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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 
• Doublet Higgs boson 
• Triplet Higgs boson 
• Inert Higgs bosons



• 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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It is related to Higgs 
mechanism 

https://en.wikipedia.org/wiki/Enrico_Fermi


• 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

mH > 114.4• Put a lower bound on the mass                       GeV



• 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 

• Currently running with 13 TeV of 
centre of mass energy.



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



Status of Standard Model Higgs
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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 

See Dr. Tirtha S. Ray’s talk



Standard Model Higgs potential 

SM Higgs potential faces strong constraints 

1. From triviality 
2. Vacuum Stability  
3. Unitarity ( covered by Dr. Tirtha S. Ray)  

 This is due to the running of couplings.  

      At large field values  

•  At some scale                       diverges, hitting the Landau pole.

µ
d�

dµ
' 3

3⇡2
�2

�(µ) =
�(v)

1� 3
2⇡2�(v) ln

µ
v

µ = ⇤, �(µ)



   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
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' � 3
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Y 4
t

�
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�4
t ln
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v
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3m2
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⇡2v2
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⇤

v

LY = YtQ̄�tR



• Perturbative unitarity ⇒                    GeV 

• Triviality ⇒                     GeV

• Stability ⇒                  GeV. 

Theoretical Prediction of Higgs boson mass



Generic guide lines of SM extensions

Extending Higgs sector will affect 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)
�1
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t
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•           v′ = 3.5TeV 
•          v′ = 7  TeV

Stability conditions 



Inverse seesaw

Large Yukawa spoils the stability earlier
Rose et al. JHEP 1605 (2016) 050 



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 

�1, �3, a1, b1, c1, c2, d1 and d2

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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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
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<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>



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+dXszSCKVhgmrd9tzEBBlVhj OBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+nsio5HW4yi0nRE1Q73oTcX/vHZq+hdBxmWSGpRsvqifCmJiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdkQvMWXl4lfq15WvduzSv0qT6MIR3AMp+DBOdThBhrgA4MBPMMrvDnCeXHenY95a8HJZw7hD5zPH01ijVc=</latexit><latexit sha1_base64="bJ/dysXPfsji9Ix1lm0+a0PoJgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWNLbYhrLZTtulm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/woONUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0PfWbT6g0j+W9GScYRHQgeZ8zaqx099itdcsVt+rOQJaJl5MK5Gh0y1+dXszSCKVhgmrd9tzEBBlVhj OBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+nsio5HW4yi0nRE1Q73oTcX/vHZq+hdBxmWSGpRsvqifCmJiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdkQvMWXl4lfq15WvduzSv0qT6MIR3AMp+DBOdThBhrgA4MBPMMrvDnCeXHenY95a8HJZw7hD5zPH01ijVc=</latexit><latexit sha1_base64="bJ/dysXPfsji9Ix1lm0+a0PoJgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWNLbYhrLZTtulm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/woONUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0PfWbT6g0j+W9GScYRHQgeZ8zaqx099itdcsVt+rOQJaJl5MK5Gh0y1+dXszSCKVhgmrd9tzEBBlVhj OBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+nsio5HW4yi0nRE1Q73oTcX/vHZq+hdBxmWSGpRsvqifCmJiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdkQvMWXl4lfq15WvduzSv0qT6MIR3AMp+DBOdThBhrgA4MBPMMrvDnCeXHenY95a8HJZw7hD5zPH01ijVc=</latexit><latexit sha1_base64="bJ/dysXPfsji9Ix1lm0+a0PoJgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWNLbYhrLZTtulm03Y3Qgl9Cd48aDi1X/kzX/jts1BWx8MPN6bYWZemAiujet+O4WV1bX1jeJmaWt7Z3evvH/woONUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0PfWbT6g0j+W9GScYRHQgeZ8zaqx099itdcsVt+rOQJaJl5MK5Gh0y1+dXszSCKVhgmrd9tzEBBlVhj OBk1In1ZhQNqIDbFsqaYQ6yGanTsiJVXqkHytb0pCZ+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>

a
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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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2HDM
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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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Z2



Types of 2HDM

•  Given a fermion couples only to one Higgs doublet



2HDM Type II Status
• Type II is excluded for low mass charged Higgs boson 

•  The main phenomenological searches at the LHC are  
  pp ! HA hH hA

pp ! H+H�

pp ! tH±

pp ! tbH±
<latexit sha1_base64="cMml4gFaym19VSp3NH3Oe7Jlsek="></latexit><latexit sha1_base64="cMml4gFaym19VSp3NH3Oe7Jlsek="></latexit><latexit sha1_base64="cMml4gFaym19VSp3NH3Oe7Jlsek="></latexit><latexit sha1_base64="cMml4gFaym19VSp3NH3Oe7Jlsek="></latexit>

Branco et al. Phys.Rept. 516 (2012) 1-102 



Status of 2HDM Type X

• The light pseudoscalar and light charged Higgs boson is 
still allowed for Type X

Slide courtesy EJC

Chun et al. PLB779 (2018) 201-205,PLB774 (2017) 20-25 ,  
JHEP 1511 (2015) 099, JHEP 1411 (2014) 058



Inert Higgs doublet model (IHDM)

• What happens if one of the two Higgs doublets does not get vev ? 
• You can say that it is inert  or spectator Higgs doublet 

• One of the Higgs doublet is odd under     symmetry 
   and all the other SM particles are even under  

• It guarantees the absence of Yukawa couplings between fermions and the 
inert doublet 

• This Higgs doublet does not get vev. 

• Most generic Higgs potential can be written as: 

Z2

�2 ! ��2,  SM !  SM
<latexit sha1_base64="WASPRg8FbOx1+kXGeOdQdPbuw9I=">AAACGXicdVDNS8MwHE39nPOr6tFLcAgetLRDUW9DL16EitYN1lLSNNvC0g+TVBhlf4cX/xUvHlQ86sn/xnTrREUfBF7e+/1I3gtSRoU0zQ9tanpmdm6+slBdXFpeWdXX1q9FknFMHJywhLcCJAijMXEklYy0Uk5QFDDSDPqnhd+8JVzQJL6Sg5R4EerGtEMxkkrydcu1e9SvQ1cmcG/Md6F7k6EQuragfn55PhyZXzdfr5nGgVkAmoY5IaVilUoNlLB9/c0NE5xFJJaYISHalplKL0dcUszIsOpmgqQI91GXtBWNUUSEl4+iDeG2UkLYSbg6sYQj9ftGjiIhBlGgJiMke+K3V4h/ee1Mdo68nMZpJkmMxw91MgZV1KInGFJOsGQDRRDmVP0V4h7iCEvVZlWVMEkK/ydO3Tg2rIv9WuOkbKMCNsEW2AEWOAQNcAZs4AAM7sADeALP2r32qL1or+PRKa3c2QA/oL1/Auc2nys=</latexit><latexit sha1_base64="WASPRg8FbOx1+kXGeOdQdPbuw9I=">AAACGXicdVDNS8MwHE39nPOr6tFLcAgetLRDUW9DL16EitYN1lLSNNvC0g+TVBhlf4cX/xUvHlQ86sn/xnTrREUfBF7e+/1I3gtSRoU0zQ9tanpmdm6+slBdXFpeWdXX1q9FknFMHJywhLcCJAijMXEklYy0Uk5QFDDSDPqnhd+8JVzQJL6Sg5R4EerGtEMxkkrydcu1e9SvQ1cmcG/Md6F7k6EQuragfn55PhyZXzdfr5nGgVkAmoY5IaVilUoNlLB9/c0NE5xFJJaYISHalplKL0dcUszIsOpmgqQI91GXtBWNUUSEl4+iDeG2UkLYSbg6sYQj9ftGjiIhBlGgJiMke+K3V4h/ee1Mdo68nMZpJkmMxw91MgZV1KInGFJOsGQDRRDmVP0V4h7iCEvVZlWVMEkK/ydO3Tg2rIv9WuOkbKMCNsEW2AEWOAQNcAZs4AAM7sADeALP2r32qL1or+PRKa3c2QA/oL1/Auc2nys=</latexit><latexit sha1_base64="WASPRg8FbOx1+kXGeOdQdPbuw9I=">AAACGXicdVDNS8MwHE39nPOr6tFLcAgetLRDUW9DL16EitYN1lLSNNvC0g+TVBhlf4cX/xUvHlQ86sn/xnTrREUfBF7e+/1I3gtSRoU0zQ9tanpmdm6+slBdXFpeWdXX1q9FknFMHJywhLcCJAijMXEklYy0Uk5QFDDSDPqnhd+8JVzQJL6Sg5R4EerGtEMxkkrydcu1e9SvQ1cmcG/Md6F7k6EQuragfn55PhyZXzdfr5nGgVkAmoY5IaVilUoNlLB9/c0NE5xFJJaYISHalplKL0dcUszIsOpmgqQI91GXtBWNUUSEl4+iDeG2UkLYSbg6sYQj9ftGjiIhBlGgJiMke+K3V4h/ee1Mdo68nMZpJkmMxw91MgZV1KInGFJOsGQDRRDmVP0V4h7iCEvVZlWVMEkK/ydO3Tg2rIv9WuOkbKMCNsEW2AEWOAQNcAZs4AAM7sADeALP2r32qL1or+PRKa3c2QA/oL1/Auc2nys=</latexit><latexit sha1_base64="WASPRg8FbOx1+kXGeOdQdPbuw9I=">AAACGXicdVDNS8MwHE39nPOr6tFLcAgetLRDUW9DL16EitYN1lLSNNvC0g+TVBhlf4cX/xUvHlQ86sn/xnTrREUfBF7e+/1I3gtSRoU0zQ9tanpmdm6+slBdXFpeWdXX1q9FknFMHJywhLcCJAijMXEklYy0Uk5QFDDSDPqnhd+8JVzQJL6Sg5R4EerGtEMxkkrydcu1e9SvQ1cmcG/Md6F7k6EQuragfn55PhyZXzdfr5nGgVkAmoY5IaVilUoNlLB9/c0NE5xFJJaYISHalplKL0dcUszIsOpmgqQI91GXtBWNUUSEl4+iDeG2UkLYSbg6sYQj9ftGjiIhBlGgJiMke+K3V4h/ee1Mdo68nMZpJkmMxw91MgZV1KInGFJOsGQDRRDmVP0V4h7iCEvVZlWVMEkK/ydO3Tg2rIv9WuOkbKMCNsEW2AEWOAQNcAZs4AAM7sADeALP2r32qL1or+PRKa3c2QA/oL1/Auc2nys=</latexit>
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IHDM

