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Plan

• Standard Model Higgs Boson 
• Towards Higgs discovery and status 
• Possible non-SUSY extensions in the Higgs sector 

• Extended Higgs sectors with supersymmetry

• Singlet Higgs boson: Real and Complex 
• Doublet Higgs boson: Type-I, II, III, IV 
• Triplet Higgs boson: Real and complex 
• Inert Higgs bosons: Singlet, Doublet and Triplet



• 12 fermions constitute the matter.
• 12 gauge bosons are the force carriers 
• They constitute the ~ 5% observed matter
• Unobserved  matter, called as Dark Matter

Forces of Nature



• Quarks come in pairs with charge 2/3 e and -1/3 e 

• Each leptons has its own neutrinos

• Forces carriers communicate between the quarks and leptons

Particle physics is summarised as
 ‘Standard Model’



• That Fermi Theory can be seen  
as a result of exchange of force carrier 

• A massive gauge boson W 

With  effective coupling 

Fermi theory
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• Enrico Fermi in 1933 proposed theory for Nuclear 
beta decay with effective four fermion 
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• Local gauge invariance of                              gauge 
theory unifies electromagnetic and weak interactions

• Glashow, Weinberg, Salam were awarded the Nobel 
Prize in Physics in 1979

• In the same way local gauge invariance of SU(3) gauge 
group gives rise to Gluons

SU(2)L ⇥ U(1)Y



• Gauge theory describes the interaction between gauge    
bosons and fermions  

• Leaves both the gauge bosons and fermions as massless 

• Gluon and photon are massless 

• W/Z are required to be heavy  

What we observed

WHY ?



                 Why is Mass a Problem? 

• Gauge invariance is guiding principle 

• Mass term for  gauge boson  

  Violates gauge invariance 

The explanation of this phenomenon  leads to  
Spontaneous Electro-Weak symmetry Breaking 



    Solution 
• Lagrangian is gauge invariant at high scale

• Symmetry is broken  only at the minima 

• Generates mass to the gauge bosons of the 
broken group  

•   Known as Higgs mechanism  

•                is unbroken so photon remains 
massless 

SU(2)L ⇥ U(1)Y ! U(1)EM

U(1)EM
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Standard Model Higgs boson
• Standard Model has a complex scalar SU(2) doublet 

• The scalar Lagrangian density is given by  

  

where,  

• At the minimum,                                       , 

• The gauge bosons and fermions become massive 

• The Higgs mass is given by  

•
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Higgs mechanism: an analogy 

• Higgs field also gives 
   mass to itself

• Any field that couples to the 
Higgs field gets mass! 



Hunt for Higgs boson!
It took almost 50 years!



Looking back in our universe 

• Popular Big bang theory 
predicts that universe 
was created by a big 
bang around 13.7 billion 
years ago

How to rediscover the theory?

• We have to look inside the matter  
• Rutherford first collided alpha particles 

to the gold foil to see inside the atom 
• Present day colliders are using the same 

technology 



Large electron positron collider (LEP)

• It was a electron-positron 
collider at CERN 

• It ran till 2000 with energy 
reached to 209 GeV 

• LEP searched for Higgs boson 

• Put a lower bound on the 
mass                       GeV 

• Associated production put bt 
bound 

mH > 114.4

mA & 93GeV
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Electro-weak precision test 

• The blue band implies that      

at       level 
mH ' 85±39

28 GeV
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• It was a proton anti-proton collider 
 at Fermilab with energy reached till 
~ 2 TeV

• It discovered ‘top’ quark  the 
missing Standard Model 
quark. 

•  It could not find the Higgs 
boson but put some 
exclusion limits.

Tevatron 



Large Hadron Collider (LHC)

•  It is a proton proton collider  

• It lies in a tunnel of 27 km in 
circumference, around 100 m 
beneath the Franco-Swiss border 
near Geneva, Switzerland. 

• It has four main detectors 

   CMS, ATLAS, ALICE and LHCb 

• It finished run of centre of mass 
energy of 7 and 8 TeV, 13 TeV 

• Next run is expected in Spring 
2021



We first observed Higgs boson in di-photon mode
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• ATLAS reported discovery  of spin even-integer-spin particle with mass of

 126.5 GeV at 5.0σ  

• CMS finds a particle with a mass of 125.3 ± 0.6 GeV with 4.9σ significance. 

Discovery of Higgs boson



 July, 20124th



The real announcement

• Peter Higgs and François Englert were given Nobel Prize in 2013



Does discovery of Higgs boson 
complete the Standard Model?

Well !

We have to look into other problems inside SM



A little list of problems

Dark Matter Tiny neutrino 
masses

Higgs mass 
Hierarchy 

Fermion 
mass 

hierarchy
.



Does Higgs potential say 
something?

Quantum corrections can limit the theory 
as well as the predictions 



Standard Model Higgs mass bound 

SM Higgs potential faces strong 
constraints 

1.Unitarity 
2.From triviality 
3.Vacuum Stability  

• If the Higgs boson did not exist, we should have to invent something very 
much like it.

p-wave divergences 
cancel 

s-wave 
divergences are 

cancelled by Higgs 
diagram

/ s
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Standard Model Higgs potential 

SM Higgs potential faces strong constraints 

1. From triviality 
2. Vacuum Stability  
3. Unitarity  

 This is due to the running of couplings.  

      At large field values  

•  At some scale                       diverges, hitting the Landau pole.

