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Taken from ATLAS collabora1on, ATLAS-CONF-2020-027
Cross sec1ons 1mes branching frac1on for ggF, vector 
boson fusion (VBF), VH and &̄H+tH produc1on in each 
relevant decay mode, normalized to their Standard Model 
(SM) predic1ons. The values are obtained from a 
simultaneous fit to all channels. The cross sec1ons of the 
ggF, H→bb+, VH, H→WW* and VH, H→ττ processes are 
fixed to their SM predic1ons. Combined results for each 
produc1on mode are also shown, assuming SM values for 
the branching frac1ons into each decay mode. The black 
error bars, blue boxes and yellow boxes show the total, 
systema1c, and sta1s1cal uncertain1es in the 
measurements, respec1vely. The gray bands show the 
theory uncertain1es in the predic1ons. The level of 
compa1bility between the measurement and the SM 
predic1on corresponds to a p-value of pSM=87%, 
computed using the procedure outlined in the text with 16 
degrees of freedom. 

Nine years after the discovery of the Higgs boson, the data from Runs 1 and 2 
of the LHC are well described by the Standard Model.





Nevertheless, given the current precision of the Higgs data,  the 
possibility that the Higgs sector contains more that one physical 
scalar cannot be excluded.

Indeed, the structure of the Standard Model (SM) is far from 
being of minimal form.   For example, there are three generaPons 
of quarks and leptons whereas one generaPon would have been 
sufficient (“Who ordered that?”). So why shouldn’t the scalar 
sector be non-minimal as well?



Motivations for Extended Higgs Sectors
ØExtended Higgs sectors can modify the electroweak phase 

transition and facilitate baryogenesis.

ØExtended Higgs sectors can enhance vacuum stability.

ØExtended Higgs sectors can provide a dark matter candidate.

ØExtended Higgs sectors can be employed to provide a solution to 
the strong CP problem (⟹ axion)

ØModels of new physics beyond the SM often require additional 
scalar Higgs states. E.g., two Higgs doublets are required in the 
minimal supersymmetric extension of the SM (MSSM).



A neutral scalar dark matter candidate—the inert doublet model (IDM)

The IDM is a 2HDM in which the 
scalar potential in a basis where 
<H1>=v/       and <H2>=0 exhibits 
an exact Z2 discrete symmetry.   
All fields of the IDM—gauge 
bosons, fermions and the Higgs 
doublet field H1 are even under 
Z2 . Only the Higgs doublet field 
H2 is Z2-odd.  Hence, there is no 
mixing between H1  and H2.  In 
particular, the SM Higgs boson h
resides in H1. The lightest Z2-odd 
particle (LOP) residing in H2 is a 
candidate for the dark matter.

Note: deviations of h from SM Higgs properties can arise at one-loop (e.g., H± loop corrections to h ➝ 𝛾𝛾).



Extended Higgs Sectors are Highly Constrained
ØThe electroweak 𝜌 parameter is very close to 1.  

ØOne neutral Higgs scalar of the extended Higgs sector must be SM-like (and 
idenLfied with the Higgs boson at 125 GeV).

ØAt present, only one Higgs scalar has been observed.

ØHiggs-mediated flavor-changing neutral currents (FCNCs) are suppressed.

ØHiggs sector CP-violaLon has not yet been observed (with implicaLons for 
electric dipole moments).

ØCharged Higgs exchange at tree level (e.g. in                             ) and at one-
loop (e.g. in                ) can significantly constrain the charged Higgs mass and 
the Yukawa couplings.



The !-parameter constraint on extended Higgs sectors

Given that the electroweak !-parameter is very close to 1, it follows that a

Higgs multiplet of weak-isospin T and hypercharge Y must satisfy,1
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independently of the Higgs vacuum expectation values (vevs). The simplest

solutions are Higgs singlets (T, Y ) = (0, 0) and hypercharge-one complex

Higgs doublets (T, Y ) = (12, 1). For example, the latter is employed by the

two Higgs doublet model (2HDM).

More generally, one can achieve ! = 1 by fine-tuning if

!

T,Y

"

4T (T + 1)$ 3Y 2
#

|VT,Y |2cT,Y = 0 ,

where VT,Y ! %!(T, Y )& is the scalar vev, and cT,Y = 1 for complex Higgs

representations and cT,Y = 1
2 for real Y = 0 Higgs representations.

1Y is normalized such that the electric charge of the scalar field is Q = T3 + Y/2.