• Higgs spectrum: 

• LEP-I exclude the possibility that massive SM gauge bosons 
decay into inert particles 

• The lighter of          is the lightest inert particle (ILP) 
    and can be a DM candidate. 

h(' h125), H,A,H±
<latexit sha1_base64="kXvLycP5krdF71riSMj3f/jQjJo="></latexit><latexit sha1_base64="kXvLycP5krdF71riSMj3f/jQjJo="></latexit><latexit sha1_base64="kXvLycP5krdF71riSMj3f/jQjJo="></latexit><latexit sha1_base64="kXvLycP5krdF71riSMj3f/jQjJo="></latexit>

H,A
<latexit sha1_base64="ZH+MYKrlvDbh9/fR3txeNdwSa+g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9dJjBWMLbSib7aZdursJuxuhhP4FLx5UvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0srq2vlHerGxt7+zuVfcPHnWcKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8V3ut5+o0iyWD2aS0EDgoWQRI9jkUvMM3fSrNbfuzoCWiVeQGhRo9atfvUFMUkGlIRxr3fXcxAQZVoYRTqeVXqppgskYD2nXUokF1UE2u3WKTqwyQFGsbEmDZurviQwLrScitJ0Cm5Fe9HLxP6+bmugqyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPBUbgrf48jLxz+vXde/+ota4LdIowxEcwyl4cAkNaEILfCAwgmd4hTdHOC/Ou/Mxby05xcwh/IHz+QNRRI1L</latexit><latexit sha1_base64="ZH+MYKrlvDbh9/fR3txeNdwSa+g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9dJjBWMLbSib7aZdursJuxuhhP4FLx5UvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0srq2vlHerGxt7+zuVfcPHnWcKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8V3ut5+o0iyWD2aS0EDgoWQRI9jkUvMM3fSrNbfuzoCWiVeQGhRo9atfvUFMUkGlIRxr3fXcxAQZVoYRTqeVXqppgskYD2nXUokF1UE2u3WKTqwyQFGsbEmDZurviQwLrScitJ0Cm5Fe9HLxP6+bmugqyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPBUbgrf48jLxz+vXde/+ota4LdIowxEcwyl4cAkNaEILfCAwgmd4hTdHOC/Ou/Mxby05xcwh/IHz+QNRRI1L</latexit><latexit sha1_base64="ZH+MYKrlvDbh9/fR3txeNdwSa+g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9dJjBWMLbSib7aZdursJuxuhhP4FLx5UvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0srq2vlHerGxt7+zuVfcPHnWcKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8V3ut5+o0iyWD2aS0EDgoWQRI9jkUvMM3fSrNbfuzoCWiVeQGhRo9atfvUFMUkGlIRxr3fXcxAQZVoYRTqeVXqppgskYD2nXUokF1UE2u3WKTqwyQFGsbEmDZurviQwLrScitJ0Cm5Fe9HLxP6+bmugqyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPBUbgrf48jLxz+vXde/+ota4LdIowxEcwyl4cAkNaEILfCAwgmd4hTdHOC/Ou/Mxby05xcwh/IHz+QNRRI1L</latexit><latexit sha1_base64="ZH+MYKrlvDbh9/fR3txeNdwSa+g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9dJjBWMLbSib7aZdursJuxuhhP4FLx5UvPqLvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0srq2vlHerGxt7+zuVfcPHnWcKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8V3ut5+o0iyWD2aS0EDgoWQRI9jkUvMM3fSrNbfuzoCWiVeQGhRo9atfvUFMUkGlIRxr3fXcxAQZVoYRTqeVXqppgskYD2nXUokF1UE2u3WKTqwyQFGsbEmDZurviQwLrScitJ0Cm5Fe9HLxP6+bmugqyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPBUbgrf48jLxz+vXde/+ota4LdIowxEcwyl4cAkNaEILfCAwgmd4hTdHOC/Ou/Mxby05xcwh/IHz+QNRRI1L</latexit>

mH± +mH,A > mW± , mH +mA, 2mW± > mZ
<latexit sha1_base64="HrL0LwI+EY77xDDKfhtugEfKXl0=">AAACLHicbZBNS8MwHMbT+Tbn29Sjl+AQBMdoh6BeZFMPO05wbrjOkWbZFpa0NUmFUfqFvPhVRPAwxaufw7Qropt/CPx4nick/8fxGZXKNCdGZmFxaXklu5pbW9/Y3Mpv79xKLxCYNLDHPNFykCSMuqShqGKk5QuCuMNI0xldxn7zkQhJPfdGjX3S4Wjg0j7FSGmpm7/i3bB2b/s8gkcw5mI1gucxNRO1aD8EqJc4URKoRkVY/rGT6F03XzBLZjJwHqwUCiCdejf/avc8HHDiKsyQlG3L9FUnREJRzEiUswNJfIRHaEDaGl3EieyEybYRPNBKD/Y9oY+rYKL+vhEiLuWYOzrJkRrKWS8W//PageqfdkLq+oEiLp4+1A8YVB6Mq4M9KghWbKwBYUH1XyEeIoGw0gXndAnW7Mrz0CiXzkrW9XGhcpG2kQV7YB8cAgucgAqogTpoAAyewAuYgHfj2XgzPozPaTRjpHd2wZ8xvr4BBCmmYQ==</latexit><latexit sha1_base64="HrL0LwI+EY77xDDKfhtugEfKXl0=">AAACLHicbZBNS8MwHMbT+Tbn29Sjl+AQBMdoh6BeZFMPO05wbrjOkWbZFpa0NUmFUfqFvPhVRPAwxaufw7Qropt/CPx4nick/8fxGZXKNCdGZmFxaXklu5pbW9/Y3Mpv79xKLxCYNLDHPNFykCSMuqShqGKk5QuCuMNI0xldxn7zkQhJPfdGjX3S4Wjg0j7FSGmpm7/i3bB2b/s8gkcw5mI1gucxNRO1aD8EqJc4URKoRkVY/rGT6F03XzBLZjJwHqwUCiCdejf/avc8HHDiKsyQlG3L9FUnREJRzEiUswNJfIRHaEDaGl3EieyEybYRPNBKD/Y9oY+rYKL+vhEiLuWYOzrJkRrKWS8W//PageqfdkLq+oEiLp4+1A8YVB6Mq4M9KghWbKwBYUH1XyEeIoGw0gXndAnW7Mrz0CiXzkrW9XGhcpG2kQV7YB8cAgucgAqogTpoAAyewAuYgHfj2XgzPozPaTRjpHd2wZ8xvr4BBCmmYQ==</latexit><latexit sha1_base64="HrL0LwI+EY77xDDKfhtugEfKXl0=">AAACLHicbZBNS8MwHMbT+Tbn29Sjl+AQBMdoh6BeZFMPO05wbrjOkWbZFpa0NUmFUfqFvPhVRPAwxaufw7Qropt/CPx4nick/8fxGZXKNCdGZmFxaXklu5pbW9/Y3Mpv79xKLxCYNLDHPNFykCSMuqShqGKk5QuCuMNI0xldxn7zkQhJPfdGjX3S4Wjg0j7FSGmpm7/i3bB2b/s8gkcw5mI1gucxNRO1aD8EqJc4URKoRkVY/rGT6F03XzBLZjJwHqwUCiCdejf/avc8HHDiKsyQlG3L9FUnREJRzEiUswNJfIRHaEDaGl3EieyEybYRPNBKD/Y9oY+rYKL+vhEiLuWYOzrJkRrKWS8W//PageqfdkLq+oEiLp4+1A8YVB6Mq4M9KghWbKwBYUH1XyEeIoGw0gXndAnW7Mrz0CiXzkrW9XGhcpG2kQV7YB8cAgucgAqogTpoAAyewAuYgHfj2XgzPozPaTRjpHd2wZ8xvr4BBCmmYQ==</latexit><latexit sha1_base64="HrL0LwI+EY77xDDKfhtugEfKXl0=">AAACLHicbZBNS8MwHMbT+Tbn29Sjl+AQBMdoh6BeZFMPO05wbrjOkWbZFpa0NUmFUfqFvPhVRPAwxaufw7Qropt/CPx4nick/8fxGZXKNCdGZmFxaXklu5pbW9/Y3Mpv79xKLxCYNLDHPNFykCSMuqShqGKk5QuCuMNI0xldxn7zkQhJPfdGjX3S4Wjg0j7FSGmpm7/i3bB2b/s8gkcw5mI1gucxNRO1aD8EqJc4URKoRkVY/rGT6F03XzBLZjJwHqwUCiCdejf/avc8HHDiKsyQlG3L9FUnREJRzEiUswNJfIRHaEDaGl3EieyEybYRPNBKD/Y9oY+rYKL+vhEiLuWYOzrJkRrKWS8W//PageqfdkLq+oEiLp4+1A8YVB6Mq4M9KghWbKwBYUH1XyEeIoGw0gXndAnW7Mrz0CiXzkrW9XGhcpG2kQV7YB8cAgucgAqogTpoAAyewAuYgHfj2XgzPozPaTRjpHd2wZ8xvr4BBCmmYQ==</latexit>

