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Plan
• Doublet Higgs boson: Type-I, II, III, IV 

• Triplet Higgs boson: Real and complex 

• Inert Higgs bosons: Singlet, Doublet and Triplet 

• Left-Right Symmetric model



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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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



Yukawa structure in 2HDMs

does not couple to 
fermions 
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2HDM Type II Status
• It is most popular one as natural to SUSY models 

• 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
±
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Status of 2HDM Type X

• Can explain muon g-2 excess 

• 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



Scalar Dark Matter in Leptophilic Two-Higgs-Doublet 
• Among four types of Z2-symmetric 2HDMs, the type-X model is found to be a unique 

option for the explanation of the muon g − 2 anomaly  
• A large parameter space allowed at 2σ favouring tan β>30 and mA ≪ mH,H± ≈ 200 − 

400 GeV  
• A very light pseudo scalar is still allowed in this scenario  

• Two Higgs doublets Φ1,2 and one singlet scalar S stabilized by the symmetry S → −S  

• One is strongly constrained by direct detection experiments,  
• Other remains free to be adjusted for the relic density  
  mainly through the process SS → AA

DM self 
Couplings

Higgs-DM 
couplings

PB, Rusa Mandal, Eung Jin Chun 
Phys.Lett. B779 (2018) 201-205 



Sclar Dark matter in Leptophilic Two-Higgs-x

• Note that in the limit of tβ ≫ 1 and mH > mh, the combined coupling is dominated simply by κ2 and thus 
strongly constrained as in the SM Higgs portal scenario. 

t� >> 1, h ' 2, H ' 0
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• The right DM relic density is obtained by the red line through the DM annihilation channels SS → 
ττ,AA, and HH/H+H− 

• The gray shaded region is excluded by Fermi-LAT gamma ray detection in the 2τ and 4τ final 
states.  

• The plot is obtained for mA = 50 GeV, mH,H± = 250 GeV, and tβ = 50 

Scalar Dark Matter in Leptophilic Two-Higgs-Doublet 

PB, Rusa Mandal, Eung Jin Chun 
Phys.Lett. B779 (2018) 201-205 



Charged Higgs in Type-X 2HDM with inverse-Seesaw

PB, Rusa Mandal, Eung Jin Chun 
JHEP 1908 (2019) 169



Couplings for Type-X extensions 

• At high tanβ region, the decay modes H± → lLNR and NR → AνL are enhanced 

•  H± → AW± is governed only by the weak gauge coupling g2 in all 2HDM scenarios and independent of tanβ 

• Charged Higgs bosons are searched in                    modes  

• Type-X charged Higgs production is down due to small coupling with quarks 

• It has a very light pseudoscalar  

• Dominant branchings are to  

• Light charged Higgs is still a possibility 

Charged Higgs in Type-X 2HDM with inverse-Seesaw

Enhanced 
at high tanβ

⌫ ⌧, t b
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•                                     are looked into at the LHC 

• For light pseudo scalar             final states are looked into 

• The inverse seesaw Yukawa coupling is shown to be probed down to 
YN ∼ 0.2 at HL LHC with 3000 fb−1 

Final states at the LHC 

2⌧ + 2` and 2⌧ + 3`
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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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<latexit sha1_base64="3/McNbC5LhCYJc256LJrZ1hnEHA="></latexit><latexit sha1_base64="3/McNbC5LhCYJc256LJrZ1hnEHA="></latexit><latexit sha1_base64="3/McNbC5LhCYJc256LJrZ1hnEHA="></latexit><latexit sha1_base64="3/McNbC5LhCYJc256LJrZ1hnEHA="></latexit>