�(µ) =
�(v)

1� 3
2⇡2�(v) ln

µ
v

µ = ⇤, �(µ)

µ
d�

dµ
' 3

2⇡2
�2
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   Where we use                       

• This leads to upper bounds on the  
 Higgs boson mass 

• The following bounds can be derived from the above 
expressions 

⇤ ⇠ ve
2⇡2

3� = ve
4⇡2v2

3m2
h

m2
h = 2�v2

⇤ ⇠ 103GeV ) mh < 700GeV

⇤ ⇠ 108GeV ) mh < 246GeV

⇤ ⇠ 1024GeV ) mh < 125GeV

Higgs mass bounds from Triviality

m2
h <

4⇡2v2

3 ln ⇤
v
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Stability bounds
• Higgs couples to fermions via Yukawa couplings 

• At low values the top quark     contribution is important 

• The solution takes a form,  

where at some point we hit            , leading instability to 
Higgs potential

µ
d�

dµ
' � 3

8⇡2
Y 4
t

�

�(µ) = �� 3

8⇡2
�4
t ln

µ

v
�(µ) < 0

m2
h >

3m2
t

⇡2v2
ln

⇤

v

LY = YtQ̄�tR



Stability of the potential



• Perturbative unitarity ⇒                    GeV 

• Triviality ⇒                     GeV

• Stability ⇒                  GeV. 

Theoretical Prediction of Higgs boson mass



Generic guide lines of SM extensions

Extending Higgs sector will enhance vacuum stability

• Any addition of scalar will 
enhance the stability of the 
potential for larger scale. 

• Any addition with fermions 
with large Yukawa can turn  

       negative making the        
    potential unstable.
�



Possible Potentials

• Various configurations of the effective potential. 
•  Local minimum near the original is the electroweak vacuum.



Status of SM

Within the uncertainty of top mass we are in  
a metastable vacuum 



SM+ Singlet 

Cross over region shifted towards higher scale from SM 

Khan et al, PRD 90, 113008 (2014)

V (�, S) = µ2|�|2 + �|�|4 +m2
SS

2 + �S�S
2|�2|+ �SS

4



Scalar extension with right-handed neutrino 

Coriano et al. Phys.Lett. B738 (2014) 13-19,  
JHEP 1602 (2016) 135 

�(1)
�2

' 2�3
3 � 48Y 4

N
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•           v′ = 3.5TeV 
•          v′ = 7  TeV

Stability conditions 

�(1)�1 ' �2
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t
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Stability 
Scale

m⌫h = YNv0
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Inverse seesaw

Large Yukawa spoils the stability earlier
Rose et al. JHEP 1512 (2015) 050  



• Higgs boson is discovered above             

Discovered Higgs bosons decay modes

h ! bb̄
! ⌧ ⌧̄ } Lepton and quark modes

! WW ⇤

! ZZ⇤} Gauge bosons

}Loop decay  (di-photon)

5�
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Higgs to invisible

• CMS at 13 TeV put                                    at 95% CL 

• A combined analysis of 7,8 and 13 TeV shows 

• Higgs boson decaying to anything undetected 

B(H ! inv) . 0.33
<latexit sha1_base64="/KbszCgA9DeRY/rhZ97NZ3bhZE8="></latexit>

B(H ! inv) . 0.19
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CMS: Phys. Lett. B 793 (2019) 520



Higgs measured couplings 



Are there other Higgs boson(s) ?

May be yes! 

What are there gauge representations ? 
  

We start with simple SM gauge singlet



Standard Model + SM 
gauge Singlet 

• Why ? 
• Other benefits ? 
• Higgs mass gets any corrections? 
• Dark singlet ? 
• Vacuum stability ? 



SM + Real Singlet
The Higgs potential look like  

This vev can generate both the mass terms for   
               

             Similarly, 

                                        generates the bi-linear mixing term  

          At the end we have two physical Higgs bosons                

V (�, S) = µ2|�|2 + �|�|4 +m2
SS

2 + �S�S
2|�2|+ �SS

4

< S >= vS and S = vS + Sr

� and S

�S� < S >< � >= �S�vSv

✓
h1

h2

◆
= R

✓
h
S

◆

< � >= v + h



SM + Complex scalar
Now the singlet has two components 

The potential takes a form given below:  

However depending on the demand of additional symmetries we can 
remove some of the terms 

Application of      symmetry : 
prohibits all the odd terms in S 

S can be dark matter candidate 

S = Sr + ia

Barger et al. Phys.Rev.D79:015018,2009

S ! �SZ2

V (�, S) = µ2�†�+ �(�†�)2

+ (�1�
†�S + �3�

†�S2 + a1S + b1S
2

+ c1S
3 + c2S|S|2 + d1S

4 + d3S
2|S|2 + c.c.)

+ �2�
†�|S|2 + b2|S|2 + d2|S|4
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SM+ complex scalar
Additional symmetries such as U(1) global will remove 

                   Giving vev to the singlet: 

                                will mix and      remains as Goldstone mode, 

 a massless degrees of freedom! 

This cannot give a viable dark matter 

V (�, S) = µ2�†�+ �(�†�)2 + �2�
†�|S|2 + b2|S|2 + d2|S|4
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< S >= vS + Sr + ia
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�1, �3, a1, b1, c1, c2, d1 and d3
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SM+ complex scalar
• To have massive Goldstone We need to break  
   the Global symmetry softly 
• Non-zero     naturally breaks U(1) and give mass to 

• Giving vev to the singlet, breaks both the U(1) and      symmetry! 
Leads to domain wall problem! 