HH/AA ! W±W⌥, ZZ
<latexit sha1_base64="u8DhhNL+curiC8RKxa1Zdi+7wB0=">AAACBnicbVBPS8MwHE39O+e/qkdBgkPxILMVQb1tetlxgnVjax1plm5hSVuSVBhlNy9+FS8eVLz6Gbz5bUy3HnTzQcLjvd+P5D0/ZlQqy/o25uYXFpeWCyvF1bX1jU1za/tORonAxMERi0TTR5IwGhJHUcVIMxYEcZ+Rhj+4zvzGAxGSRuGtGsbE46gX0oBipLTUMfdgDdZOqrAKD10Vwca9G/Ps5vExbLWKHbNkla0x4Cyxc1ICOeod88vtRjjhJFSYISnbthUrL0VCUczIqOgmksQID1CPtDUNESfSS8c5RvBAK10YREKfUMGx+nsjRVzKIff1JEeqL6e9TPzPaycquPBSGsaJIiGePBQkDOrEWSmwSwXBig01QVhQ/VeI+0ggrHR1WQn2dORZ4pyWL8v2zVmpcpW3UQC7YB8cARucgwqogTpwAAaP4Bm8gjfjyXgx3o2Pyeicke/sgD8wPn8ARiOV9w==</latexit><latexit sha1_base64="u8DhhNL+curiC8RKxa1Zdi+7wB0=">AAACBnicbVBPS8MwHE39O+e/qkdBgkPxILMVQb1tetlxgnVjax1plm5hSVuSVBhlNy9+FS8eVLz6Gbz5bUy3HnTzQcLjvd+P5D0/ZlQqy/o25uYXFpeWCyvF1bX1jU1za/tORonAxMERi0TTR5IwGhJHUcVIMxYEcZ+Rhj+4zvzGAxGSRuGtGsbE46gX0oBipLTUMfdgDdZOqrAKD10Vwca9G/Ps5vExbLWKHbNkla0x4Cyxc1ICOeod88vtRjjhJFSYISnbthUrL0VCUczIqOgmksQID1CPtDUNESfSS8c5RvBAK10YREKfUMGx+nsjRVzKIff1JEeqL6e9TPzPaycquPBSGsaJIiGePBQkDOrEWSmwSwXBig01QVhQ/VeI+0ggrHR1WQn2dORZ4pyWL8v2zVmpcpW3UQC7YB8cARucgwqogTpwAAaP4Bm8gjfjyXgx3o2Pyeicke/sgD8wPn8ARiOV9w==</latexit><latexit sha1_base64="u8DhhNL+curiC8RKxa1Zdi+7wB0=">AAACBnicbVBPS8MwHE39O+e/qkdBgkPxILMVQb1tetlxgnVjax1plm5hSVuSVBhlNy9+FS8eVLz6Gbz5bUy3HnTzQcLjvd+P5D0/ZlQqy/o25uYXFpeWCyvF1bX1jU1za/tORonAxMERi0TTR5IwGhJHUcVIMxYEcZ+Rhj+4zvzGAxGSRuGtGsbE46gX0oBipLTUMfdgDdZOqrAKD10Vwca9G/Ps5vExbLWKHbNkla0x4Cyxc1ICOeod88vtRjjhJFSYISnbthUrL0VCUczIqOgmksQID1CPtDUNESfSS8c5RvBAK10YREKfUMGx+nsjRVzKIff1JEeqL6e9TPzPaycquPBSGsaJIiGePBQkDOrEWSmwSwXBig01QVhQ/VeI+0ggrHR1WQn2dORZ4pyWL8v2zVmpcpW3UQC7YB8cARucgwqogTpwAAaP4Bm8gjfjyXgx3o2Pyeicke/sgD8wPn8ARiOV9w==</latexit><latexit sha1_base64="u8DhhNL+curiC8RKxa1Zdi+7wB0=">AAACBnicbVBPS8MwHE39O+e/qkdBgkPxILMVQb1tetlxgnVjax1plm5hSVuSVBhlNy9+FS8eVLz6Gbz5bUy3HnTzQcLjvd+P5D0/ZlQqy/o25uYXFpeWCyvF1bX1jU1za/tORonAxMERi0TTR5IwGhJHUcVIMxYEcZ+Rhj+4zvzGAxGSRuGtGsbE46gX0oBipLTUMfdgDdZOqrAKD10Vwca9G/Ps5vExbLWKHbNkla0x4Cyxc1ICOeod88vtRjjhJFSYISnbthUrL0VCUczIqOgmksQID1CPtDUNESfSS8c5RvBAK10YREKfUMGx+nsjRVzKIff1JEeqL6e9TPzPaycquPBSGsaJIiGePBQkDOrEWSmwSwXBig01QVhQ/VeI+0ggrHR1WQn2dORZ4pyWL8v2zVmpcpW3UQC7YB8cARucgwqogTpwAAaP4Bm8gjfjyXgx3o2Pyeicke/sgD8wPn8ARiOV9w==</latexit>

Annihilation channel:
HA

Z�! SMSM andHH± W±
��! SMSM

<latexit sha1_base64="yGcL+iAs6aclSBEbgKHjBk+Meco="></latexit><latexit sha1_base64="yGcL+iAs6aclSBEbgKHjBk+Meco="></latexit><latexit sha1_base64="yGcL+iAs6aclSBEbgKHjBk+Meco="></latexit><latexit sha1_base64="yGcL+iAs6aclSBEbgKHjBk+Meco="></latexit>

Co-annihilation:

p, p
Z/���! HA, H+H�

pp
W±
��! H/AH±

<latexit sha1_base64="8OhkHVkAcL7PI6thDHJkI8DW4zM="></latexit><latexit sha1_base64="8OhkHVkAcL7PI6thDHJkI8DW4zM="></latexit><latexit sha1_base64="8OhkHVkAcL7PI6thDHJkI8DW4zM="></latexit><latexit sha1_base64="8OhkHVkAcL7PI6thDHJkI8DW4zM="></latexit>

LHC searches:

H± ! A/HW±

A ! HZ
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Decays: 

PoS Charged 2010:030, 2010 
Barbieri et al. PRD74,015007(2006), 
Rajasekaran et al.PRD76:095011,2007 
S. Chaubey JHEP 1711 (2017) 080 



Triplet extension
Possibilities ?

1. Inert 
2. Real Triplet 
3. Complex triplet with zero hypercharge 
4. Triplets with non-zero hypercharge  

Gain?
1. Dark matter 
2. New Higgs bosons 
3. Solving neutrino mass generation 
4. Invisible Higgs boson!(?) 

Constraints

• Due to SU(2) charged they couple to W boson and 
   can contribute to W mass 



SM+Real Triplet
• SM with a Y=0 real SU(2) triplet 

• EWSB condition: 

• Particle spectrum: 

• Triplets do not couple to fermions: as no SU(2) gauge invariant 
vertex is possible.  
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Doublet
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Inert Triplet
• If the triplet field is odd under     then potential takes a form  

• Triplet does not get vev and neutral component     can 
become lightest inert particle (ITP) and a candidate dark 
matter. 

• In this case triplet and doublet does not mix at all.
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Y=0 complex triplet
•   Here a complex triplet  with Y=0 given as  

• The Higgs spectrum:  

• The Triplet does not couple to fermions

T = T a�a, T a 2 C
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Complex field
h1(' h125), h2, A, T+, T�

<latexit sha1_base64="TBO6XVjslcEkRiCiEQKw4Fthvys="></latexit><latexit sha1_base64="TBO6XVjslcEkRiCiEQKw4Fthvys="></latexit><latexit sha1_base64="TBO6XVjslcEkRiCiEQKw4Fthvys="></latexit><latexit sha1_base64="TBO6XVjslcEkRiCiEQKw4Fthvys="></latexit>

Triplets

Not charged conjugate



Triplet with Y=2
• A hypercharge non-zero triplet is manily motivated for 

Type-II Seesaw 

• Mass spectrum:  

• Doubly charged Higgs boson is the main signature 

•     odd triplet can give a inert triplet and a candidate 
DM.
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<latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit><latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit><latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit><latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit>

see EJC’s talk

Melfo et al. PRD85 (2012) 055018,
EJC et al.  PL B728 (2014) 256-261
, PLB722 (2013) 86-93 
B.Mukhopadhyaya, D Chaudhury, T Han, S. Rai, M. Mitra
S.Niyogi, 
JHEP 1402 (2014) 060 
PLB434 (1998) 347-353, PLB633 (2006) 519-525 
PRD76 (2007) 075013, PRD95(2017) no.3, 035042 

h1(' h125), h2, A, T±, T±±
<latexit sha1_base64="RkqdBXWye19N1JSe8uJzjXiT9ZI="></latexit><latexit sha1_base64="RkqdBXWye19N1JSe8uJzjXiT9ZI="></latexit><latexit sha1_base64="RkqdBXWye19N1JSe8uJzjXiT9ZI="></latexit><latexit sha1_base64="RkqdBXWye19N1JSe8uJzjXiT9ZI="></latexit>

Triplet like doubly  
charge Higgs bosons 

Z2

Araki et al. PRD83, 075014 (2011) 