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>

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
<latexit sha1_base64="4xXyru+JRJ20J22D4ECUUGuOSss=">AAACDnicbVA7T8MwGHR4lvAKMLJYVFRMJUFIwNbCkrFIhFY0oXJcp7XqPGQ7SFXUf8DCX2FhAMTKzMa/wUkzQMtJls533yf7zk8YFdI0v7WFxaXlldXKmr6+sbm1bezs3oo45Zg4OGYx7/hIEEYj4kgqGekknKDQZ6Ttj65yv/1AuKBxdCPHCfFCNIhoQDGSSuoZNfveTUJYg66MYfPYhu3iDl1Xb5aqDe/0nlE162YBOE+sklRBiVbP+HL7MU5DEknMkBBdy0yklyEuKWZkorupIAnCIzQgXUUjFBLhZUWeCTxUSh8GMVcnkrBQf29kKBRiHPpqMkRyKGa9XPzP66YyOPcyGiWpJBGePhSkDKqUeTmwTznBko0VQZhT9VeIh4gjLFWFeQnWbOR54pzUL+rW9Wm1cVm2UQH74AAcAQucgQawQQs4AINH8AxewZv2pL1o79rHdHRBK3f2wB9onz+6RZg5</latexit><latexit sha1_base64="4xXyru+JRJ20J22D4ECUUGuOSss=">AAACDnicbVA7T8MwGHR4lvAKMLJYVFRMJUFIwNbCkrFIhFY0oXJcp7XqPGQ7SFXUf8DCX2FhAMTKzMa/wUkzQMtJls533yf7zk8YFdI0v7WFxaXlldXKmr6+sbm1bezs3oo45Zg4OGYx7/hIEEYj4kgqGekknKDQZ6Ttj65yv/1AuKBxdCPHCfFCNIhoQDGSSuoZNfveTUJYg66MYfPYhu3iDl1Xb5aqDe/0nlE162YBOE+sklRBiVbP+HL7MU5DEknMkBBdy0yklyEuKWZkorupIAnCIzQgXUUjFBLhZUWeCTxUSh8GMVcnkrBQf29kKBRiHPpqMkRyKGa9XPzP66YyOPcyGiWpJBGePhSkDKqUeTmwTznBko0VQZhT9VeIh4gjLFWFeQnWbOR54pzUL+rW9Wm1cVm2UQH74AAcAQucgQawQQs4AINH8AxewZv2pL1o79rHdHRBK3f2wB9onz+6RZg5</latexit><latexit sha1_base64="4xXyru+JRJ20J22D4ECUUGuOSss=">AAACDnicbVA7T8MwGHR4lvAKMLJYVFRMJUFIwNbCkrFIhFY0oXJcp7XqPGQ7SFXUf8DCX2FhAMTKzMa/wUkzQMtJls533yf7zk8YFdI0v7WFxaXlldXKmr6+sbm1bezs3oo45Zg4OGYx7/hIEEYj4kgqGekknKDQZ6Ttj65yv/1AuKBxdCPHCfFCNIhoQDGSSuoZNfveTUJYg66MYfPYhu3iDl1Xb5aqDe/0nlE162YBOE+sklRBiVbP+HL7MU5DEknMkBBdy0yklyEuKWZkorupIAnCIzQgXUUjFBLhZUWeCTxUSh8GMVcnkrBQf29kKBRiHPpqMkRyKGa9XPzP66YyOPcyGiWpJBGePhSkDKqUeTmwTznBko0VQZhT9VeIh4gjLFWFeQnWbOR54pzUL+rW9Wm1cVm2UQH74AAcAQucgQawQQs4AINH8AxewZv2pL1o79rHdHRBK3f2wB9onz+6RZg5</latexit><latexit sha1_base64="4xXyru+JRJ20J22D4ECUUGuOSss=">AAACDnicbVA7T8MwGHR4lvAKMLJYVFRMJUFIwNbCkrFIhFY0oXJcp7XqPGQ7SFXUf8DCX2FhAMTKzMa/wUkzQMtJls533yf7zk8YFdI0v7WFxaXlldXKmr6+sbm1bezs3oo45Zg4OGYx7/hIEEYj4kgqGekknKDQZ6Ttj65yv/1AuKBxdCPHCfFCNIhoQDGSSuoZNfveTUJYg66MYfPYhu3iDl1Xb5aqDe/0nlE162YBOE+sklRBiVbP+HL7MU5DEknMkBBdy0yklyEuKWZkorupIAnCIzQgXUUjFBLhZUWeCTxUSh8GMVcnkrBQf29kKBRiHPpqMkRyKGa9XPzP66YyOPcyGiWpJBGePhSkDKqUeTmwTznBko0VQZhT9VeIh4gjLFWFeQnWbOR54pzUL+rW9Wm1cVm2UQH74AAcAQucgQawQQs4AINH8AxewZv2pL1o79rHdHRBK3f2wB9onz+6RZg5</latexit>

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

mH± < mH/A +mW± , mH < 2mW± , mH < mA +mZ
<latexit sha1_base64="GHs9sG1vBrVP60U7DV+vdZe2th4="></latexit>