• Choosing non-zero      breaks      explicitly  

• In stead of    , if we apply                

V (�, S) = µ2�†�+ �(�†�)4 + �2�
†�|S|2 + b2|S|2 + d2|S|4 + (b1S

2 + a1S + c.c)

Barger et al. Phys.Rev.D79:015018,2009 
Costa et al. JHEP06(2016)034

Z2

b1
<latexit sha1_base64="j2w5aHUIXtQep4DCFeWfmq3+R74=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpPux5vWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/WAeNXg==</latexit><latexit sha1_base64="j2w5aHUIXtQep4DCFeWfmq3+R74=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpPux5vWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/WAeNXg==</latexit><latexit sha1_base64="j2w5aHUIXtQep4DCFeWfmq3+R74=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpPux5vWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/WAeNXg==</latexit><latexit sha1_base64="j2w5aHUIXtQep4DCFeWfmq3+R74=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpPux5vWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/WAeNXg==</latexit>

a
<latexit sha1_base64="MXkNYqFeIOlPpjywEWEb4jSDYAA=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWatFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifPzHajLk=</latexit><latexit sha1_base64="MXkNYqFeIOlPpjywEWEb4jSDYAA=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWatFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifPzHajLk=</latexit><latexit sha1_base64="MXkNYqFeIOlPpjywEWEb4jSDYAA=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWatFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifPzHajLk=</latexit><latexit sha1_base64="MXkNYqFeIOlPpjywEWEb4jSDYAA=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWatFepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifPzHajLk=</latexit>

a1
<latexit sha1_base64="fjB6en6BRtXWnbbLBosm27xSuFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivd057Xq9bcujsDWSZeQWpQoNmrfnX7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn506ISdW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZselUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OcJ5cd6dj3lrySlmDuEPnM8fVoKNXQ==</latexit><latexit sha1_base64="fjB6en6BRtXWnbbLBosm27xSuFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivd057Xq9bcujsDWSZeQWpQoNmrfnX7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn506ISdW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZselUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OcJ5cd6dj3lrySlmDuEPnM8fVoKNXQ==</latexit><latexit sha1_base64="fjB6en6BRtXWnbbLBosm27xSuFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivd057Xq9bcujsDWSZeQWpQoNmrfnX7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn506ISdW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZselUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OcJ5cd6dj3lrySlmDuEPnM8fVoKNXQ==</latexit><latexit sha1_base64="fjB6en6BRtXWnbbLBosm27xSuFU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LBjFMMYjqQPOKMGivd057Xq9bcujsDWSZeQWpQoNmrfnX7CctilIYJqnXHc1MT5FQZzgROKt1MY0rZiA6wY6mkMeogn506ISdW6ZMoUbakITP190ROY63HcWg7Y2qGetGbiv95ncxEl0HOZZoZlGy+KMoEMQmZ/k36XCEzYmwJZYrbWwkbUkWZselUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OcJ5cd6dj3lrySlmDuEPnM8fVoKNXQ==</latexit>

Z2

Z2 S ! S⇤
<latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit><latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit><latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit><latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit>

) a ! �a
<latexit sha1_base64="zaeVl02LdY/Sw8TF1BUU6Zn1PjA=">AAAB/HicbVBNS8NAEN34WetX/Lh5WSyCF0signorevFYxdhCE8pku2mXbrJhd6PUUPwrXjyoePWHePPfuG1z0NYHA4/3ZpiZF6acKe0439bc/MLi0nJppby6tr6xaW9t3ymRSUI9IriQzRAU5Syhnmaa02YqKcQhp42wfznyG/dUKiaSWz1IaRBDN2ERI6CN1LZ3/RvW7WmQUjxgwL4W+AjadsWpOmPgWeIWpIIK1Nv2l98RJItpogkHpVquk+ogB6kZ4XRY9jNFUyB96NKWoQnEVAX5+PohPjBKB0dCmko0Hqu/J3KIlRrEoemMQffUtDcS//NamY7OgpwlaaZpQiaLooxj8+MoCtxhkhLNB4YAkczcikkPJBBtAiubENzpl2eJd1w9r7rXJ5XaRZFGCe2hfXSIXHSKaugK1ZGHCHpEz+gVvVlP1ov1bn1MWuesYmYH/YH1+QPP8ZRa</latexit><latexit sha1_base64="zaeVl02LdY/Sw8TF1BUU6Zn1PjA=">AAAB/HicbVBNS8NAEN34WetX/Lh5WSyCF0signorevFYxdhCE8pku2mXbrJhd6PUUPwrXjyoePWHePPfuG1z0NYHA4/3ZpiZF6acKe0439bc/MLi0nJppby6tr6xaW9t3ymRSUI9IriQzRAU5Syhnmaa02YqKcQhp42wfznyG/dUKiaSWz1IaRBDN2ERI6CN1LZ3/RvW7WmQUjxgwL4W+AjadsWpOmPgWeIWpIIK1Nv2l98RJItpogkHpVquk+ogB6kZ4XRY9jNFUyB96NKWoQnEVAX5+PohPjBKB0dCmko0Hqu/J3KIlRrEoemMQffUtDcS//NamY7OgpwlaaZpQiaLooxj8+MoCtxhkhLNB4YAkczcikkPJBBtAiubENzpl2eJd1w9r7rXJ5XaRZFGCe2hfXSIXHSKaugK1ZGHCHpEz+gVvVlP1ov1bn1MWuesYmYH/YH1+QPP8ZRa</latexit><latexit sha1_base64="zaeVl02LdY/Sw8TF1BUU6Zn1PjA=">AAAB/HicbVBNS8NAEN34WetX/Lh5WSyCF0signorevFYxdhCE8pku2mXbrJhd6PUUPwrXjyoePWHePPfuG1z0NYHA4/3ZpiZF6acKe0439bc/MLi0nJppby6tr6xaW9t3ymRSUI9IriQzRAU5Syhnmaa02YqKcQhp42wfznyG/dUKiaSWz1IaRBDN2ERI6CN1LZ3/RvW7WmQUjxgwL4W+AjadsWpOmPgWeIWpIIK1Nv2l98RJItpogkHpVquk+ogB6kZ4XRY9jNFUyB96NKWoQnEVAX5+PohPjBKB0dCmko0Hqu/J3KIlRrEoemMQffUtDcS//NamY7OgpwlaaZpQiaLooxj8+MoCtxhkhLNB4YAkczcikkPJBBtAiubENzpl2eJd1w9r7rXJ5XaRZFGCe2hfXSIXHSKaugK1ZGHCHpEz+gVvVlP1ov1bn1MWuesYmYH/YH1+QPP8ZRa</latexit><latexit sha1_base64="zaeVl02LdY/Sw8TF1BUU6Zn1PjA=">AAAB/HicbVBNS8NAEN34WetX/Lh5WSyCF0signorevFYxdhCE8pku2mXbrJhd6PUUPwrXjyoePWHePPfuG1z0NYHA4/3ZpiZF6acKe0439bc/MLi0nJppby6tr6xaW9t3ymRSUI9IriQzRAU5Syhnmaa02YqKcQhp42wfznyG/dUKiaSWz1IaRBDN2ERI6CN1LZ3/RvW7WmQUjxgwL4W+AjadsWpOmPgWeIWpIIK1Nv2l98RJItpogkHpVquk+ogB6kZ4XRY9jNFUyB96NKWoQnEVAX5+PohPjBKB0dCmko0Hqu/J3KIlRrEoemMQffUtDcS//NamY7OgpwlaaZpQiaLooxj8+MoCtxhkhLNB4YAkczcikkPJBBtAiubENzpl2eJd1w9r7rXJ5XaRZFGCe2hfXSIXHSKaugK1ZGHCHpEz+gVvVlP1ov1bn1MWuesYmYH/YH1+QPP8ZRa</latexit>