Constrains
• N Higgs multiplets                          with isospin charge     and 

hypercharge        

• This leads to tree-level contribution to, 

• For Y=0 triplet                                          ,

�i(i = 1, ..N)
<latexit sha1_base64="gRc3L9ZWrcP1zHO/9c+pW4Bv3CU=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoJViEChISEdSDUPTiSSoYW2hD2Gw37dLNJuxuhBr6S7x4UPHqX/Hmv3Hb5qCtDwYe780wMy9MGZXKcb6N0tLyyupaeb2ysbm1XTV3dh9kkglMPJywRLRDJAmjnHiKKkbaqSAoDhlphcPrid96JELShN+rUUr8GPU5jShGSkuBWe02BzSgdXrpHtv27VFg1hzbmcJaJG5BalCgGZhf3V6Cs5hwhRmSsuM6qfJzJBTFjIwr3UySFOEh6pOOphzFRPr59PCxdaiVnhUlQhdX1lT9PZGjWMpRHOrOGKmBnPcm4n9eJ1PRuZ9TnmaKcDxbFGXMUok1ScHqUUGwYiNNEBZU32rhARIIK51VRYfgzr+8SLwT+8J2705rjasijTLswwHUwYUzaMANNMEDDBk8wyu8GU/Gi/FufMxaS0Yxswd/YHz+AK/2kVg=</latexit><latexit sha1_base64="gRc3L9ZWrcP1zHO/9c+pW4Bv3CU=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoJViEChISEdSDUPTiSSoYW2hD2Gw37dLNJuxuhBr6S7x4UPHqX/Hmv3Hb5qCtDwYe780wMy9MGZXKcb6N0tLyyupaeb2ysbm1XTV3dh9kkglMPJywRLRDJAmjnHiKKkbaqSAoDhlphcPrid96JELShN+rUUr8GPU5jShGSkuBWe02BzSgdXrpHtv27VFg1hzbmcJaJG5BalCgGZhf3V6Cs5hwhRmSsuM6qfJzJBTFjIwr3UySFOEh6pOOphzFRPr59PCxdaiVnhUlQhdX1lT9PZGjWMpRHOrOGKmBnPcm4n9eJ1PRuZ9TnmaKcDxbFGXMUok1ScHqUUGwYiNNEBZU32rhARIIK51VRYfgzr+8SLwT+8J2705rjasijTLswwHUwYUzaMANNMEDDBk8wyu8GU/Gi/FufMxaS0Yxswd/YHz+AK/2kVg=</latexit><latexit sha1_base64="gRc3L9ZWrcP1zHO/9c+pW4Bv3CU=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoJViEChISEdSDUPTiSSoYW2hD2Gw37dLNJuxuhBr6S7x4UPHqX/Hmv3Hb5qCtDwYe780wMy9MGZXKcb6N0tLyyupaeb2ysbm1XTV3dh9kkglMPJywRLRDJAmjnHiKKkbaqSAoDhlphcPrid96JELShN+rUUr8GPU5jShGSkuBWe02BzSgdXrpHtv27VFg1hzbmcJaJG5BalCgGZhf3V6Cs5hwhRmSsuM6qfJzJBTFjIwr3UySFOEh6pOOphzFRPr59PCxdaiVnhUlQhdX1lT9PZGjWMpRHOrOGKmBnPcm4n9eJ1PRuZ9TnmaKcDxbFGXMUok1ScHqUUGwYiNNEBZU32rhARIIK51VRYfgzr+8SLwT+8J2705rjasijTLswwHUwYUzaMANNMEDDBk8wyu8GU/Gi/FufMxaS0Yxswd/YHz+AK/2kVg=</latexit><latexit sha1_base64="gRc3L9ZWrcP1zHO/9c+pW4Bv3CU=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoJViEChISEdSDUPTiSSoYW2hD2Gw37dLNJuxuhBr6S7x4UPHqX/Hmv3Hb5qCtDwYe780wMy9MGZXKcb6N0tLyyupaeb2ysbm1XTV3dh9kkglMPJywRLRDJAmjnHiKKkbaqSAoDhlphcPrid96JELShN+rUUr8GPU5jShGSkuBWe02BzSgdXrpHtv27VFg1hzbmcJaJG5BalCgGZhf3V6Cs5hwhRmSsuM6qfJzJBTFjIwr3UySFOEh6pOOphzFRPr59PCxdaiVnhUlQhdX1lT9PZGjWMpRHOrOGKmBnPcm4n9eJ1PRuZ9TnmaKcDxbFGXMUok1ScHqUUGwYiNNEBZU32rhARIIK51VRYfgzr+8SLwT+8J2705rjasijTLswwHUwYUzaMANNMEDDBk8wyu8GU/Gi/FufMxaS0Yxswd/YHz+AK/2kVg=</latexit>

Ti
<latexit sha1_base64="t/I8heSA7gEz7XN+mFE0wWif5jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rNLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZqDtj4YeLw3w8y8MOFMG9f9dipr6xubW9Xt2s7u3v5B/fDoUcepItQnMY9VL8Saciapb5jhtJcoikXIaTec3uV+94kqzWLZMbOEBgKPJYsYwSaXOkOGhvWG23QLoFXilaQBJdrD+tdgFJNUUGkIx1r3PTcxQYaVYYTTeW2QappgMsVj2rdUYkF1kBW3ztGZVUYoipUtaVCh/p7IsNB6JkLbKbCZ6GUvF//z+qmJroOMySQ1VJLFoijlyMQofxyNmKLE8JklmChmb0VkghUmxsZTsyF4yy+vEv+iedP0Hi4brdsyjSqcwCmcgwdX0IJ7aIMPBCbwDK/w5gjnxXl3PhatFaecOYY/cD5/AO3MjbI=</latexit><latexit sha1_base64="t/I8heSA7gEz7XN+mFE0wWif5jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rNLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZqDtj4YeLw3w8y8MOFMG9f9dipr6xubW9Xt2s7u3v5B/fDoUcepItQnMY9VL8Saciapb5jhtJcoikXIaTec3uV+94kqzWLZMbOEBgKPJYsYwSaXOkOGhvWG23QLoFXilaQBJdrD+tdgFJNUUGkIx1r3PTcxQYaVYYTTeW2QappgMsVj2rdUYkF1kBW3ztGZVUYoipUtaVCh/p7IsNB6JkLbKbCZ6GUvF//z+qmJroOMySQ1VJLFoijlyMQofxyNmKLE8JklmChmb0VkghUmxsZTsyF4yy+vEv+iedP0Hi4brdsyjSqcwCmcgwdX0IJ7aIMPBCbwDK/w5gjnxXl3PhatFaecOYY/cD5/AO3MjbI=</latexit><latexit sha1_base64="t/I8heSA7gEz7XN+mFE0wWif5jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rNLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZqDtj4YeLw3w8y8MOFMG9f9dipr6xubW9Xt2s7u3v5B/fDoUcepItQnMY9VL8Saciapb5jhtJcoikXIaTec3uV+94kqzWLZMbOEBgKPJYsYwSaXOkOGhvWG23QLoFXilaQBJdrD+tdgFJNUUGkIx1r3PTcxQYaVYYTTeW2QappgMsVj2rdUYkF1kBW3ztGZVUYoipUtaVCh/p7IsNB6JkLbKbCZ6GUvF//z+qmJroOMySQ1VJLFoijlyMQofxyNmKLE8JklmChmb0VkghUmxsZTsyF4yy+vEv+iedP0Hi4brdsyjSqcwCmcgwdX0IJ7aIMPBCbwDK/w5gjnxXl3PhatFaecOYY/cD5/AO3MjbI=</latexit><latexit sha1_base64="t/I8heSA7gEz7XN+mFE0wWif5jc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rNLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZqDtj4YeLw3w8y8MOFMG9f9dipr6xubW9Xt2s7u3v5B/fDoUcepItQnMY9VL8Saciapb5jhtJcoikXIaTec3uV+94kqzWLZMbOEBgKPJYsYwSaXOkOGhvWG23QLoFXilaQBJdrD+tdgFJNUUGkIx1r3PTcxQYaVYYTTeW2QappgMsVj2rdUYkF1kBW3ztGZVUYoipUtaVCh/p7IsNB6JkLbKbCZ6GUvF//z+qmJroOMySQ1VJLFoijlyMQofxyNmKLE8JklmChmb0VkghUmxsZTsyF4yy+vEv+iedP0Hi4brdsyjSqcwCmcgwdX0IJ7aIMPBCbwDK/w5gjnxXl3PhatFaecOYY/cD5/AO3MjbI=</latexit>

