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My first paper on the experimental implications of the Higgs boson was 
published nearly 35 years ago, and served as a basis for my Ph.D. thesis.   
In this paper, we considered the possibility of detecting observable  
consequences of a very massive Higgs boson (near the unitarity limit).  



At the time, the experimental challenges presented by the  
Higgs boson of the Standard Model seemed daunting.    
These had been spelled out in a ground breaking paper   
by John Ellis, Mary K. Gaillard and Dmitri Nanopoulos a few 
years earlier, assuming that the collider was energetic 
enough to produce Higgs bosons which would be subsequently 
observed via their decay products.  

Veltman argued that below the Higgs boson threshold, the  
indirect effects of Higgs bosons were especially difficult to  
observe due to the logarithmic sensitivity to the Higgs mass in 
gauge boson interactions.  We extended this analysis to processes  
involving fermions, although we did not anticipate the existence 
of a top quark with a mass larger than the W and Z bosons.  





We were then motivated to examine extended Higgs sectors. 

New experimental Higgs observables and signals 
 

Enhanced Higgs couplings to fermions (additional sources  
     for fermion mass terms) 
 
New sources of CP-violation 

 
Needed in the MSSM to avoid higgsino anomalies 

This led us to the development of the two-Higgs doublet model 
with Type-I Higgs-fermion interactions. 





Which extended Higgs sectors should we consider? 

Thus, I shall focus on multi-Higgs models with additional  
Higgs doublets.  The simplest of such model extensions is  
the two-Higgs doublet model (2HDM).  



Extended Higgs sectors present an immediate challenge when  
coupled to fermions.  Namely, one must avoid potential  
flavor-changing neutral currents (FCNCs) due to tree-level neutral  
Higgs exchange, which would be in conflict with experimental data.    

Example: the Higgs-fermion Yukawa couplings in the 2HDM 



In the Standard Model, the diagonalization of the quark mass  
matrix automatically diagonalizes the neutral Higgs—fermion  
interactions.  In the 2HDM, this is not possible for a general 
set of Yukawa coupling matrices. 
 
Glashow and Weinberg proved that the diagonalization of the  
quark mass matrix automatically diagonalizes the neutral  
Higgs—fermion interactions if at most one neutral Higgs field  
couples to fermions of a given electric charge. 
 
The Glashow—Weinberg conditions are satisfied for: 

which can be enforced by a discrete symmetry [or supersymmetry]. 



The 2HDM received a huge boost when the minimal supersymmetric 
extension of the Standard Model (MSSM) became a leading candidate 
for providing a natural explanation for the electroweak symmetry  
breaking scale relative to that of the Planck scale. 

  A supersymmetric Higgs-fermion interaction is necessarily 
      holomorphic, implying the need for two Higgs doublets to 
      provide masses for both up-type and down-type fermions. 
 
 The fermionic higgsino partners of the Y = ±1 Higgs doublets 
     is vector-like and hence anomaly free. 
 
 The superymmetric constraints on the Higgs interactions 
      yields important relations among Higgs couplings and  
      Higgs masses. 



The tree-level MSSM Higgs sector 

. 

Yukawa couplings (Type-II): 











By 1990, there was a huge 
literature on the phenomenology 
of the Higgs boson of the Standard 
Model and of Higgs bosons of 
extended Higgs sectors. 

The LEP collider was ready to  
extend the Higgs search to masses 
of order the Z mass and beyond. 
 
On the horizon was the SSC (soon  
to be cancelled) and the LHC.  

The hunt for the Higgs boson was on! 



An aside: saving the MSSM Higgs sector 

   



Papers by our group and by two other groups (J. Ellis, G. Ridolfi  
and F. Zwirner and Y. Okada, M. Yamaguchi and T. Yanagida)  
published in 1991 demonstrated that radiative corrections could 
yield a significant enhancement to the Higgs mass upper bound 
in the MSSM, pushing the mass bound above the eventual LEP limit. 





The fate of extended Higgs sectors 

  Extended  Higgs sectors provide new phenomenological 
     signatures which, if observable, would reveal a richer  
     structure for the electroweak symmetry breaking dynamics.  

  But, the mass scale that characterizes the scalar states beyond 
     the Standard Model (SM) Higgs boson could be somewhat       
     separated from the electroweak symmetry breaking (EWSB) scale.  