Example: the Georgi-Machacek (GM) model (complex doublet, complex triplet, real 
triplet scalars)

(T, Y; c):  𝛷=(½ , 1; 1),  𝛸=(1, 2; 1), T=(1, 0; ½)

If V1,2 = V1,0  then                                                                                                       and it follows 
that 𝜌 = 1.

One can write down a custodial symmetric scalar potential that yields V1,2 = V1,0  at tree-level.   However, 
due to custodial symmetry violating hypercharge gauge and Yukawa interactions, one finds that custodial 
symmetry violating terms in the scalar potential are generated at the loop level and are divergent and 
require counterterms.   That is, a custodial symmetric scalar potential must be unnaturally fine-tuned.   
There are two options:

§ Accept the fine-tuning of the scalar potential.
§ Impose the custodial symmetric scalar potential at a very high energy scale (imposed 

by a mechanism to be determined by the (unknown) ultraviolet completion, and use 
RG evolution to permit (hopefully) small custodial violation at the electroweak scale.



A few phenomenological interesting features of the GM model:

o Doubly charged Higgs scalars
o Non-zero tree-level H± W∓ Z vertex  
o Possibility of an hVV couling that is larger than the corresponding SM value



Decoupling limit of the GM Model



SM-like Higgs boson with suppressed Higgs-mediated FCNCs:        
A tale of two alignment mechanisms

1. Higgs field alignment

In the limit in which one of the Higgs mass eigenstate fields is approximately aligned 
with the direction of the scalar doublet vacuum expectation value (vev) in field 
space, the tree-level properties of the corresponding scalar mass eigenstate 
approximate those of the SM Higgs boson.

2. Flavor alignment

The quark mass matrices derive from the Higgs-fermion Yukawa couplings when the 
neutral Higgs fields acquire vevs.  Flavor alignment arises when the diagonalization 
of the quark mass matrices simultaneously diagonalize the neutral Higgs quark 
interactions, implying the absence of tree-level Higgs-mediated FCNCs.









Higgs field alignment with or without decoupling
1. The decoupling limit

2. Higgs alignment limit without decoupling



Exhibiting Higgs field alignment in the 2HDM



The Higgs field alignment limit is most easily obtained by considering the VVH and 
Yukawa interactions:



Flavor alignment to avoid tree-level Higgs-mediated FCNCs 

1. In the 2HDM, choose the 𝜌Q to be diagonal matrices.

This requirement, if implemented generically, is not stable under RG evolution.   
The diagonality condition can be imposed either at 
§ the electroweak scale by fine-tuning [A. Pich and P. Tuzon, arXiv: 0908.1554]

or at 
§ a very high energy scale, in which case tree-level Higgs-mediated FCNCs are 

generated at the electroweak scale and provide potential signals for 
discovery [S. Gori, H.E. Haber and E. Santos, arXiv:1703.05873]

2. In the 2HDM, impose a discrete symmetry on the Higgs Lagrangian such the 
the 𝜌Q are diagonal.  Different choices of the discrete symmetry yield the well-
known Types I, II, III (or Y) and IV (or X) Yukawa couplings of the 2HDM.

https://arxiv.org/abs/0908.1554
http://arxiv.org/abs/arXiv:1703.05873


In the CP-conserving 2HDM, the neutral scalar fields are denoted by the CP-even 
fields h and H and a CP-odd field A.   To conform with the conventions of the 
2HDM literature,  we identify

In the Higgs field alignment limit h is SM-like, and q21=q31=q12=0  ⟹ cos(𝛽−𝛼)=0.

The Type I and II Yukawa couplings 𝜌U and 𝜌D are diagonal matrices

tan 𝛽 = v2 /v1  is defined in the 
scalar field basis in which the 
discrete symmetries that define 
the Types I and II Yukawa 
couplings are manifestly realized. 
In this basis, 𝛼 is the CP-even 
Higgs mixing angle.



LHC constraints on Higgs field alignment in the 2HDM

Regions of the (cos(β - α), tan β) plane of the 2HDM with Type-I and Type-II Yukawa couplings, 
excluded by fits to the measured rates of Higgs boson production and decays. Contours at 95% CL, 
defined in the asymptotic approximation by -2 ln Λ = 5.99, are drawn for both the data and the 
expectation for the SM Higgs sector.   Taken from ATLAS-CONF-2020-027 (29 July 2020).