• Type-I seesaw Lagrangian  

• Neutrino mass matrix: 

• Light neutrino mass 

• Inverse-Seesaw Lagrangian 

• Neutrio mass matrix 

• Light neutrino mass  

• Rest are almost degenerate around MR ±μS/2 

Vacuum Stability in IHDM with RHN

PB, Bhupal Dev, Arjun Kumar, Shilpa Jangid 
arXiv:2001.01764 [hep-ph] 

http://arxiv.org/abs/arXiv:2001.01764


• Scalar Potential:  

• Beta-functions corresponding 

Vacuum Stability in IHDM with RHN



Vacuum Stability in IHDM with RHN

One-loop

Two-loop

YN = 0.4
<latexit sha1_base64="g/oQmiMidqGNK5DSETFAWTM85eU=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4WnZrQS9CwYsgSAX7Ie1Ssmm2Dc1mQ5IVytIf4cWDIl79Pd78N6btHrT1wcDjvRlm5oWSM20879tZWV1b39gsbBW3d3b39ksHh02dpIrQBkl4otoh1pQzQRuGGU7bUlEch5y2wtH11G89UaVZIh7MWNIgxgPBIkawsVLrsXd35bnVXqnsud4MaJn4OSlDjnqv9NXtJySNqTCEY607vidNkGFlGOF0UuymmkpMRnhAO5YKHFMdZLNzJ+jUKn0UJcqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5Oa6DLImJCpoYLMF0UpRyZB099RnylKDB9bgoli9lZEhlhhYmxCRRuCv/jyMmlWXP/crdxXy7XbPI4CHMMJnIEPF1CDG6hDAwiM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AHfQY6i</latexit>

YN = 0.01
<latexit sha1_base64="9j6CfumS1BRuoVV6xft+g3x/j4E=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtV0ItQ8CIIUsF+SLuUbJq2odnsmswKZemf8OJBEa/+HW/+G9N2D9r6IOTx3gwz84JYCoOu++0sLa+srq3nNvKbW9s7u4W9/bqJEs14jUUy0s2AGi6F4jUUKHkz1pyGgeSNYHg18RtPXBsRqXscxdwPaV+JnmAUrdR86NxeuiXX6xSK9puCLBIvI0XIUO0UvtrdiCUhV8gkNabluTH6KdUomOTjfDsxPKZsSPu8ZamiITd+Ot13TI6t0iW9SNunkEzV3x0pDY0ZhYGtDCkOzLw3Ef/zWgn2LvxUqDhBrthsUC+RBCMyOZ50heYM5cgSyrSwuxI2oJoytBHlbQje/MmLpF4ueael8t1ZsXKTxZGDQziCE/DgHCpwDVWoAQMJz/AKb86j8+K8Ox+z0iUn6zmAP3A+fwBKRY7Z</latexit>

No effect of RHN



• Stability scale increases with higher values of       for higher  

• However, higher values of      hits Landau pole at earlier scale

Vacuum Stability in IHDM with RHN

�i
<latexit sha1_base64="zwT5rGxQRQnGhfGiphE8Dk0K/Rk=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZcFN4KbCvYh7VAymUwbmmSGJCOUoV/hxoUibv0cd/6N6XQW2nogcDjnXHLvCRLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk5u5332iSrNYPphpQn2BR5JFjGBjpccBt9EQD9mwWnPrbg60SryC1KBAa1j9GoQxSQWVhnCsdd9zE+NnWBlGOJ1VBqmmCSYTPKJ9SyUWVPtZvvAMnVklRFGs7JMG5erviQwLracisEmBzVgve3PxP6+fmujaz5hMUkMlWXwUpRyZGM2vRyFTlBg+tQQTxeyuiIyxwsTYjiq2BG/55FXSadS9i3rj/rLWvCvqKMMJnMI5eHAFTbiFFrSBgIBneIU3RzkvzrvzsYiWnGLmGP7A+fwBv7KQZg==</latexit>

YN
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• Perturbative bounds on the couplings 

•                                                                        

•                perturbative scale gets affected via RHN

Vacuum Stability in IHDM with RHN

YN = 0.53, �i = 0.4(µEW )MR = 100GeV
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• The effective potential in the h direction is given by 

• Where           is given by

Vacuum Stability from RG-improved potential 

�e↵
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Mestability and instability 
• Condition of metastability  