Breaks U(1) 
Symmetry

Breaks 
symmetry

Z2

z}|{
<latexit sha1_base64="ImPBniCJZaf/KXT/KBgQFu6waBQ=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM122i7dbOLuplBCf4cXD4p49cd489+4aXPQ1gcDj/dmmJkXxIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ihRDBssEpFqB1Sj4BIbhhuB7VghDQOBrWB8l/mtCSrNI/lopjH6IR1KPuCMGiv53ciagaIM01mxVyq7FXcOskq8nJQhR71X+ur2I5aEKA0TVOuO58bGT6kynAmcFbuJxpiyMR1ix1JJQ9R+Oj96Rs6t0ieDSNmShszV3xMpDbWehoHtDKkZ6WUvE//zOokZ3Pgpl3FiULLFokEiiIlIlgDpc4XMiKkllClubyVsRG0GxuaUheAtv7xKmtWKd1mpPlyVa7d5HAU4hTO4AA+uoQb3UIcGMHiCZ3iFN2fivDjvzseidc3JZ07gD5zPH8R5khc=</latexit>



Gauge U(1) scalar extension

• In stead of    , if we apply  
• For                                  ,                          ,  
   and     becomes DM candidate 

• For                                   ,                                

                        Spontaneous CP-violation.

Z2
<latexit sha1_base64="bJ/dysXPfsji9Ix1lm0+a0PoJgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWNLbYhrLZTtulm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/woONUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0PfWbT6g0j+W9GScYRHQgeZ8zaqx099itdcsVt+rOQJaJl5MK5Gh0y1+dXszSCKVhgmrd9tzEBBlVhjOBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+nsio5HW4yi0nRE1Q73oTcX/vHZq+hdBxmWSGpRsvqifCmJiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdkQvMWXl4lfq15WvduzSv0qT6MIR3AMp+DBOdThBhrgA4MBPMMrvDnCeXHenY95a8HJZw7hD5zPH01ijVc=</latexit><latexit sha1_base64="bJ/dysXPfsji9Ix1lm0+a0PoJgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWNLbYhrLZTtulm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/woONUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0PfWbT6g0j+W9GScYRHQgeZ8zaqx099itdcsVt+rOQJaJl5MK5Gh0y1+dXszSCKVhgmrd9tzEBBlVhjOBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+nsio5HW4yi0nRE1Q73oTcX/vHZq+hdBxmWSGpRsvqifCmJiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdkQvMWXl4lfq15WvduzSv0qT6MIR3AMp+DBOdThBhrgA4MBPMMrvDnCeXHenY95a8HJZw7hD5zPH01ijVc=</latexit><latexit sha1_base64="bJ/dysXPfsji9Ix1lm0+a0PoJgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWNLbYhrLZTtulm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/woONUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0PfWbT6g0j+W9GScYRHQgeZ8zaqx099itdcsVt+rOQJaJl5MK5Gh0y1+dXszSCKVhgmrd9tzEBBlVhjOBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+nsio5HW4yi0nRE1Q73oTcX/vHZq+hdBxmWSGpRsvqifCmJiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdkQvMWXl4lfq15WvduzSv0qT6MIR3AMp+DBOdThBhrgA4MBPMMrvDnCeXHenY95a8HJZw7hD5zPH01ijVc=</latexit><latexit sha1_base64="bJ/dysXPfsji9Ix1lm0+a0PoJgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWNLbYhrLZTtulm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/woONUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0PfWbT6g0j+W9GScYRHQgeZ8zaqx099itdcsVt+rOQJaJl5MK5Gh0y1+dXszSCKVhgmrd9tzEBBlVhjOBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+nsio5HW4yi0nRE1Q73oTcX/vHZq+hdBxmWSGpRsvqifCmJiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdkQvMWXl4lfq15WvduzSv0qT6MIR3AMp+DBOdThBhrgA4MBPMMrvDnCeXHenY95a8HJZw7hD5zPH01ijVc=</latexit> S ! S⇤

<latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit><latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit><latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit><latexit sha1_base64="yADkvpb4JPKqGQCavrTeGKMl9SU=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCeCi7Iqi3ohePlbq20q4lm2bb0CS7JFmhLP0VXjyoePXvePPfmLZ70NaBwDDzHnkzYcKZNq777RSWlldW14rrpY3Nre2d8u7evY5TRahPYh6rVog15UxS3zDDaStRFIuQ02Y4vJ74zSeqNIvlnRklNBC4L1nECDZWemigjolR4/GkW664VXcKtEi8nFQgR71b/ur0YpIKKg3hWOu25yYmyLAyjHA6LnVSTRNMhrhP25ZKLKgOsunBY3RklR6KYmWfNGiq/t7IsNB6JEI7KbAZ6HlvIv7ntVMTXQQZk0lqqCSzj6KUIxtykh71mKLE8JElmChmb0VkgBUmxnZUsiV485EXiX9avax6t2eV2lXeRhEO4BCOwYNzqMEN1MEHAgKe4RXeHOW8OO/Ox2y04OQ7+/AHzucP3U6PVQ==</latexit>

va = 0and vS 6= 0
<latexit sha1_base64="alIzW7VAMLO5C3z8TvLeiPogXmA=">AAACBnicbZDLSsNAFIYnXmu9RV0KMlgEF1ISEdSFUHTjsqKxhSaEyWTSDp2ZxJlJoYTu3PgqblyouPUZ3Pk2Ti8Lbf1h4OM/53Dm/FHGqNKO823NzS8sLi2XVsqra+sbm/bW9r1Kc4mJh1OWymaEFGFUEE9TzUgzkwTxiJFG1L0a1hs9IhVNxZ3uZyTgqC1oQjHSxgrtvV6I4IXjH0Ff8gKJeGAQ9sJbX5AH6IR2xak6I8FZcCdQARPVQ/vLj1OccyI0ZkiplutkOiiQ1BQzMij7uSIZwl3UJi2DAnGigmJ0xwAeGCeGSSrNExqO3N8TBeJK9XlkOjnSHTVdG5r/1Vq5Ts6Cgoos10Tg8aIkZ1CncBgKjKkkWLO+AYQlNX+FuIMkwtpEVzYhuNMnz4J3XD2vujcnldrlJI0S2AX74BC44BTUwDWoAw9g8AiewSt4s56sF+vd+hi3zlmTmR3wR9bnD33hl1w=</latexit><latexit sha1_base64="alIzW7VAMLO5C3z8TvLeiPogXmA=">AAACBnicbZDLSsNAFIYnXmu9RV0KMlgEF1ISEdSFUHTjsqKxhSaEyWTSDp2ZxJlJoYTu3PgqblyouPUZ3Pk2Ti8Lbf1h4OM/53Dm/FHGqNKO823NzS8sLi2XVsqra+sbm/bW9r1Kc4mJh1OWymaEFGFUEE9TzUgzkwTxiJFG1L0a1hs9IhVNxZ3uZyTgqC1oQjHSxgrtvV6I4IXjH0Ff8gKJeGAQ9sJbX5AH6IR2xak6I8FZcCdQARPVQ/vLj1OccyI0ZkiplutkOiiQ1BQzMij7uSIZwl3UJi2DAnGigmJ0xwAeGCeGSSrNExqO3N8TBeJK9XlkOjnSHTVdG5r/1Vq5Ts6Cgoos10Tg8aIkZ1CncBgKjKkkWLO+AYQlNX+FuIMkwtpEVzYhuNMnz4J3XD2vujcnldrlJI0S2AX74BC44BTUwDWoAw9g8AiewSt4s56sF+vd+hi3zlmTmR3wR9bnD33hl1w=</latexit><latexit sha1_base64="alIzW7VAMLO5C3z8TvLeiPogXmA=">AAACBnicbZDLSsNAFIYnXmu9RV0KMlgEF1ISEdSFUHTjsqKxhSaEyWTSDp2ZxJlJoYTu3PgqblyouPUZ3Pk2Ti8Lbf1h4OM/53Dm/FHGqNKO823NzS8sLi2XVsqra+sbm/bW9r1Kc4mJh1OWymaEFGFUEE9TzUgzkwTxiJFG1L0a1hs9IhVNxZ3uZyTgqC1oQjHSxgrtvV6I4IXjH0Ff8gKJeGAQ9sJbX5AH6IR2xak6I8FZcCdQARPVQ/vLj1OccyI0ZkiplutkOiiQ1BQzMij7uSIZwl3UJi2DAnGigmJ0xwAeGCeGSSrNExqO3N8TBeJK9XlkOjnSHTVdG5r/1Vq5Ts6Cgoos10Tg8aIkZ1CncBgKjKkkWLO+AYQlNX+FuIMkwtpEVzYhuNMnz4J3XD2vujcnldrlJI0S2AX74BC44BTUwDWoAw9g8AiewSt4s56sF+vd+hi3zlmTmR3wR9bnD33hl1w=</latexit><latexit sha1_base64="alIzW7VAMLO5C3z8TvLeiPogXmA=">AAACBnicbZDLSsNAFIYnXmu9RV0KMlgEF1ISEdSFUHTjsqKxhSaEyWTSDp2ZxJlJoYTu3PgqblyouPUZ3Pk2Ti8Lbf1h4OM/53Dm/FHGqNKO823NzS8sLi2XVsqra+sbm/bW9r1Kc4mJh1OWymaEFGFUEE9TzUgzkwTxiJFG1L0a1hs9IhVNxZ3uZyTgqC1oQjHSxgrtvV6I4IXjH0Ff8gKJeGAQ9sJbX5AH6IR2xak6I8FZcCdQARPVQ/vLj1OccyI0ZkiplutkOiiQ1BQzMij7uSIZwl3UJi2DAnGigmJ0xwAeGCeGSSrNExqO3N8TBeJK9XlkOjnSHTVdG5r/1Vq5Ts6Cgoos10Tg8aIkZ1CncBgKjKkkWLO+AYQlNX+FuIMkwtpEVzYhuNMnz4J3XD2vujcnldrlJI0S2AX74BC44BTUwDWoAw9g8AiewSt4s56sF+vd+hi3zlmTmR3wR9bnD33hl1w=</latexit>

