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Overview
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Standard Model (SM) of elementary particles:

Discovery of Higgs Boson in 2012 at the Large Hadron Collider: SM became complete in       
                                                                                                   terms of particle content.

( CERN website)
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The Higgs Potential in the SM:

Higgs field:

   Higgs Mechanism

Spontaneous symmetry breaking

SU(2)
L
 doublet

Brout-Englert-Higgs mechanism

( from web)
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Masses:



2012
A good year

 Discovered at the LHC by ATLAS and CMS collaborations.

proton-proton (pp) collision with data from
7+8 TeV CM energy 

Primary search modes:

(ATLAS, PLB’12; CMS, PLB’12)

(CERN website)

Subsequently:

Within error-bar all couplings 
found to be consistent with SM

     Discovery of  125 GeV Higgs boson
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Matter Anti-matter asymmetry of the Universe. We see mostly matter.

Neutrinos are massive (neutrino oscillations).

Existence of Dark matter and its nature.

Hierarchy Problem in SM. Needs fine tuning to get 125 GeV Higgs mass. 
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  No concrete evidence of New Physics so far from LHC, LHCb or Belle etc.

 Couplings of 125 GeV boson is SM like.

Flavor anomalies: R(K), R(K*), R(D*); Tension with SM is softening. 
Needs independent measurements from Belle-II.

Where is New Physics?

Could be heavy (> TeV scale)
Terrible LHC search

1) Light, weakly coupled
    Sub-TeV resonances.

2) Excellent  signatures
     For LHC, LHCb and 

  Other experiments



 Current data: 125 GeV scalar is SM-Higgs like. Indication of  Alignment (approximate).

Approximate Alignment without Decoupling: Can be realized  in 2HDM. 

 2HDM without Z
2
 

Motivation: Discovery may shed light on Baryon Asymmetry of the Universe. 

Alignment without Decoupling:  if happens, sub-TeV second doublet.
(Carena et al. JHEP ’14, PRD ’15; Bechtle et al. EPJC ’17; 
 See also Gunion et al. PRD ’03.)

Sub-TeV Second Doublet + Extra Yukawas:

Second doublet could be rather heavy. Alignment  from Decoupling.

(see e.g. Hou & Kikuchi, EPL’18)

Extra Yukawas :

(Fuyuto, Hou, Senaha PLB ’18, TM, Senaha PRD’19)

Novel  Signatures at LHC:
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Formalism



                                             Extra sub-TeV scalar doublet

CP conserving Higgs sector without Z
2
 :

( e.g. Davidson and Haber PRD’05, 
Hou and Kikuchi, EPL’ 18)

 In Higgs Basis:

                                           general Two Higgs doublet model (g2HDM)

Excellent scope for
 LHC

                 Higgs Sector
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(Davidson, Haber  PRD ’05)

Recipe for discovery

Recipe for Electroweak
Baryogenesis (EWBG)

(TM, E. Senaha; PRD ’19)

(K. Fuyuto,W.-S Hou, E. Senaha; PLB ’18)

2HDM without Z
2
: Both doublets couple with up- and down-type fermions. 

After diagonalization of fermion mass matrices: Two different Yukawas.

                         Yukawa Sector



Signatures for extra top 
Yukawa  couplings



                         Signatures at LHC

(CMS-PAS-B2G-16-025)

(Altunkaynak PLB ’15)

(Craig, et al., JHEP ’15, ’17; Kanemura et al. NPB  ’15;  Gori et al. PRD ’16)

(See e.g. Carena and Liu JHEP ’16) 

(ATLAS PRL’18, CMS 1908.01115) 
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Triple-top:

Same-sign top:

May emerge earlier than triple-top

(W.-S. Hou, TM, PRD’20)

Some other modes
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Top-assisted di-Higgs,
Probe for Higgs potential

Favored by strongly 
First order EWPT 
(Dorsch et al.PRL’14)

(W.-S. Hou, M. Kohda, TM, PRD’19)

(See also Hou, Lin, Ma, Yuan, PLB 
’97, S. Iguro, K. Tobe NPB’17)

  SM 3t at fb level
 (Barger,  Keung,  Yencho, PLB ’10);

Clean 3b jets-3lepton signature

(W.-S. Hou, M. Kohda, TM, PLB’19)

(D.K. Ghosh,W.-S. Hou, TM, 1912.10613)



                                   Parton level cross sections
Parton level cross sections at LO:

MadGraph5_aMC@NLO

PDF set : NN23LO1

(W.-S Hou, M. Kohda, TM PLB ’18)
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                       Same-sign top
Event selection:

Signal at LO. Backgrounds with QCD corrections included.