Constraints on the 2HDM from flavor physics observables

Taken from A. Arbey, 
F. Mahmoudi, O. Stal and 
T. Stefaniak, arXiv:1706.07414

Remark: A more recent analysis 
by M. Misiak, A. Rehman and 
M. Steinhauser, arXiv:2002.01548
asserts that the 95% CL lower 
bound on the charged Higgs mass 
in the Type II (and III) 2HDM has 
been strengthened to 800 GeV.

https://arxiv.org/abs/1706.07414
https://arxiv.org/abs/2002.01548


Fingerprinting nonminimal Higgs sectors

Taken from S. Kanemura, K. Tsumura, K. Yagyu and H. Yokoya, arXiv: 1406.3294

https://arxiv.org/abs/1406.3294


In models with a universal shie in the 
Yukawa couplings, i.e. 𝜅F = 𝜅U = 𝜅D , 
one can disLnguish among a number 
of different extended Higgs sectors:

Taken from S. Kanemura, K. Tsumura, K. Yagyu and 
H. Yokoya, arXiv: 1406.3294

Remark: the septet scalars corresponds 
to (T,Y)=(3,4), which also yields 𝜌 = 1 
without fine-tuning of the vevs.

https://arxiv.org/abs/1406.3294


CP violation originating from the scalar sector
ØExpected in any extended Higgs sector.  Since CP-violation via the CKM matrix is 

already present, to turn off CP-violation effects that can arise via the scalar 
potential (or via the Yukawa couplings without additional symmetries) requires 
a fine-tuning of parameters  [D. Fontes, M. Loschner, J.C. Romao and J.P. Silva, 
arXiv: 2103.05002]

Ø Strongly constrained by experimental limits on the electric dipole moment of 
the electron [for recent work, see W. Altmannshofer, S. Gori, N. Hamer and 
H.H. Patel, arXiv: 2009.01258] 

Ø Interesting phenomenological features of the complex 2HDM
o P-even, C-odd phenomena originating from the bosonic sector
o P-odd, C-even phenomena originating from the Yukawa sector

https://arxiv.org/abs/2103.05002
https://arxiv.org/abs/2009.01258


A proposal to observe scalar sector CP violation (P-even, C-odd) at future colliders

In this example, we employ the 2HDM framework in the Higgs field alignment limit.  This precludes 
the identification of CP violation through the observation of ZZh1, ZZhk and Zh1hk vertices (k=2 or 3), 
since the ZZhk vertex is absent, if k=2 or 3, in the alignment limit.

Our proposal (H.E. Haber, V. Keus and R. Santos, in preparation) is to employ the observation of 
h2H+H-, h3H+H- and Zh2h3 vertices.  All three vertices are generically nonvanishing in the alignment 
limit.  If CP is conserved, then h2  and h3 must have opposite sign CP quantum numbers, whereas
H+H- can only couple to a CP-even scalar.

Parameter regimes exist in which both h2 and h3
can decay to H+H- with significant branching ratios
(which can be as larger or larger than the branching
ratios into third generation fermion pairs).   In such
a scenario, the observation of h2h3 production and
subsequent decays into H+H- would confirm the
existence of P-even, C-odd phenomena in the scalar
sector.  This would be a program that could be 
pursued at multi-TeV lepton colliders such as CLIC 
or a future 𝜇+𝜇- collider.
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Extended Higgs Sectors and Supersymmetry
1. The Minimal Supersymmetric Extension 

of the SM (MSSM)

The MSSM employs a 2HDM Higgs sector 
and provides a (potenLally) natural 
framework for electroweak symmetry 
breaking.   The observed Higgs mass of 
125 GeV is a predicLon of the MSSM as a 
funcLon of MSSM parameters.

Taken from P. Slavich et al., arXiv:2012.15629

The most recent precision Higgs mass 
calculations suggest that the 
supersymmetry (SUSY) breaking scale MS
may be out of reach of LHC searches. 

http://arxiv.org/abs/arXiv:2012.15629


Can the H, A and H± be discovered at the LHC 
in the parameter range of mA≳ 500 GeV and 
1 ≲ tan 𝛽 ≲ 5 ?



2. Non-minimal SUSY models

In the NMSSM, the superpotential
contains a term 𝜆HUHDN, where N
is a singlet superfield.  The 
parameter 𝜆 plays a significant 
role in determining the Higgs 
mass.   Remarkably, approximate 
Higgs field alignment is achieved 
for 𝜆=𝜆alt .

This scenario provides a much 
richer phenomenology for future 
LHC searches.

Taken from M. Carena, H.E. Haber, I. Low, N. Shah 
and C.E.M. Wagner, arXiv:1510.09137

http://arxiv.org/abs/arXiv:1510.09137