va 6= 0and vS 6= 0
<latexit sha1_base64="hJZH5L94OZL6jhvoAyhxOOByV2Y=">AAACCnicbZC9TsMwFIWd8lfKX4CRxWqFxICqBCEBWwULYxGEVmqiyHHc1qrtBNupVEXdWXgVFgZArDwBG2+D22aAliNZ+nTuvbq+J0oZVdpxvq3S0vLK6lp5vbKxubW9Y+/u3askk5h4OGGJbEdIEUYF8TTVjLRTSRCPGGlFg6tJvTUkUtFE3OlRSgKOeoJ2KUbaWKFdHYYI+oI8QMc/hr7kORLx2CAchrczP7RrTt2ZCi6CW0ANFGqG9pcfJzjjRGjMkFId10l1kCOpKWZkXPEzRVKEB6hHOgYF4kQF+fSWMTw0Tgy7iTRPaDh1f0/kiCs14pHp5Ej31XxtYv5X62S6ex7kVKSZJgLPFnUzBnUCJ8HAmEqCNRsZQFhS81eI+0girE18FROCO3/yIngn9Yu6e3Naa1wWaZTBAaiCI+CCM9AA16AJPIDBI3gGr+DNerJerHfrY9ZasoqZffBH1ucPiyuZBw==</latexit><latexit sha1_base64="hJZH5L94OZL6jhvoAyhxOOByV2Y=">AAACCnicbZC9TsMwFIWd8lfKX4CRxWqFxICqBCEBWwULYxGEVmqiyHHc1qrtBNupVEXdWXgVFgZArDwBG2+D22aAliNZ+nTuvbq+J0oZVdpxvq3S0vLK6lp5vbKxubW9Y+/u3askk5h4OGGJbEdIEUYF8TTVjLRTSRCPGGlFg6tJvTUkUtFE3OlRSgKOeoJ2KUbaWKFdHYYI+oI8QMc/hr7kORLx2CAchrczP7RrTt2ZCi6CW0ANFGqG9pcfJzjjRGjMkFId10l1kCOpKWZkXPEzRVKEB6hHOgYF4kQF+fSWMTw0Tgy7iTRPaDh1f0/kiCs14pHp5Ej31XxtYv5X62S6ex7kVKSZJgLPFnUzBnUCJ8HAmEqCNRsZQFhS81eI+0girE18FROCO3/yIngn9Yu6e3Naa1wWaZTBAaiCI+CCM9AA16AJPIDBI3gGr+DNerJerHfrY9ZasoqZffBH1ucPiyuZBw==</latexit><latexit sha1_base64="hJZH5L94OZL6jhvoAyhxOOByV2Y=">AAACCnicbZC9TsMwFIWd8lfKX4CRxWqFxICqBCEBWwULYxGEVmqiyHHc1qrtBNupVEXdWXgVFgZArDwBG2+D22aAliNZ+nTuvbq+J0oZVdpxvq3S0vLK6lp5vbKxubW9Y+/u3askk5h4OGGJbEdIEUYF8TTVjLRTSRCPGGlFg6tJvTUkUtFE3OlRSgKOeoJ2KUbaWKFdHYYI+oI8QMc/hr7kORLx2CAchrczP7RrTt2ZCi6CW0ANFGqG9pcfJzjjRGjMkFId10l1kCOpKWZkXPEzRVKEB6hHOgYF4kQF+fSWMTw0Tgy7iTRPaDh1f0/kiCs14pHp5Ej31XxtYv5X62S6ex7kVKSZJgLPFnUzBnUCJ8HAmEqCNRsZQFhS81eI+0girE18FROCO3/yIngn9Yu6e3Naa1wWaZTBAaiCI+CCM9AA16AJPIDBI3gGr+DNerJerHfrY9ZasoqZffBH1ucPiyuZBw==</latexit><latexit sha1_base64="hJZH5L94OZL6jhvoAyhxOOByV2Y=">AAACCnicbZC9TsMwFIWd8lfKX4CRxWqFxICqBCEBWwULYxGEVmqiyHHc1qrtBNupVEXdWXgVFgZArDwBG2+D22aAliNZ+nTuvbq+J0oZVdpxvq3S0vLK6lp5vbKxubW9Y+/u3askk5h4OGGJbEdIEUYF8TTVjLRTSRCPGGlFg6tJvTUkUtFE3OlRSgKOeoJ2KUbaWKFdHYYI+oI8QMc/hr7kORLx2CAchrczP7RrTt2ZCi6CW0ANFGqG9pcfJzjjRGjMkFId10l1kCOpKWZkXPEzRVKEB6hHOgYF4kQF+fSWMTw0Tgy7iTRPaDh1f0/kiCs14pHp5Ej31XxtYv5X62S6ex7kVKSZJgLPFnUzBnUCJ8HAmEqCNRsZQFhS81eI+0girE18FROCO3/yIngn9Yu6e3Naa1wWaZTBAaiCI+CCM9AA16AJPIDBI3gGr+DNerJerHfrY9ZasoqZffBH1ucPiyuZBw==</latexit>

