

2 )
mZ
2 h1

V (qβgαµ − qαgβµ )+ h2
V

mZ
2 p2

α [(q ⋅ p2 )g
βµ − qβ p2

µ ]
⎡

⎣
⎢

⎤

⎦
⎥

Γ
ZZV*
αβµ (p1, p2,q) = i

(q2 −mV
2 )

mZ
2 f4

V (qαgβµ + qβgαµ )

In	
  progress….	
  

complex	
  coupling	
  constant	
   Some	
  phenomelogical	
  results	
  with	
  
the	
  fourth	
  family:	
  

Mrs.	
  Chamorro	
  in	
  talk	
  sec3on	
  	
  
Mr.	
  Alan	
  in	
  poster	
  sec3on	
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g

g

V 0

V 0

H
t,b

t,b

t,b

The	
   main	
   mechanism	
   for	
   Higgs	
  
boson	
   produc-on	
   at	
   hadron	
  
colliders	
   is	
   gluon	
   fusion,	
   in	
   which	
  
the	
  gluons	
  couple	
  to	
  Higgs	
  bosons	
  
via	
  top	
  and	
  boWom	
  quark	
  loops	



h0 →γγ *

h0 → ZZ *

h0 →WW *

 → 4

 → 4

 →νν

ATLAS,PLB716,1(2012)  

CMS,PLB716,30(2012)  

ATLAS,PRD90,052004(2014)   
CMS, PRL114,191803(2015)  

h0 → Zγ ATLAS,PLB732,8(2014)    Z→ 
CMS,PLB753,341(2016)   

The	
  Higgs	
  can	
  be	
  decay	
  into	
  gauge	
  
boson,	
  for	
  example:	



All the results are compatibles with the expectations from a standard model Higgs 
boson. However, a future deviations from the predictions of the Standard Model 
can be signal of new physics.	
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V 0

V 0

H

The Higgs boson couplings to gauge bosons is 
induced at tree level in the SM.	



 LhWW = gmWhW µW
µ

 +a1
WW µνW

ν ∂µh + a2
WhW µνW

µν + a3
Wh W µνW

µν

 
LhZZ =

gmZ

2cos2θW
hZ µZ

µ
 +a1

ZZ µν Z
ν ∂µh + a2

ZhZ µν Z
µν + a3

Zh Z µν Z
µν

 Lhγγ = 0  +a1
γ A µν A

ν ∂µh + a2
γ hA µν A

µν + a3
γ h A µν A

µν

At one loop level we have new interesting 
contributions:	



CP-­‐even	
   CP-­‐odd	
  Tree	
  level	
  

But in general the vertex function can be written as:	



Γαβ (p1, p2 ) = a1
Vgαβ + a2

V [(p1 ⋅ p2 )g
αβ − p1

α p2
β ]+ a3

Vεαβµν p1µ p2ν
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V 0

V 0

H

The Higgs boson couplings to gauge bosons is 
induced at tree level in the SM.	



 LhZZ = gmWhW µW
µ

 +a1
WW µνW

ν ∂µh + a2
WhW µνW

µν + a3
Wh W µνW

µν

 
LhZZ =

gmZ

2cos2θW
hZ µZ

µ
 +a1

ZZ µν Z
ν ∂µh + a2

ZhZ µν Z
µν + a3

Zh Z µν Z
µν

 Lhγγ = 0  +a1
γ A µν A

ν ∂µh + a2
γ hA µν A

µν + a3
γ h A µν A

µν

At one loop level we have new interesting 
contributions:	



CP-­‐even	
  form	
  factors	
  

But in general the vertex function can be written as:	



Γαβ (p1, p2 ) = a1
Vgαβ + a2

V [(p1 ⋅ p2 )g
αβ − p1

α p2
β ]+ a3

Vεαβµν p1µ p2ν
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induced at tree level in the SM.	



 LhZZ = gmWhW µW
µ

 +a1
WW µνW

ν ∂µh + a2
WhW µνW

µν + a3
Wh W µνW

µν

 
LhZZ =

gmZ

2cos2θW
hZ µZ

µ
 +a1

ZZ µν Z
ν ∂µh + a2

ZhZ µν Z
µν + a3

Zh Z µν Z
µν

 Lhγγ = 0  +a1
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At one loop level we have new interesting 
contributions:	



CP-­‐odd	
  form	
  factors	
  

But in general the vertex function can be written as:	



Γαβ (p1, p2 ) = a1
Vgαβ + a2

V [(p1 ⋅ p2 )g
αβ − p1

α p2
β ]+ a3

Vεαβµν p1µ p2ν
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1.-­‐	
   More	
   source	
   of	
   CP	
   viola-on	
   are	
   necesary	
   to	
   explain	
   the	
  
baryogenesis.	
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2.-­‐	
  We	
  explore	
  some	
  theorical	
  source	
  of	
  CP-­‐viola-on:	
   

3.-­‐	
  To	
  induce	
  these	
  theorical	
  source	
  is	
  necesary	
  non-­‐diagonal	
  couplings	
  
in	
  any	
  SM	
  extension,	
  and	
  that	
  the	
  respec-ve	
  coupling	
  constant	
  shoure	
  
be	
  complex	
  numbers.	
   

a)	
  Electric	
  dipole	
  moments.	
  

b)	
  Triple	
  nuetral	
  gauge	
  boson	
  couplings.	
  

c)	
  Anomalous	
  coupling	
  of	
  the	
  Higgs	
  boson.	
  