Yi
<latexit sha1_base64="ti27RNBBf1po6HThbMgotX/Bwfg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltpQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXplIYdN0vp7S0vLK6Vl6vbGxube9Ud/fuTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+Hoauq3Hrk2IlF3OE55ENOBEpFgFK10+9ATvWrNrbszkL/EK0gNCjR71c9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZAjq/RJlGhbCslM/TmR09iYcRzazpji0Cx6U/E/r5NhdB7kQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy//Jf5J/aLu3ZzWGpdFGmU4gEM4Bg/OoAHX0AQfGAzgCV7g1ZHOs/PmvM9bS04xsw+/4Hx8A58CjY0=</latexit><latexit sha1_base64="ti27RNBBf1po6HThbMgotX/Bwfg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltpQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXplIYdN0vp7S0vLK6Vl6vbGxube9Ud/fuTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+Hoauq3Hrk2IlF3OE55ENOBEpFgFK10+9ATvWrNrbszkL/EK0gNCjR71c9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZAjq/RJlGhbCslM/TmR09iYcRzazpji0Cx6U/E/r5NhdB7kQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy//Jf5J/aLu3ZzWGpdFGmU4gEM4Bg/OoAHX0AQfGAzgCV7g1ZHOs/PmvM9bS04xsw+/4Hx8A58CjY0=</latexit><latexit sha1_base64="ti27RNBBf1po6HThbMgotX/Bwfg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltpQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXplIYdN0vp7S0vLK6Vl6vbGxube9Ud/fuTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+Hoauq3Hrk2IlF3OE55ENOBEpFgFK10+9ATvWrNrbszkL/EK0gNCjR71c9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZAjq/RJlGhbCslM/TmR09iYcRzazpji0Cx6U/E/r5NhdB7kQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy//Jf5J/aLu3ZzWGpdFGmU4gEM4Bg/OoAHX0AQfGAzgCV7g1ZHOs/PmvM9bS04xsw+/4Hx8A58CjY0=</latexit><latexit sha1_base64="ti27RNBBf1po6HThbMgotX/Bwfg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltpQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+ag1QcDj/dmmJkXplIYdN0vp7S0vLK6Vl6vbGxube9Ud/fuTZJpxn2WyES3Q2q4FIr7KFDydqo5jUPJW+Hoauq3Hrk2IlF3OE55ENOBEpFgFK10+9ATvWrNrbszkL/EK0gNCjR71c9uP2FZzBUySY3peG6KQU41Cib5pNLNDE8pG9EB71iqaMxNkM9OnZAjq/RJlGhbCslM/TmR09iYcRzazpji0Cx6U/E/r5NhdB7kQqUZcsXmi6JMEkzI9G/SF5ozlGNLKNPC3krYkGrK0KZTsSF4iy//Jf5J/aLu3ZzWGpdFGmU4gEM4Bg/OoAHX0AQfGAzgCV7g1ZHOs/PmvM9bS04xsw+/4Hx8A58CjY0=</latexit>
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<latexit sha1_base64="ynrGgbLyO3i5jQQNaREUVUeyPh8=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwY5kpgroQinUh6KKCtYVOO2TStA1NMkOSEcp0vsKNv+LGhYpbwZ1/Y/pYaOuBwOGce7k5J4gYVdpxvq3MwuLS8kp2Nbe2vrG5ZW/v3KswlphUcchCWQ+QIowKUtVUM1KPJEE8YKQW9Msjv/ZApKKhuNODiDQ56graoRhpI/n2kceR7mHEkpvUT66pSM89FXNY9unw0k88Hqct6lV6tEWHraJv552CMwacJ+6U5MEUFd/+8tohjjkRGjOkVMN1It1MkNQUM5LmvFiRCOE+6pKGoQJxoprJOFYKD4zShp1Qmic0HKu/NxLElRrwwEyOQqhZbyT+5zVi3TltJlREsSYCTw51YgZ1CEcdwTaVBGs2MARhSc1fIe4hibA2TeZMCe5s5HlSLRbOCu7tcb50MW0jC/bAPjgELjgBJXAFKqAKMHgEz+AVvFlP1ov1bn1MRjPWdGcX/IH1+QNomp+5</latexit><latexit sha1_base64="ynrGgbLyO3i5jQQNaREUVUeyPh8=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwY5kpgroQinUh6KKCtYVOO2TStA1NMkOSEcp0vsKNv+LGhYpbwZ1/Y/pYaOuBwOGce7k5J4gYVdpxvq3MwuLS8kp2Nbe2vrG5ZW/v3KswlphUcchCWQ+QIowKUtVUM1KPJEE8YKQW9Msjv/ZApKKhuNODiDQ56graoRhpI/n2kceR7mHEkpvUT66pSM89FXNY9unw0k88Hqct6lV6tEWHraJv552CMwacJ+6U5MEUFd/+8tohjjkRGjOkVMN1It1MkNQUM5LmvFiRCOE+6pKGoQJxoprJOFYKD4zShp1Qmic0HKu/NxLElRrwwEyOQqhZbyT+5zVi3TltJlREsSYCTw51YgZ1CEcdwTaVBGs2MARhSc1fIe4hibA2TeZMCe5s5HlSLRbOCu7tcb50MW0jC/bAPjgELjgBJXAFKqAKMHgEz+AVvFlP1ov1bn1MRjPWdGcX/IH1+QNomp+5</latexit><latexit sha1_base64="ynrGgbLyO3i5jQQNaREUVUeyPh8=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwY5kpgroQinUh6KKCtYVOO2TStA1NMkOSEcp0vsKNv+LGhYpbwZ1/Y/pYaOuBwOGce7k5J4gYVdpxvq3MwuLS8kp2Nbe2vrG5ZW/v3KswlphUcchCWQ+QIowKUtVUM1KPJEE8YKQW9Msjv/ZApKKhuNODiDQ56graoRhpI/n2kceR7mHEkpvUT66pSM89FXNY9unw0k88Hqct6lV6tEWHraJv552CMwacJ+6U5MEUFd/+8tohjjkRGjOkVMN1It1MkNQUM5LmvFiRCOE+6pKGoQJxoprJOFYKD4zShp1Qmic0HKu/NxLElRrwwEyOQqhZbyT+5zVi3TltJlREsSYCTw51YgZ1CEcdwTaVBGs2MARhSc1fIe4hibA2TeZMCe5s5HlSLRbOCu7tcb50MW0jC/bAPjgELjgBJXAFKqAKMHgEz+AVvFlP1ov1bn1MRjPWdGcX/IH1+QNomp+5</latexit><latexit sha1_base64="ynrGgbLyO3i5jQQNaREUVUeyPh8=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwY5kpgroQinUh6KKCtYVOO2TStA1NMkOSEcp0vsKNv+LGhYpbwZ1/Y/pYaOuBwOGce7k5J4gYVdpxvq3MwuLS8kp2Nbe2vrG5ZW/v3KswlphUcchCWQ+QIowKUtVUM1KPJEE8YKQW9Msjv/ZApKKhuNODiDQ56graoRhpI/n2kceR7mHEkpvUT66pSM89FXNY9unw0k88Hqct6lV6tEWHraJv552CMwacJ+6U5MEUFd/+8tohjjkRGjOkVMN1It1MkNQUM5LmvFiRCOE+6pKGoQJxoprJOFYKD4zShp1Qmic0HKu/NxLElRrwwEyOQqhZbyT+5zVi3TltJlREsSYCTw51YgZ1CEcdwTaVBGs2MARhSc1fIe4hibA2TeZMCe5s5HlSLRbOCu7tcb50MW0jC/bAPjgELjgBJXAFKqAKMHgEz+AVvFlP1ov1bn1MRjPWdGcX/IH1+QNomp+5</latexit>
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<latexit sha1_base64="cUoCBGaWfqbpD4sdgrpeoJALVcw="></latexit><latexit sha1_base64="cUoCBGaWfqbpD4sdgrpeoJALVcw="></latexit><latexit sha1_base64="cUoCBGaWfqbpD4sdgrpeoJALVcw="></latexit><latexit sha1_base64="cUoCBGaWfqbpD4sdgrpeoJALVcw="></latexit>
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<latexit sha1_base64="n+clbFZYinY/uNxPikWlFkg4dck="></latexit><latexit sha1_base64="n+clbFZYinY/uNxPikWlFkg4dck="></latexit><latexit sha1_base64="n+clbFZYinY/uNxPikWlFkg4dck="></latexit><latexit sha1_base64="n+clbFZYinY/uNxPikWlFkg4dck="></latexit>