•λi are increased from 0.01 to 0.1 for the same value of YN = 0.4 and MR = 103, λeff becomes 
unstable at 1015 GeV instead of 1011 GeV  

•Stability also gets enhanced as we increase the RHN mass  
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Mestability and instability 
• Condition of metastability  

• Lower       corresponds to almost stable region 

• Higher        corresponds to some metastability and instability 
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PB, Bhupal Dev, Arjun Kumar, Shilpa Jangid 
arXiv:2001.01764 [hep-ph] 

http://arxiv.org/abs/arXiv:2001.01764


• RHN can be produced only via EW mixing 

• At 14 TeV LHC, Drell-Yan is dominant and at 100 TeV it is gluon fusion  

• RHN sectors connects to IDM only via three-body decays

Phenomenology in IHDM with RHN

PB, Bhupal Dev, Arjun Kumar, Shilpa Jangid 
arXiv:2001.01764 [hep-ph] 

http://arxiv.org/abs/arXiv:2001.01764


Radiative neutrino mass with an IDM

• Both RHN and IDM are odd under 
• No Tree-level Dirac mass possible  
• No Tree-level mixing between level left-right-handed Neutrinos  
• Light neutrino mass is generated via one-loop

SM Higgs 
doublet Inert Higgs 

doublet 

Light 
neutrinos 

mass at one 
loop 
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Ahriche et al. :PRD 97, 095012, 2018



 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

2b+ 2⌧
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Triplet extension
Possibilities ?

1. Inert 
2. Real Triplet 
3. Complex triplet with zero hypercharge 
4. Triplets with non-zero hypercharge  
5. Left-right Symmetric Model 
6. Georgi-Machacek Model 

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: 

• There is no pseudo-scalar 

•      Does not couple to ZZ 
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h2
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• Triplets do not couple to fermions: as no right-handed SU(2) 
fermonic doublet present   

            Identically zero 

• We will come to the possibility later  

• However, doublet-triplet mixing via               opens up such 
couplings 

• Such mixings are constrained by Higgs data from LHC 

•                              as constrainted from Higgs data 

SM+Real Triplet

L̄TL
<latexit sha1_base64="rfjkttSxdgDyEVeOnrj3mlNNz9k=">AAAB83icdZDLSsNAFIZPvNZ6q7p0M1gEVyGpii4LbgS7qNAbNKFMppN26GQSZiZCCX0NNy4UcevLuPNtnLQpqOgPAz/fOYdz5g8SzpR2nE9rZXVtfWOztFXe3tnd268cHHZUnEpC2yTmsewFWFHOBG1rpjntJZLiKOC0G0xu8nr3gUrFYtHS04T6ER4JFjKCtUGeF2CZNWaohRpoUKk69qWTCzm2szQFcQtShULNQeXDG8YkjajQhGOl+q6TaD/DUjPC6azspYommEzwiPaNFTiiys/mN8/QqSFDFMbSPKHRnH6fyHCk1DQKTGeE9Vj9ruXwr1o/1eG1nzGRpJoKslgUphzpGOUBoCGTlGg+NQYTycytiIyxxESbmMomhOVP0f+mU7Pdc7t2f1Gt3xVxlOAYTuAMXLiCOtxCE9pAIIFHeIYXK7WerFfrbdG6YhUzR/BD1vsXwMSQ3g==</latexit>

�3 andA
<latexit sha1_base64="tWWDD/F5vETcKO6+vnW/rSKtyrk=">AAACAXicdVDNS8MwHE39nPOr6kXwEhyCByntNnDHqRePE9wHrKWkabqFpWlJUmGUefFf8eJBEa/+F978b0z3ASr6IOTx3vuR/F6QMiqVbX8aS8srq2vrpY3y5tb2zq65t9+RSSYwaeOEJaIXIEkY5aStqGKklwqC4oCRbjC6KvzuHRGSJvxWjVPixWjAaUQxUlryzUOX6XCI/Jp7Bl0R54iHE00vfLNiW1W7ALSt+oI0ZsSxprddAXO0fPPDDROcxYQrzJCUfcdOlZcjoShmZFJ2M0lShEdoQPqachQT6eXTDSbwRCshjBKhD1dwqn6fyFEs5TgOdDJGaih/e4X4l9fPVNTwcsrTTBGOZw9FGYMqgUUdMKSCYMXGmiAsqP4rxEMkEFa6tLIuYbEp/J90qpZTs6o39Urzcl5HCRyBY3AKHHAOmuAatEAbYHAPHsEzeDEejCfj1XibRZeM+cwB+AHj/Qv/WpXz</latexit>