(h, Sr) ! (h1, h2)
<latexit sha1_base64="7JTkZPuzO/65ohuhh+/zd1o4fMI=">AAACAXicbVDLSsNAFL2pr1pfUVfiZrAILZSSFEHdFd24rGis0IYwmU6boZMHMxOhhOLGX3HjQsWtf+HOv3HaZqGtBwYO59zLnXP8hDOpLOvbKCwtr6yuFddLG5tb2zvm7t6djFNBqENiHot7H0vKWUQdxRSn94mgOPQ5bfvDy4nffqBCsji6VaOEuiEeRKzPCFZa8syDSlBDN56oItRVMaoEnl1DgdeoIs8sW3VrCrRI7JyUIUfLM7+6vZikIY0U4VjKjm0lys2wUIxwOi51U0kTTIZ4QDuaRjik0s2mEcboWCs91I+FfpFCU/X3RoZDKUehrydDrAI5703E/7xOqvpnbsaiJFU0IrND/ZQjHXbSB+oxQYniI00wEUz/FZEAC0yUbq2kS7DnIy8Sp1E/r9vXJ+XmRd5GEQ7hCCpgwyk04Qpa4ACBR3iGV3gznowX4934mI0WjHxnH/7A+PwBpDeT7w==</latexit><latexit sha1_base64="7JTkZPuzO/65ohuhh+/zd1o4fMI=">AAACAXicbVDLSsNAFL2pr1pfUVfiZrAILZSSFEHdFd24rGis0IYwmU6boZMHMxOhhOLGX3HjQsWtf+HOv3HaZqGtBwYO59zLnXP8hDOpLOvbKCwtr6yuFddLG5tb2zvm7t6djFNBqENiHot7H0vKWUQdxRSn94mgOPQ5bfvDy4nffqBCsji6VaOEuiEeRKzPCFZa8syDSlBDN56oItRVMaoEnl1DgdeoIs8sW3VrCrRI7JyUIUfLM7+6vZikIY0U4VjKjm0lys2wUIxwOi51U0kTTIZ4QDuaRjik0s2mEcboWCs91I+FfpFCU/X3RoZDKUehrydDrAI5703E/7xOqvpnbsaiJFU0IrND/ZQjHXbSB+oxQYniI00wEUz/FZEAC0yUbq2kS7DnIy8Sp1E/r9vXJ+XmRd5GEQ7hCCpgwyk04Qpa4ACBR3iGV3gznowX4934mI0WjHxnH/7A+PwBpDeT7w==</latexit><latexit sha1_base64="7JTkZPuzO/65ohuhh+/zd1o4fMI=">AAACAXicbVDLSsNAFL2pr1pfUVfiZrAILZSSFEHdFd24rGis0IYwmU6boZMHMxOhhOLGX3HjQsWtf+HOv3HaZqGtBwYO59zLnXP8hDOpLOvbKCwtr6yuFddLG5tb2zvm7t6djFNBqENiHot7H0vKWUQdxRSn94mgOPQ5bfvDy4nffqBCsji6VaOEuiEeRKzPCFZa8syDSlBDN56oItRVMaoEnl1DgdeoIs8sW3VrCrRI7JyUIUfLM7+6vZikIY0U4VjKjm0lys2wUIxwOi51U0kTTIZ4QDuaRjik0s2mEcboWCs91I+FfpFCU/X3RoZDKUehrydDrAI5703E/7xOqvpnbsaiJFU0IrND/ZQjHXbSB+oxQYniI00wEUz/FZEAC0yUbq2kS7DnIy8Sp1E/r9vXJ+XmRd5GEQ7hCCpgwyk04Qpa4ACBR3iGV3gznowX4934mI0WjHxnH/7A+PwBpDeT7w==</latexit><latexit sha1_base64="7JTkZPuzO/65ohuhh+/zd1o4fMI=">AAACAXicbVDLSsNAFL2pr1pfUVfiZrAILZSSFEHdFd24rGis0IYwmU6boZMHMxOhhOLGX3HjQsWtf+HOv3HaZqGtBwYO59zLnXP8hDOpLOvbKCwtr6yuFddLG5tb2zvm7t6djFNBqENiHot7H0vKWUQdxRSn94mgOPQ5bfvDy4nffqBCsji6VaOEuiEeRKzPCFZa8syDSlBDN56oItRVMaoEnl1DgdeoIs8sW3VrCrRI7JyUIUfLM7+6vZikIY0U4VjKjm0lys2wUIxwOi51U0kTTIZ4QDuaRjik0s2mEcboWCs91I+FfpFCU/X3RoZDKUehrydDrAI5703E/7xOqvpnbsaiJFU0IrND/ZQjHXbSB+oxQYniI00wEUz/FZEAC0yUbq2kS7DnIy8Sp1E/r9vXJ+XmRd5GEQ7hCCpgwyk04Qpa4ACBR3iGV3gznowX4934mI0WjHxnH/7A+PwBpDeT7w==</latexit>