  In such a scenario, integrating out physics above the new mass  
     scale would yield an effective theory of a single Higgs scalar  
     whose properties would be very close to those of the SM Higgs  
     boson.  The true nature of the EWSB dynamics would only be  
     revealed by detecting the deviations from SM-like Higgs behavior. 

   Charged Higgs bosons 
   CP-odd neutral Higgs bosons 
   Neutral Higgs bosons of indefinite CP (and new sources of CP violation) 



This was the introduction of the Decoupling limit scenario. 



Example: decoupling of the non-minimal Higgs bosons  
of the MSSM Higgs sector (tree-level analysis) 



A survey of tree-level Higgs couplings in the MSSM 













The extension of the decoupling limit to the most general 2HDM  
is straightforward.   For the CP-conserving 2HDM, the decoupling 
limit is controlled by cos(β – α), and the first-order corrections 
due to the non-minimal Higgs sector to  various observables 
are correlated. 



Interpreting the LHC Higgs data and the decoupling limit 

  It is important to distinguish two energy scales: 

o  ΛH : the scale of the heavy non-minimal Higgs bosons. 
o  ΛNP : the scale of new physics beyond the Higgs-extended SM. 

  The departure from the decoupling limit can receive  
      contributions from both the heavy Higgs states via 
      tree-level mixing and from new physics via one-loop 
      radiative correction effects.   
        

o Separating out these two effects if deviations 
from SM Higgs couplings are confirmed will be 
important (and challenging). 

What is the LHC Higgs data telling us? 



Summary of the individual and combined  
best-fit values of the strength parameter for  
a Higgs boson mass hypothesis of 125.5 GeV. 
Taken from ATLAS-CONF-2012-170,  
13 December 2012. 
 

Values of μ̂ = σ/σSM for the combination (solid  
vertical line) and for sub-combinations grouped  
by decay mode (points). The vertical band shows  
the overall μ̂ value 0.88 ± 0.21. The horizontal 
bars indicate the ±1σ uncertainties (both 
statistical  and systematic) on the μ̂ values  
for individual  channels.  Taken from  
CMS-PAS-HIG-12-045,  16 November 2012. 



The γγ excess has received the most attention.  ATLAS currently  
quotes a 2.4 σ discrepancy from the SM prediction. 

Nevertheless, global fits  
suggest no statistically 
significant deviation  
from SM predictions. 

2D test statistics q(κV, κF) scan, 
including individual channels, 
assuming κV and κF have the same sign. 
CMS finds a slightly better fit when the 
relative sign of κV and κF  is negative.  
Taken from CMS-PAS-HIG-12-045,   
16 November 2012. 



More evidence for the decoupling limit?  







A cautionary tale: the wrong-Higgs couplings of the MSSM 



(See review by M. Carena and H.E. Haber Prog. Part. Nucl. Phys. 50, 63 (2003) 
 and references therein.) 









[Haber, Herrero, Logan, Penaranda, Rigolin and Temes] 



In  the 2HDM, symmetries are imposed to restrict the structure  
of the Higgs-fermion interactions in order to avoid tree-level 
Higgs-mediated FCNCs.  Two choices for this symmetry are: 

  

However, these symmetries are typically broken at some 
scale, Λsym.  If Λsym lies somewhat above the EWSB scale but 
below the mass scale of the non-minimal Higgs bosons, then  
the effective theory below Λsym is a completely general 2HDM.  

Thus, I was motivated to study the most general 2HDM, 
where the two Higgs doublet fields are indistinguishable.  



Since the two Higgs fields are indistinguishable, one can redefine the 
basis of the two Higgs fields by applying a general U(2) transformation. 
True observables must be basis-independent.  In particular, the 
parameter tan β is no longer a physical quantity. 



. 



















The Decoupling Limit of the 2HDM revisited 





We are at the dawn of an exciting era for Higgs hunters. 

  We eagerly await the updates and clarifications from 
      ATLAS and CMS on the full 2012 Higgs data set. 
 
  Will the newly discovered Higgs boson signal the 
       presence of new physics beyond the Standard Model? 

 
  Meanwhile, I would like to congratulate Peter Higgs 
       for receiving the Companion of Honour. 
 
  I would also like to express my gratitude to Peter for 
       his instrumental role in creating an exciting and  
       stimulating career path for me and my fellow 
       Higgs hunters. 
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