m2
W = g22(v

2 + 4v2T )/2 ⇢ = 1 + 4v2T /v
2

vT  5GeV⇢ = 1.0004+0.0003
�0.0004

<latexit sha1_base64="YpzQwqEYltArdDBGq24qmmJD5uE=">AAACB3icdZDNSgMxFIUz9a/Wv6pLFwaLIIgloxV1IRTduKzg2EI7Dpk0bUMzmSHJCGXo0o2v4saFiltfwZ1vY2Y6gooeCBy+ey839/gRZ0oj9GEVpqZnZueK86WFxaXllfLq2rUKY0moQ0IeypaPFeVMUEczzWkrkhQHPqdNf3ie1pu3VCoWiis9iqgb4L5gPUawNsgrb3bkIDy1qwih2k2yi1JzMPaSvczVxl65gqqHKBXM0MTkxM5JBeRqeOX3TjckcUCFJhwr1bZRpN0ES80Ip+NSJ1Y0wmSI+7RtrMABVW6SHTKG24Z0YS+U5gkNM/p9IsGBUqPAN50B1gP1u5bCv2rtWPeO3YSJKNZUkMmiXsyhDmGaCuwySYnmI2Mwkcz8FZIBlphok13JhPB1KfzfOPvVk6p9WavUz/I0imADbIEdYIMjUAcXoAEcQMAdeABP4Nm6tx6tF+t10lqw8pl18EPW2yeMEZYM</latexit><latexit sha1_base64="YpzQwqEYltArdDBGq24qmmJD5uE=">AAACB3icdZDNSgMxFIUz9a/Wv6pLFwaLIIgloxV1IRTduKzg2EI7Dpk0bUMzmSHJCGXo0o2v4saFiltfwZ1vY2Y6gooeCBy+ey839/gRZ0oj9GEVpqZnZueK86WFxaXllfLq2rUKY0moQ0IeypaPFeVMUEczzWkrkhQHPqdNf3ie1pu3VCoWiis9iqgb4L5gPUawNsgrb3bkIDy1qwih2k2yi1JzMPaSvczVxl65gqqHKBXM0MTkxM5JBeRqeOX3TjckcUCFJhwr1bZRpN0ES80Ip+NSJ1Y0wmSI+7RtrMABVW6SHTKG24Z0YS+U5gkNM/p9IsGBUqPAN50B1gP1u5bCv2rtWPeO3YSJKNZUkMmiXsyhDmGaCuwySYnmI2Mwkcz8FZIBlphok13JhPB1KfzfOPvVk6p9WavUz/I0imADbIEdYIMjUAcXoAEcQMAdeABP4Nm6tx6tF+t10lqw8pl18EPW2yeMEZYM</latexit><latexit sha1_base64="YpzQwqEYltArdDBGq24qmmJD5uE=">AAACB3icdZDNSgMxFIUz9a/Wv6pLFwaLIIgloxV1IRTduKzg2EI7Dpk0bUMzmSHJCGXo0o2v4saFiltfwZ1vY2Y6gooeCBy+ey839/gRZ0oj9GEVpqZnZueK86WFxaXllfLq2rUKY0moQ0IeypaPFeVMUEczzWkrkhQHPqdNf3ie1pu3VCoWiis9iqgb4L5gPUawNsgrb3bkIDy1qwih2k2yi1JzMPaSvczVxl65gqqHKBXM0MTkxM5JBeRqeOX3TjckcUCFJhwr1bZRpN0ES80Ip+NSJ1Y0wmSI+7RtrMABVW6SHTKG24Z0YS+U5gkNM/p9IsGBUqPAN50B1gP1u5bCv2rtWPeO3YSJKNZUkMmiXsyhDmGaCuwySYnmI2Mwkcz8FZIBlphok13JhPB1KfzfOPvVk6p9WavUz/I0imADbIEdYIMjUAcXoAEcQMAdeABP4Nm6tx6tF+t10lqw8pl18EPW2yeMEZYM</latexit><latexit sha1_base64="YpzQwqEYltArdDBGq24qmmJD5uE=">AAACB3icdZDNSgMxFIUz9a/Wv6pLFwaLIIgloxV1IRTduKzg2EI7Dpk0bUMzmSHJCGXo0o2v4saFiltfwZ1vY2Y6gooeCBy+ey839/gRZ0oj9GEVpqZnZueK86WFxaXllfLq2rUKY0moQ0IeypaPFeVMUEczzWkrkhQHPqdNf3ie1pu3VCoWiis9iqgb4L5gPUawNsgrb3bkIDy1qwih2k2yi1JzMPaSvczVxl65gqqHKBXM0MTkxM5JBeRqeOX3TjckcUCFJhwr1bZRpN0ES80Ip+NSJ1Y0wmSI+7RtrMABVW6SHTKG24Z0YS+U5gkNM/p9IsGBUqPAN50B1gP1u5bCv2rtWPeO3YSJKNZUkMmiXsyhDmGaCuwySYnmI2Mwkcz8FZIBlphok13JhPB1KfzfOPvVk6p9WavUz/I0imADbIEdYIMjUAcXoAEcQMAdeABP4Nm6tx6tF+t10lqw8pl18EPW2yeMEZYM</latexit>



Georgi-Machacek Model
• In SM            due to custodial symmetry  
• One SU(2) doublet, one real and one complex triplet 

• A choice of               leads to           at the tree level.

⇢ = 1
<latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit><latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit><latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit><latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit>
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<latexit sha1_base64="OeXC8P2EsJtiukKva6Zd+pzdDYM=">AAADPnicjVJLb9NAEF6bV2MeTeHIZUQEKnIT2RUScKhUwYVjkGxaKZtE6/U6XtWv7q4RkeV/xoW/wI0rFw6AuHJk/UBK00owkqVvvvl2vtnxBkXCpXKcL4Z57fqNm7d2BtbtO3fv7Q737r+TeSko82me5OI0IJIlPGO+4iphp4VgJA0SdhKcvW7qJ++ZkDzPPLUu2Dwlq4xHnBKlqeWe4Q/wNOYWHAFOWKT2ccBWPKuIEGRdV7 S2YICLmC9sAMD4b+Y0GcvCXocFX8Xq6QFYgM9LElrgwdGgbTjbath1jAShlbdw6grLc6Gqw7qGJ+At7NbCW4x1Nr5atmGr3VrjOT6wWl+w8Af+H85atbAvejdUZdt1d0edOEth8w7wjWkaZvzPeZbDkTNx2oDLwO3BCPUxXQ4/4zCnZcoyRRMi5cx1CjXXfRWnCastXEpWEHpGVmymYUZSJudV+/9reKyZEKJc6C9T0LKbJyqSSrlOA61MiYrldq0hr6rNShW9mFc8K0rFMtoZRWUCKofmMUHIBaMqWWtAqOB6VqAx0WtS+slZegnu9pUvA/9w8nLivn02On7Vb2MHPUSP0D5y0XN0jN6gKfIRNT4aX43vxg/zk/nN/Gn+6qSm0Z95gC6E+fsPVYsEQg==</latexit><latexit sha1_base64="OeXC8P2EsJtiukKva6Zd+pzdDYM=">AAADPnicjVJLb9NAEF6bV2MeTeHIZUQEKnIT2RUScKhUwYVjkGxaKZtE6/U6XtWv7q4RkeV/xoW/wI0rFw6AuHJk/UBK00owkqVvvvl2vtnxBkXCpXKcL4Z57fqNm7d2BtbtO3fv7Q737r+TeSko82me5OI0IJIlPGO+4iphp4VgJA0SdhKcvW7qJ++ZkDzPPLUu2Dwlq4xHnBKlqeWe4Q/wNOYWHAFOWKT2ccBWPKuIEGRdV7 S2YICLmC9sAMD4b+Y0GcvCXocFX8Xq6QFYgM9LElrgwdGgbTjbath1jAShlbdw6grLc6Gqw7qGJ+At7NbCW4x1Nr5atmGr3VrjOT6wWl+w8Af+H85atbAvejdUZdt1d0edOEth8w7wjWkaZvzPeZbDkTNx2oDLwO3BCPUxXQ4/4zCnZcoyRRMi5cx1CjXXfRWnCastXEpWEHpGVmymYUZSJudV+/9reKyZEKJc6C9T0LKbJyqSSrlOA61MiYrldq0hr6rNShW9mFc8K0rFMtoZRWUCKofmMUHIBaMqWWtAqOB6VqAx0WtS+slZegnu9pUvA/9w8nLivn02On7Vb2MHPUSP0D5y0XN0jN6gKfIRNT4aX43vxg/zk/nN/Gn+6qSm0Z95gC6E+fsPVYsEQg==</latexit><latexit sha1_base64="OeXC8P2EsJtiukKva6Zd+pzdDYM=">AAADPnicjVJLb9NAEF6bV2MeTeHIZUQEKnIT2RUScKhUwYVjkGxaKZtE6/U6XtWv7q4RkeV/xoW/wI0rFw6AuHJk/UBK00owkqVvvvl2vtnxBkXCpXKcL4Z57fqNm7d2BtbtO3fv7Q737r+TeSko82me5OI0IJIlPGO+4iphp4VgJA0SdhKcvW7qJ++ZkDzPPLUu2Dwlq4xHnBKlqeWe4Q/wNOYWHAFOWKT2ccBWPKuIEGRdV7 S2YICLmC9sAMD4b+Y0GcvCXocFX8Xq6QFYgM9LElrgwdGgbTjbath1jAShlbdw6grLc6Gqw7qGJ+At7NbCW4x1Nr5atmGr3VrjOT6wWl+w8Af+H85atbAvejdUZdt1d0edOEth8w7wjWkaZvzPeZbDkTNx2oDLwO3BCPUxXQ4/4zCnZcoyRRMi5cx1CjXXfRWnCastXEpWEHpGVmymYUZSJudV+/9reKyZEKJc6C9T0LKbJyqSSrlOA61MiYrldq0hr6rNShW9mFc8K0rFMtoZRWUCKofmMUHIBaMqWWtAqOB6VqAx0WtS+slZegnu9pUvA/9w8nLivn02On7Vb2MHPUSP0D5y0XN0jN6gKfIRNT4aX43vxg/zk/nN/Gn+6qSm0Z95gC6E+fsPVYsEQg==</latexit><latexit sha1_base64="OeXC8P2EsJtiukKva6Zd+pzdDYM=">AAADPnicjVJLb9NAEF6bV2MeTeHIZUQEKnIT2RUScKhUwYVjkGxaKZtE6/U6XtWv7q4RkeV/xoW/wI0rFw6AuHJk/UBK00owkqVvvvl2vtnxBkXCpXKcL4Z57fqNm7d2BtbtO3fv7Q737r+TeSko82me5OI0IJIlPGO+4iphp4VgJA0SdhKcvW7qJ++ZkDzPPLUu2Dwlq4xHnBKlqeWe4Q/wNOYWHAFOWKT2ccBWPKuIEGRdV7 S2YICLmC9sAMD4b+Y0GcvCXocFX8Xq6QFYgM9LElrgwdGgbTjbath1jAShlbdw6grLc6Gqw7qGJ+At7NbCW4x1Nr5atmGr3VrjOT6wWl+w8Af+H85atbAvejdUZdt1d0edOEth8w7wjWkaZvzPeZbDkTNx2oDLwO3BCPUxXQ4/4zCnZcoyRRMi5cx1CjXXfRWnCastXEpWEHpGVmymYUZSJudV+/9reKyZEKJc6C9T0LKbJyqSSrlOA61MiYrldq0hr6rNShW9mFc8K0rFMtoZRWUCKofmMUHIBaMqWWtAqOB6VqAx0WtS+slZegnu9pUvA/9w8nLivn02On7Vb2MHPUSP0D5y0XN0jN6gKfIRNT4aX43vxg/zk/nN/Gn+6qSm0Z95gC6E+fsPVYsEQg==</latexit>
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<latexit sha1_base64="cy2YiAyfoa2WdFyj9IDbGMfc5Z4="></latexit><latexit sha1_base64="cy2YiAyfoa2WdFyj9IDbGMfc5Z4="></latexit><latexit sha1_base64="cy2YiAyfoa2WdFyj9IDbGMfc5Z4="></latexit><latexit sha1_base64="cy2YiAyfoa2WdFyj9IDbGMfc5Z4="></latexit>