(h, Sr, a) ! (h1, h2, h3)
<latexit sha1_base64="QzASLquzdXpTiu7WqyKbMRMqobo=">AAACCnicbVBPS8MwHE3nvzn/VT16CRvCBmO0U1BvQy8eJ1o32EpJs2wNS9OSpMIou3vxq3jxoOLVT+DNb2O69aCbDxIe7/1+JO/5MaNSWda3UVhZXVvfKG6WtrZ3dvfM/YN7GSUCEwdHLBJdH0nCKCeOooqRbiwICn1GOv74KvM7D0RIGvE7NYmJG6IRp0OKkdKSZ5arQR3eeqIOEaxB2FcRrAaeXYeB18yukxr0zIrVsGaAy8TOSQXkaHvmV38Q4SQkXGGGpOzZVqzcFAlFMSPTUj+RJEZ4jEakpylHIZFuOssyhcdaGcBhJPThCs7U3xspCqWchL6eDJEK5KKXif95vUQNz92U8jhRhOP5Q8OEQZ04KwYOqCBYsYkmCAuq/wpxgATCStdX0iXYi5GXidNsXDTsm9NK6zJvowiOQBlUgQ3OQAtcgzZwAAaP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz9VgZZc</latexit><latexit sha1_base64="QzASLquzdXpTiu7WqyKbMRMqobo=">AAACCnicbVBPS8MwHE3nvzn/VT16CRvCBmO0U1BvQy8eJ1o32EpJs2wNS9OSpMIou3vxq3jxoOLVT+DNb2O69aCbDxIe7/1+JO/5MaNSWda3UVhZXVvfKG6WtrZ3dvfM/YN7GSUCEwdHLBJdH0nCKCeOooqRbiwICn1GOv74KvM7D0RIGvE7NYmJG6IRp0OKkdKSZ5arQR3eeqIOEaxB2FcRrAaeXYeB18yukxr0zIrVsGaAy8TOSQXkaHvmV38Q4SQkXGGGpOzZVqzcFAlFMSPTUj+RJEZ4jEakpylHIZFuOssyhcdaGcBhJPThCs7U3xspCqWchL6eDJEK5KKXif95vUQNz92U8jhRhOP5Q8OEQZ04KwYOqCBYsYkmCAuq/wpxgATCStdX0iXYi5GXidNsXDTsm9NK6zJvowiOQBlUgQ3OQAtcgzZwAAaP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz9VgZZc</latexit><latexit sha1_base64="QzASLquzdXpTiu7WqyKbMRMqobo=">AAACCnicbVBPS8MwHE3nvzn/VT16CRvCBmO0U1BvQy8eJ1o32EpJs2wNS9OSpMIou3vxq3jxoOLVT+DNb2O69aCbDxIe7/1+JO/5MaNSWda3UVhZXVvfKG6WtrZ3dvfM/YN7GSUCEwdHLBJdH0nCKCeOooqRbiwICn1GOv74KvM7D0RIGvE7NYmJG6IRp0OKkdKSZ5arQR3eeqIOEaxB2FcRrAaeXYeB18yukxr0zIrVsGaAy8TOSQXkaHvmV38Q4SQkXGGGpOzZVqzcFAlFMSPTUj+RJEZ4jEakpylHIZFuOssyhcdaGcBhJPThCs7U3xspCqWchL6eDJEK5KKXif95vUQNz92U8jhRhOP5Q8OEQZ04KwYOqCBYsYkmCAuq/wpxgATCStdX0iXYi5GXidNsXDTsm9NK6zJvowiOQBlUgQ3OQAtcgzZwAAaP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz9VgZZc</latexit><latexit sha1_base64="QzASLquzdXpTiu7WqyKbMRMqobo=">AAACCnicbVBPS8MwHE3nvzn/VT16CRvCBmO0U1BvQy8eJ1o32EpJs2wNS9OSpMIou3vxq3jxoOLVT+DNb2O69aCbDxIe7/1+JO/5MaNSWda3UVhZXVvfKG6WtrZ3dvfM/YN7GSUCEwdHLBJdH0nCKCeOooqRbiwICn1GOv74KvM7D0RIGvE7NYmJG6IRp0OKkdKSZ5arQR3eeqIOEaxB2FcRrAaeXYeB18yukxr0zIrVsGaAy8TOSQXkaHvmV38Q4SQkXGGGpOzZVqzcFAlFMSPTUj+RJEZ4jEakpylHIZFuOssyhcdaGcBhJPThCs7U3xspCqWchL6eDJEK5KKXif95vUQNz92U8jhRhOP5Q8OEQZ04KwYOqCBYsYkmCAuq/wpxgATCStdX0iXYi5GXidNsXDTsm9NK6zJvowiOQBlUgQ3OQAtcgzZwAAaP4Bm8gjfjyXgx3o2P+WjByHcOwR8Ynz9VgZZc</latexit>
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Costa et al. JHEP06(2016)034

CP-even Higgs 
bosons mix



Higgs portal dark matter in               with RHN 

• Dark matter annihilation modes 

• Type-I Seesaw also generates small neutrino mass

U(1)B�L
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B-L scalar

Scalar DM

RHN

PB, RM, EJC 
Phys.Rev. D97 (2018) no.1, 015001 



• We get 

Higgs portal dark matter in               with RHN U(1)B�L
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Without the RHN decay effect,  

Decay 
effects of 

RHN

RHN is 
in thermal 

equilibrium 

yN ⇠ 10�8 formN ⇠ 100GeV
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PB, Rusa Mandal, Eung Jin Chun 
Phys.Rev. D97 (2018) no.1, 015001 



Right-Handed Neutrino portal Dark Matter  

•  The RHN as a portal to DM was suggested in a simple setup assuming the 
coupling among RHN, fermion      and scalar 

• Here both              can be dark matter candidate  

• DM can annihilates via RHN portal

�
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PB, Rusa Mandal, Eung Jin Chun 
Phys.Lett. B788 (2019) 530-534 



Loop induced Higgs-DM coupling
• No tree-level coupling of the fermionic DM to the Higgs boson  
•  An effective h-χ-χ coupling arises from the one-loop diagram  

• Latest data from XENON1T experiment excludes |λ2κ| ≥ O(1) for mχ ≤ 150 GeV  

• Future sensitivity of XENONnT can rule out such value of |λ2κ| up to 600GeV DM mass 

PB, Rusa Mandal, Eung Jin Chun 
Phys.Lett. B788 (2019) 530-534 



Two Higgs doublet model
Here we have two SU(2) Higgs doublets with same hyper charges 

  

The general Higgs potential takes the form  

The Yukawa part of the Lagrangian is 
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After EWSB:    

We have four massive Higgs bosons:
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2HDM and Flavour problem
Generic Yukawa coupling leads to FCNC: 

• FCNC’s arise because of the impossibility to simultaneously 
diagonalise two arbitrary complex matrices. 

• One way to eliminate non-diagonal terms in the Lagrangian is by 
imposing flavour blind    discrete symmetry 
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Types of 2HDM

•  Given a fermion couples only to one Higgs doublet
2HDM in SUSY and Non-SUSY: K.Ghosh et al., M. Mitra et al. B. Mukhopadhyay,  

S. Goswami , E. Chun et al, Rose et al., D. Das et al, D. Chaudhoury et al. and many



 Heavy Higgs bounds 

• H->WW: Combined upper limits at 95% confidence level on the product 
of the cross section and branching fraction exclude a heavy Higgs 
boson with SM-like couplings and decays up to 1870 GeV  

• H->ZZ: Bounds cross-section in ZZ decay modes are given till 3 
TeV. 

•                   : Bounds on cross-section give till 900 GeV in                        
mode 

CMS: arXiv:1912.01594 [hep-ex]

CMS:JHEP 06 (2018) 127

CMS:Phys. Lett. B 778 (2018) 101
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