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Overview



 Current data : 125 GeV (h0) scalar is SM-Higgs like. Indication of  Alignment (approximate).

 2HDM without Z
2
 

 Same-sign top:

Alignment without Decoupling:  if happens, sub-TeV second doublet is plausible. 
Can be realized  in 2HDM. 

                Overview

Sub-TeV Second Doublet + Extra Yukawas:

Second doublet could be rather heavy. Alignment  from Decoupling.

Extra Yukawas :

Novel  Signatures at LHC:

Triple-top:

 Top-assited di-Higgs:

(see W.-S Hou’s talk for detials)

Baryon Asymmetry of the Universe. 

(See talk by E. Senaha)



Framework



                          The Higgs sector 
CP-even mass matrix:

CP conserving 2HDM without Z
2
 :

( Hou and Kikuchi, 1706.07694v3)

Near Alignment (In Higgs Basis:):

Alignment without decoupling:

(See talk by W.-S Hou)

Excellent scope 
for LHC search

(Bechtle et al. EPJC ’17)



                                 The Yukawa Sector

E.g. in 2HDM-II: up- and down-type quarks get masses from different doublets. 

Mass and Yukawa matrices are diagonalized simultaneously.

Realized by invoking Z
2
 symmetry. NFC.

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

After diagonalization of fermion mass matrices: Two different Yukawas 
emerge:

(Glashow, Weinberg PRD’77)

(Davidson, Haber  PRD ’05)



                         Signatures at LHC

Recent ATALS study: could be sensitive. (ATLAS PRL ’18) 

(CMS-PAS-B2G-16-025)

(Altunkaynak PLB ’15)

Other search modes:

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

(See e.g. Carena and Liu JHEP ’16) 

(See K.-F Chen’s talk)



Triple-top:

Same-sign top:

May emerge earlier than triple-top

(See also Hou et al. PLB ’97)

Assumed nearly degenerate 
heavy scalars to forbid:

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

2. Clean 3b-jets, 
         3-lepton final state

Top-assisted di-Higgs:

   1. Tiny di-Higgs in SM
2. Resonant di-Higgs

          3. Probe for Higgs potential

  (Phys.Lett. B776 379-384;
    Phys.Lett. B786 212-216; 
    W.-S Hou, M. Kohda,  TM)

(see Spencer Chang’s,   
Kingman Cheung’s and S. 
Paganis’ talk  ) 

(Phys.Rev. D99, 055046;W.-S Hou, M. Kohda,  TM)



Same-sign top and triple-top



                                   Parton level cross sections
Parton level cross sections at LO:

MadGraph5_aMC@NLO

PDF set : NN23LO1

cancels each other exactly.

(W.-S Hou, M. Kohda, TM PLB ’18)



                       Same-sign top

Process:

Event selection:

Signal at LO. Backgrounds with QCD corrections included.

(CMS EPJC ’17)

MadGraph5_aMC + Pythia 6.4 + Delphes-3.4.0



Discovery: easier for small H0 - A0  mass splitting case.

Discovery potential:



                     Triple-top

Process:

Event selection:

Signal at LO. Backgrounds with QCD corrections included.

parenthesis: 
impact of 
Z-pole veto



For H0 and A0 degenerate case: significances are boosted by the 
addition of H0 and A0 contributions.

Discovery potential:



                                       Discovery and exclusion

●   ATLAS same-sign top search
 (Run-1 data) (JHEP ’15).
 

● CMS 4 top search (2016 data) (EPJC ’18).
   CRW region.

                     A light scalar ?

Light (~200 GeV) A0/H0. Can they still emerge?

    ( W.-S Hou, M. Kohda,  TM)



Top-assisted di-Higgs



Unitarity, Perturbativity, 
positivity:

by 2HDMC: Higgs basis 
+

T-parameter

                                   Resonant di-Higgs

The Hhh coupling

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



                                   The Hhh coupling

 Optimized choices



Signal at LO. Backgrounds with QCD corrections included.

Signature:

                         The discovery



2HDM without Z
2
 :  Extra Yukawas:

Extra Yukawas: leading to novel signatures at LHC.                     

Triple-top may require HL-LHC, however Same-sign top may emerge 
with 300 fb-1 data.

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

                       Summary

Triple-top Same-sign top

NFC may be overkill. 

Top-assisted di-higgs

Light scalars are possible. 

Top-assisted di-Higgs may emerge in the HL-LHC.



Thank You
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