v2T =
v2⇠
2

<latexit sha1_base64="FmDBrTVvaq+Sfww1+5WX7NxYXOA=">AAACBHicbVC7TsMwFHXKq5RXgBEGiwqJqUoqJGBAqmBhLFJDK7Uhclynteo4ke1UVFEWFn6FhQEQKx/Bxt/gphmg5UhXOj7nXvne48eMSmVZ30ZpaXllda28XtnY3NreMXf37mSUCEwcHLFIdHwkCaOcOIoqRjqxICj0GWn7o+up3x4TIWnEW2oSEzdEA04DipHSkmceju/rXtrKLmEvEAin+bP3QLMsrWeeWbVqVg64SOyCVEGBpmd+9foRTkLCFWZIyq5txcpNkVAUM5JVeokkMcIjNCBdTTkKiXTT/IoMHmulD4NI6OIK5urviRSFUk5CX3eGSA3lvDcV//O6iQrO3ZTyOFGE49lHQcKgiuA0EtingmDFJpogLKjeFeIh0mkoHVxFh2DPn7xInHrtombfnlYbV0UaZXAAjsAJsMEZaIAb0AQOwOARPINX8GY8GS/Gu/Exay0Zxcw++APj8wfPUphZ</latexit><latexit sha1_base64="FmDBrTVvaq+Sfww1+5WX7NxYXOA=">AAACBHicbVC7TsMwFHXKq5RXgBEGiwqJqUoqJGBAqmBhLFJDK7Uhclynteo4ke1UVFEWFn6FhQEQKx/Bxt/gphmg5UhXOj7nXvne48eMSmVZ30ZpaXllda28XtnY3NreMXf37mSUCEwcHLFIdHwkCaOcOIoqRjqxICj0GWn7o+up3x4TIWnEW2oSEzdEA04DipHSkmceju/rXtrKLmEvEAin+bP3QLMsrWeeWbVqVg64SOyCVEGBpmd+9foRTkLCFWZIyq5txcpNkVAUM5JVeokkMcIjNCBdTTkKiXTT/IoMHmulD4NI6OIK5urviRSFUk5CX3eGSA3lvDcV//O6iQrO3ZTyOFGE49lHQcKgiuA0EtingmDFJpogLKjeFeIh0mkoHVxFh2DPn7xInHrtombfnlYbV0UaZXAAjsAJsMEZaIAb0AQOwOARPINX8GY8GS/Gu/Exay0Zxcw++APj8wfPUphZ</latexit><latexit sha1_base64="FmDBrTVvaq+Sfww1+5WX7NxYXOA=">AAACBHicbVC7TsMwFHXKq5RXgBEGiwqJqUoqJGBAqmBhLFJDK7Uhclynteo4ke1UVFEWFn6FhQEQKx/Bxt/gphmg5UhXOj7nXvne48eMSmVZ30ZpaXllda28XtnY3NreMXf37mSUCEwcHLFIdHwkCaOcOIoqRjqxICj0GWn7o+up3x4TIWnEW2oSEzdEA04DipHSkmceju/rXtrKLmEvEAin+bP3QLMsrWeeWbVqVg64SOyCVEGBpmd+9foRTkLCFWZIyq5txcpNkVAUM5JVeokkMcIjNCBdTTkKiXTT/IoMHmulD4NI6OIK5urviRSFUk5CX3eGSA3lvDcV//O6iQrO3ZTyOFGE49lHQcKgiuA0EtingmDFJpogLKjeFeIh0mkoHVxFh2DPn7xInHrtombfnlYbV0UaZXAAjsAJsMEZaIAb0AQOwOARPINX8GY8GS/Gu/Exay0Zxcw++APj8wfPUphZ</latexit><latexit sha1_base64="FmDBrTVvaq+Sfww1+5WX7NxYXOA=">AAACBHicbVC7TsMwFHXKq5RXgBEGiwqJqUoqJGBAqmBhLFJDK7Uhclynteo4ke1UVFEWFn6FhQEQKx/Bxt/gphmg5UhXOj7nXvne48eMSmVZ30ZpaXllda28XtnY3NreMXf37mSUCEwcHLFIdHwkCaOcOIoqRjqxICj0GWn7o+up3x4TIWnEW2oSEzdEA04DipHSkmceju/rXtrKLmEvEAin+bP3QLMsrWeeWbVqVg64SOyCVEGBpmd+9foRTkLCFWZIyq5txcpNkVAUM5JVeokkMcIjNCBdTTkKiXTT/IoMHmulD4NI6OIK5urviRSFUk5CX3eGSA3lvDcV//O6iQrO3ZTyOFGE49lHQcKgiuA0EtingmDFJpogLKjeFeIh0mkoHVxFh2DPn7xInHrtombfnlYbV0UaZXAAjsAJsMEZaIAb0AQOwOARPINX8GY8GS/Gu/Exay0Zxcw++APj8wfPUphZ</latexit>

⇢ = 1
<latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit><latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit><latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit><latexit sha1_base64="UsfAgk7i+8Mju+qnoMNieSMTqHg=">AAAB73icbVDLSgNBEOyNr7i+oh69DAbBU9gVQT0IQS8eI7gmkixhdjKbDJnHMjMrhJCv8OJBxau/482/cZLsQaMFDUVVN91dScaZsUHw5ZWWlldW18rr/sbm1vZOZXfv3qhcExoRxZVuJdhQziSNLLOctjJNsUg4bSbD66nffKTaMCXv7CijscB9yVJGsHXSA0J+Rw/UZditVINaMAP6S8KCVKFAo1v57PQUyQWVlnBsTDsMMhuPsbaMcDrxO7mhGSZD3KdtRyUW1MTj2cETdOSUHkqVdiUtmqk/J8ZYGDMSiesU2A7MojcV//PauU3P4zGTWW6pJPNFac6RVWj6PeoxTYnlI0cw0czdisgAa0ysy8h3IYSLL/8l0UntohbenlbrV0UaZTiAQziGEM6gDjfQgAgICHiCF3j1tPfsvXnv89aSV8zswy94H99hXY8F</latexit>



Supersymmetric extensions



Higgs mass in Standard 
Model

• Higgs mass is a free parameter not predicted by 
SM 

• Quantum correction to Higgs mass is divergent 

59

h

ψ  
<

⇠ ⇤2

Cut off scale of the theory



We need additional symmetry to cancel the quadratic 
divergence 

Supersymmetry !!



• Supersymmetry protects the Higgs mass with 
additional contributions

• Radiative correction to the Higgs mass 
   is no longer divergent

⇠ �⇤2

• With and extra discrete symmetry R-parity, 
it can have dark matter candidate.

See Prof. EJC’s talk



Even in the Minimal sector particle 
spectrum is enhanced



How many Higgs bosons ?

H±

Hu =

✓
H+

u

H0
u

◆
, Hd =

✓
H0

d

H�
d

◆
,

<latexit sha1_base64="MphC+FkR0qkhUbcl+Pr5gknhS4A="></latexit><latexit sha1_base64="MphC+FkR0qkhUbcl+Pr5gknhS4A="></latexit><latexit sha1_base64="MphC+FkR0qkhUbcl+Pr5gknhS4A="></latexit><latexit sha1_base64="MphC+FkR0qkhUbcl+Pr5gknhS4A="></latexit>

• Minimal sector has two Higgs doublets with hyper 
charges +1 and -1 

• Physical mass basis: two CP even Higgs boson: h, H 

• One CP odd: A 

• One charged Higgs boson: 



So far we have observed only 
one Higgs boson !



Lightest CP even Higgs boson

• Unlike Standard Model, here light Higgs mass bounded 
from above  

  
•    At tree-level  

• For desired Higgs mass around 125 GeV, one has to look 
for quantum correction

mh < mZ



Quantum correction is important

Particles that interacts 
to Higgs boson�mh ~

h125 = mh +�mh

• Particles in the loop get indirect bounds



Status of minimal supersymmetric 
scenarios

• Trivial solution: Very large mass for super-partners 

                              few TeV 

• Or  large mass splitting between the super-partners  

>⇠

• Fine tuning is necessary



• There are possibilities in different SU(2) representations

Singlet Triplets and/or

S = sr + isi T =

 
T 0
p
2

T+
2

T�
1 � T 0

p
2

!

Y=0
Espinosa, Quiros, Agashe, .. 



What is the gain?

      Do not need much help from ‘super partners’ 

        Supersymmetry can still exists below  TeV !

Other 
Higgs bosons 

contribute  
at tree-level

+
Contribute 

at 
quantum 

level 

�mh '



1. Spontaneous CP-violation 

2. Solution of the         in supersymmetry  

3. Possibility of hidden Higgs bosons 

…

Are there are other theoretical motivation ?

µD



How exotic are they ?