PB,Claudio Coriano,Antonio Costantini: JHEP 1512 (2015) 127 
Chabab et al.: 10.1140/epjc/s10052-018-6339-2

B(h125 ! AA) . 18%
<latexit sha1_base64="7EP7xuk0OrncgvXD7ZVk6WTMir8="></latexit>



Stability and perturbativity bounds 

SM+Real Triplet

Najimuddin Khan
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Inert Triplet
• If the triplet field is odd under    :                 , the potential 

• Triplet does not get vev  

• Neutral component     can become lightest inert particle (ITP) 
and a candidate dark matter. 

• In this case triplet and doublet does not mix at all. 

• Tree-level mass values  

• Loop level mass difference is 

Z2

V (�, T ) = m2
��

†�+m2
TTr(T

†T ) + �1|�†�|2 + �2(Tr|T †T |)2 + �3�
†�Tr(T †T )

<latexit sha1_base64="xkiqkuzCoLgMWPIXJnkBf/NWSNE="></latexit><latexit sha1_base64="xkiqkuzCoLgMWPIXJnkBf/NWSNE="></latexit><latexit sha1_base64="xkiqkuzCoLgMWPIXJnkBf/NWSNE="></latexit><latexit sha1_base64="xkiqkuzCoLgMWPIXJnkBf/NWSNE="></latexit>

T 0
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T ! �T
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�mT±�T 0 ⇠ 150MeV ⇠ m⇡
<latexit sha1_base64="A/dQXhhgRXst242HybS6CigR9a0="></latexit>
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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 
• In this case we have a pure triplet pseduosclar 
• Two pure triplet charged Higgs bosons 
• CP-even doublet and triplet can mix 

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

T =

"
T+
p
2

T++

T 0
r + iT 0

i �T�
p
2

#

<latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit><latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit><latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit><latexit sha1_base64="NO7axHyaAdtPWrFA/jqQqMbwAZA="></latexit>

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, Anirban Kundu, Paramita Dey
JHEP 1402 (2014) 060 
PLB434 (1998) 347-353, PLB633 (2006) 519-525 
PRD76 (2007) 075013, PRD95(2017) no.3, 035042  
J.Phys.G36:025002,2009

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)
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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.
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Left-right Symmetric Model
• GSM ≡ SU(3)c × SU(2)L × U(1)Y            GLR ≡ SU(3)c × SU(2)L × SU(2)R × U(1)B−L 
• The field contains are exchanged under left-right symmetry such that the largangian is 

symmetric 

• Additional Yukawa couplings: 

• One possible breaking: SU(2)R × U(1)B−L         U(1)Y
•                are heavy: above few TeV
• WL − WR mixing is allowed and is very small, ξ ≤ 0.05 

• Unlike 2HDM, there is no solution to tree-level FCNC
• There are two singly and two doubly charged Higgs bosons
• Doubly charged Higgs leads to four lepton signature 
• Four CP-even Higgs bosons
• Two pseudoscalar Higgs bosons
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Type-II. 
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Left-right symmetric Model
• Gauge and Physical states 



 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

2b+ 2⌧
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http://arxiv.org/abs/1912.01594


Supersymmetric extensions



Higgs mass in Standard 
Model

• Higgs mass is a free parameter not predicted by 
SM 

• Quantum correction to Higgs mass is divergent 

43

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

H
0
u

◆
, Hd =

✓
H

0
d

H
�
d

◆
,
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• 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
S
3

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

< H
0
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
sin2 2�)



Vsoft = m
2
Hu

|Hu|2 + m
2
Hd

|Hd|2 + m
2
S
|S|2

+m
2
T
|T |2 + m

2
Q
|Q|2 +m

2
U
|U |2 + m

2
D
|D|2

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

+AS
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) ! e
i�(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  
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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

�
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i4
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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

±
bb̄)⇥ 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 q
0

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] +
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S
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• Probing                       together is challenging 

PB, Antonio Costantini, JHEP 1801 (2018) 067 
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• ZW mode can be probed via 3`+ 1⌧ with 54 fb�1

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 !