MadGraph5_aMC + Pythia + Delphes
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(W.-S Hou, M. Kohda, TM PLB ’18)
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                          Triple-top discovery (W.-S Hou, M. Kohda, TM PLB ’18)
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Unitarity, Perturbativity:
2HDMC: Higgs basis 

+
T-parameter

(W.-S Hou, M. Kohda, TM, PRD ’19)

The Hhh coupling

Here we dropped the “0” from h0, H0, A0 

                                 The top assisted di-Higgs
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Signature:
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                                     tZH production

(W.-S. Hou, TM, PRD’20)

Favored by Strongly
1st order EWPT
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(Dorsch et. al, PRL’14)
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                                     bH+ production
(D.K. Ghosh,W.-S. Hou, TM, 1912.10613)
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                                    Excess from  CMS

(Fig. from CMS PAS HIG-17-027)

Can be accommodated in G2HDM

(W.-S.Hou, M. Kohda, TM, PLB’19)

(CMS PAS HIG-17 027,  arXiv:1908.01115)
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Signatures for extra bottom 
Yukawa  couplings



(TM, E. Senaha PRD ’19)

     

                                      Extra bottom Yukawa
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(ACME 2018)

Alleviated if:



ILC-250: hbb

(TM, PRD ’19)

     

                      In Future
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Other signatures:

(TM, E. Senaha, 2005.09928)



2HDM without Z
2
 :  Extra Yukawas.

Extra Yukawas:  Electroweak Baryogenesis.                     

Discovery may help understand the Matter-Antimatter asymmetry of the 
Universe.

                       Summary

NFC may be overkill. 

ILC, LHC, Belle-II offer exquisite probes as well.
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Extra Yukawas:  leading to novel signatures at LHC.                     



Thank You



Back ups



                              Baryon Asymmetry of the Universe

(Planck, Astron. Astrophys. 571, A16 (2014))

Entropy density:

Universe is  matter dominated: Baryon Asymmetry or Matter-anti Matter Asymmetry

Conditions for Baryogenesis: (Sakharov’ Zh. Eksp. Teor. Fiz. Pis’ma 5 (1967) 32)

1. Baryon number violations:
Start with Baryon symmetric Universe: ; Evolve to Baryon Asymmetric Universe:

2. C and CP violation:

If C and CP are conserved: 
Rate of processes involving Baryons = Rate of C and CP conjugate process No Baryon Asymmetry

3. Departure from thermal equilibrium:

In chemical equilibrium: no asymmetries in quantum numbers that are not conserved such as B  

CPT invariance: Prevents of Baryon excess

All three  Sakharov’s 
conditions can be met at the 

Electroweak Phase Transition 

(V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, PLB’85, PLB’87; 
A.G. Cohen, D.B. Kaplan and A.E. Nelson, Annu. Rev. Nucl. Part. Sci.’93)

Electroweak Baryogenesis
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How about SM?

2. Weak interaction violates C maximally and violates CP by CKM

CP violation parametrized by Jarlskog invariant: 

and, no kinematic enhancement factors in the thermal bath
Too small  for 
observed BAU

1. Baryon number is violation is due to the triangle anomaly (chiral anomaly).

The rate at zero temperature: Too tiny (Gerard’t Hooft,PRL’76)

unsuppressed at finite temp. (V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, PLB’85, PLB’87;)

3. Departure from thermal equilibrium: by the electroweak phase transition but strongly first order

B-violating interactions are out of equilibrium in the bubble wall A net Baryon 
Asymmetry inside
the bubble wallNot strongly first order

g2HDM

Additional source of
CP violation

Additional-bosonic degrees of freedom:
Strongly first order
       EWPT

                                 Electroweak Baryogenesis

(TM, E. Senaha; PRD ’19)
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Diffusion const.:

B changing rate in symm. phase via sphaleron:

Bubble Wall velocity:

Strong sphaleron rate:

with and

Solving a diffusion equation for the baryon number density

total left-handed number density (in wall rest frame)

 rates by top-Higgs interactions, 
top-bubble wall interactions, Higgs 
number-violating interactions 
and strong sphaleron
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