Do not couple to fermionsTriplet Singlet

Singlet does not 
couple to gauge 

bosons 

Neutral part of 
Y=0 Triplet does 
not couple to Z 

boson



Triplet extension
• Model I: Y=0 Triplet extension 

•  It gives two additional triplet-like charged Higgs 
bosons 

• Extra CP even and CP odd neutral Higgs bosons 

• None of them couple to fermions

WT = �Hd.T.Hu + µDHd.Hu + µTTr(T
2)



• Model II: A scale invariant superpotential with 
Y=0 SU(2) triplet and a singlet 

WS = �THd.THu + �SSHd ·Hu + �TSSTr[T
2] +



3
S3

Triplet Singlet

•  The complete Lagrangian with the soft SUSY breaking terms has an     symmetry 

• During electro-weak symmetry breaking neutral parts get vev 

• Triplet vev contributes to the W mass but not the Z mass 

Z3

< H0
u,d >=

vu,dp
2
, < S >=

vSp
2

< T 0 >=
vTp
2

m2
W = g22(v

2 + 4v2T )/2 ⇢ = 1 + 4v2T /v
2

vT  5GeV
Restricted from  

parameter⇢



What is the gain?

      Do not need much help from ‘super partners’ 

        Supersymmetry can still exists below  TeV !

Other 
Higgs bosons 

contribute  
at tree-level

+
Contribute 

at 
quantum 

level 

�mh '

m2
h1

 m2
Z(cos

2
2� +

�2
T

g2L + g2Y
+

2�2
S

g2L + g2Y
sin

2
2�)



Vsoft = m2
Hu

|Hu|2 + m2
Hd

|Hd|2 + m2
S |S|2

+m2
T |T |2 + m2

Q|Q|2 +m2
U |U |2 + m2

D|D|2

+(ASSHd.Hu + ATHd.T.Hu + ATSSTr(T
2)

+AS
3 + AUUHU .Q + ADDHD.Q+ h.c),

• In the limit where all the A parameters vanish the 
scalar potential accrues an enhanced U(1) 
symmetry 

(Ĥu, Ĥd, T̂ , Ŝ) ! ei�(Ĥu, Ĥd, T̂ , Ŝ)

•  If this symmetry is softly broken by very small 
A parameters                 , 

• We get a very light pseudoscalaras pseudo-
Nambu-Goldstone boson of the symmetry. 

O(1)GeV



Correlation of gauge-mass hierarchy  and possibility of hidden scalars
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PB, Claudio Coriano and Antonio Costantini, JHEP 1509 (2015) 045, 
                                                                       JHEP 1512 (2015) 127  

Light 
pseudoscalar

Singlet
  

Triplet

Doublet



Gauge structure

• In particular the charged Goldstone has contribution from 
triplets

h±
i = RC

i1H
+
u +RC

i2T
+
2 +RC

i3H
�⇤
d +RC

i4T
�⇤
1

Dublet Triplet

RC
ij = fC

ij (vu, vd, vT , vS ,�T ,�TS ,�S , Ai)

h±
0 = ±NT

⇣
sin�H+

u � cos�H�⇤
d ⌥

p
2

vT
v
(T+

2 + T�⇤
1 )

⌘

NT =
1q

1 + 4
v2
T
v2

No      �ihas 
a triplet 

 contribution 



Non-standard decay modes

• For                      take the same sign 

• Hence,                        coupling is enhanced 

• Non-zero triplet vev, initiates this vertex 

                               Triplet signature 

gh±
i W⌥Z = � i

2

⇣
gL gY

�
vu sin�RC

i1 � vd cos�RC
i3

�
+

p
2 g2LvT

�
RC

i2 +RC
i4

�⌘
h
±

i

Z

W±
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�T ⇠ 0, RC
12 andRC

14

h±
1 �W⌥ � Z



Non-standard decay modes

• Mixing with the doublets is crucial for the decays as well as production channels  
•                    opens up due to the presence of light pseudo scalar 

P.B, Katri Huitu, Asli Sabanci, JHEP05(2015)026 

PB, Claudio Coriano, Antonio Costantini, PRD94 (2016) no.5, 055030 
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Vector boson fusion to charged Higgs boson

•                 coupling creates additional 
tree-level production mode for the 
charged Higgs boson 

• This process is absent for doublet-like 
charged Higgs boson

h±
1 �W⌥ � Z



What happens to standard single charged Higgs production mechanism ?

• Triplets do not couple to fermions  

                bg fusion is really suppressed 

• Even if             , lightest charged Higgs 
boson still has some doublet component!

Suppressed for  
triplet-like Higgs

�T = 0

For pure triplet the 
coss-section goes to 

zero.



            limit�T ' 0

•       only  can be pure triplets 
•    has some doublet parts as perpendicular 

mode of the charged Goldstone

�T = 0

h±
2,3

h±
1

Not 100%



Rare decay

• The triplet type charged Higgs 
bosons, charginos and neutralinos 
do not couple to fermions 

•  This affect the indirect bounds  
coming from rare fermionic decays 

• We  calculated                     at NLO 
and showed that   

• Allowed      region constrains the 
high      region of parameter space 
preferred by naturalness.

B(B ! Xs�)

2�
�T

PB, Katri Huitu, Asli Sabanci, JHEP 1310 (2013) 091 
PB, Stefano Di Chiara, Katri Huitu, Asli Sabanci, JHEP 1411 (2014) 062



• LHC looked for this doublet type charged Higgs bosons via 
mainly its couplings to fermions 

• Light charged Higgs boson: 

• Heavy charged Higgs boson:  

• Where charged Higgs boson is search in                                        
decay modes 

   

pp ! tt̄ ! bW+b̄H�

⌧ + ⌫ and t+ b

pp ! tbH±

Experimental searches of the charged Higgs boson
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Experimental bounds on the charged Higgs
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• CMS puts 95% Cl upper limits as:

CMS-PAS-HIG-16-031 

• ATLAS puts 95% Cl upper limits as:

B(t ! bH±
)⇥ B(H± ! ⌧⌫) = 0.004� 0.05 formH± ⇠ 80� 160GeV

Ecm = 13TeV and 3.2 fb�1

Ecm = 13TeV and 12.9 fb�1

�(pp ! tbH±
)⇥ B(H± ! ⌧⌫) = 1.9 pb� 15 fb formH± ⇠ 200� 2000GeV

�(pp ! H±W±b¯b)⇥ B(H± ! ⌧⌫) = 2� 0.01 pb formH± ⇠ 180GeV � 3TeV

PLB 759(2016)555-574



Experimental bounds on the Triplet charged Higgs

• CMS puts 95% Cl upper limits on                                      for 

CMS-PAS-HIG-16-027/PRL119(2017)14180 

• ATLAS puts 95% Cl upper limits at 

q q0

W±

q q

Z
H±

W±

Z

�V BF ⇥ (H± ! W±Z) 200  mH±  2000GeV

�V BF ⇥ B(H± ! ZW±
) ⇠ 31� 1020 fb for 200  mH±  2000GeV

Ecm = 8TeVwith 20.3 fb�1

PRL 114,23801(2015)

• Doubly charged Higgs boson: Ecm = 13TeVwith 36.1 fb�1

mH++ > 770� 870GeV



Look for new production modes

• Multi-leptonic final states can probe the triplet mode 

•                     final states can probe such triplet signature by 
                         of integrated luminosity at the LHC@14 TeV 

• Higher lepton multiplicities can be probed at further higher 
luminosities.

3`+ 2j, 3`+ 2b

⇠ 100 fb�1

P.B, Katri Huitu, Asli Sabanci, JHEP05(2015)026



• Is it possible to distinguish different possible extensions ?

p

p

W∓

h±
i

ak

W±

h∓
j

Z

Triplet 
signature

Existence of 
light 

pseudoscalar

PB, Claudio Coriano, Antonio Costantini, Phys.Rev. D94 (2016) no.5, 055030 

WS = �THd.THu + �SSHd ·Hu + �TSSTr[T
2] +



3
S3



• Probing                       together is challenging 

PB, Antonio Costantini, JHEP 1801 (2018) 067 
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Status of triplet Y=0 charged Higgs boson
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• Probing charged Higgs mass via reconstruction of Z  
and W will take around               of integrated luminosity

• It is possible to distinguish charged Higgs bosons from different representations of SU(2)

of 55 fb

�1

712 fb�1

http://arxiv.org/abs/arXiv:1710.03110


•           in the spectrum but constrained from     parameter 

•                 can form custodial triplets known as Georgi-Machacek  triplets which can 
evade the constraints from    parameter
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• For these cases one needs to find out the doubly charged states with the given hierarchy 



Conclusions
•  So far we have observed one Higgs boson at 125 GeV 

•  All standard and non-standard modes are yet to be explored 

•  Observation of Charged Higgs would be a direct proof of 
extended Higgs sector. 

• Non-standard decay modes                and             are direct 
proofs of higher representations of Higgs sectors. 

•                 coupling will also be good measure 

• Indirect searches can also give us some hints 

• We hope LHC bring some more discoveries 

h± ! a1W
± h± ! ZW±

t� b� h±
1





Some of them can evade 
detection for earlier searches 



• Higgs bosons are searched via their decay modes             

Searches of the Higgs bosons

h ! bb̄

! ⌧ ⌧̄

! ��̄

}Lepton and quark modes

! WW ⇤
! ZZ⇤ } Gauge bosons

} Loop decay  (di-photon)



• Add-mixture or possibility of other 
Higgs bosons are not ruled out

• But other Higgs bosons may not be seen in  
    normal decay modes!

• Triplets or Singlet type Higgs bosons 
   are hard to produce and find

Still longer run at the LHC has a good chance

• There is possibility of lighter Higgs bosons  
but not observed yet



• How about charged Higgs boson ? 

• Is there a charged Higgs boson in 
nature ? 

• Do we really need them?



• In the current form of Standard 
Model we do not have any 
charged Higgs boson



• It is certainly a beyond Standard Model physics 

• Necessary for Supersymmetric theories 

• If they are there, how do we see them?  

• They will leave charged track as their signature



Look for new production modes



Prospects at the LHC

• More data 

• New resonance ! 

• New Discoveries !


