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We have come a long way since the discovery of the Higgs boson in 2012:
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Searches for additional Higgs bosons (scalars) have come up empty so far:

arXiv:2002.12223



Searches for additional Higgs bosons (scalars) have come up empty so far:

arXiv:1911.03781arXiv:1912.01594



Because of the decoupling theorem, these two observations are related:

• A SM-like 125 GeV Higgs
• Absence of new particles at the weak scale

Decoupling theorem:
Effects of heavy new particles on low-energy observables must diminish as 
the heavy mass tends to infinity.



Because of the decoupling theorem, these two observations are related:

• A SM-like 125 GeV Higgs
• Absence of new particles at the weak scale

Decoupling theorem:
Effects of heavy new particles on low-energy observables must diminish as 
the heavy mass tends to infinity.

In the SM, generically, decoupling effect goes like

For O(15%) accuracy in HVV couplings, Mnew >~ 600 GeV!



Question: 
If we continue to pursue the precision in the Higgs coupling measurements, 
is there any value in direct searches for additional, heavy Higgs bosons?



Question: 
If we continue to pursue the precision in the Higgs coupling measurements, 
is there any value in direct searches for additional, heavy Higgs bosons?

The answer is a resounding “YES!” as the argument for decoupling is not air-
tight.

There could be additional heavy Higgs bosons at the weak scale while still 
having a Standard-Model like 125 GeV Higgs.

It goes by the name of “Alignment without decoupling.” 



In fact, it was pointed out almost 20 years ago that, in the 2HDM there could 
be a SM-like Higgs without “heavy” non-SM scalars:

Gunion and Haber, hep-ph/0207010



In fact, it was pointed out almost 20 years ago that, in the 2HDM there could 
be a SM-like Higgs without “heavy” non-SM scalars:

“Alignment without decoupling” was (re)discovered by two groups:

• MSSM augmented by a triplet scalar in 1303.0800 by Delgado, Nardini and 
Quiros.

• Studies on the parameter space of general THDMs by Craig, Galloway and 
Thomas in 1305.2424.

Gunion and Haber, hep-ph/0207010



• First consider the CP-conserving 2HDM:

• There exists a “basis” where all parameters are real. The VEV’s are
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• The particle spectrum contains 8 real degrees of freedom: 
3 eaten Goldstones and 5 physical scalars -- 2 charged Higgs, 1 CP-odd
neutral Higgs and 2 CP-even neutral Higgs.

• The mixing angle in the CP-even neutral sector is defined as

• The 2x2 mass matrix can be diagonalized:



• To see how “alignment without decoupling” arises, recall that the CP-even 
scalar couplings to VV are dictated by the respective ”strength” of the 
VEVs:
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• To see how “alignment without decoupling” arises, recall that the CP-even 
scalar couplings to VV are dictated by the respective ”strength” of the 
VEVs:

• It is possible to rotate to a basis where where all the VEV is concentrated 
in one of the scalars:

This is called the Higgs basis and is of singular importance for alignment 
without decoupling!
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• If parameters in the Lagrangian are such that, in the Higgs basis, the scalar 
mass matrix is diagonal:

Then the mass eigenstate that carries the full VEV will be SM-like  
irrespective of “mA”!

M12 ⇡ 0

Carena, Haber, IL, Shah, Wagner: 1410.4969



• If parameters in the Lagrangian are such that, in the Higgs basis, the scalar 
mass matrix is diagonal:

Then the mass eigenstate that carries the full VEV will be SM-like  
irrespective of “mA”!

“Alignment without decoupling” occurs when 

Higgs basis = Mass eigenbasis

M12 ⇡ 0

Carena, Haber, IL, Shah, Wagner: 1410.4969



• In the alignment limit

• The condition is more general than the “decoupling limit”:
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• In the alignment limit

• The condition is more general than the “decoupling limit”:

Experimental data point to an “approximate” alignment limit!
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• There are essentially two possibilities to introduce fermions in 2HDM. 
The more popular one is the Type II model (because of SUSY):

Alignment without decoupling



• There are essentially two possibilities to introduce fermions in 2HDM. 
The more popular one is the Type II model (because of SUSY):

Alignment without decoupling Decoupling Limit



Alignment without decoupling is more generic than you think:
In MSSM it usually happens at moderate tanβ:

In 2HDM and NMSSM, alignment without decoupling usually occurs at low 
tanβ < 5.

Carena, IL, Shah, Wagner: 1310.2248



• Some benchmarks for alignment at tanβ = 20 and 30:

In the infamous ”Wedge region,”
O(10%) deviation is allowed for 
mA~ 400 GeV.



• Some benchmarks for alignment at tanβ = 20 and 30:

In the infamous ”Wedge region,”
O(10%) deviation is allowed for 
mA~ 400 GeV.

To the contrary, this is not the case
in the decoupling limit.



Search strategies for additional scalars could be very different from traditional 
search channels :

Dominant decay channels are WW, hh and tt, which are different from the 
most considered bb and tau tau! 

Carena, Haber, IL, Shah and Wagner: 1410.4969



The same decay patterns of the heavy Higgs bosons hold in generic 2HDM:

Dominant decay channels are WW, hh and tt, which are different from the 
most considered bb and tau tau! 

Craig, Galloway, Thomas:1305.2424



The other prominent decay channel is di-Higgs final states.

In the SM this channel provides a unique handle to measuring Higgs self-
couplings:

In “Alignment without decoupling”, new heavy scalars could appear in this 
channel:



Higgs Alignment in CP-violating 2HDMs

• The most general Higgs potential

Since we allow for the possibility of CPX, the following parameters could 
be complex:



• Assuming the vacuum preserves U(1)em:

A potential phase in < Φ1> is removed by the global hypercharge rotation.

• Minimization of the potential relates some of the parameters:



• Recall the definition of the Higgs basis

• Rotating H2 by an arbitrary phase leaves the defining relation of Higgs 
basis invariant. Two different Higgs bases given by

are physically equivalent “Higgs bases.”

Higgs basis is really a family of bases labelled by 𝜂.



• We can ”gauge fix” the residual redundancy by writing the potential as 
follows:

Different choices of parameters now truly represent physically distinct 
theories!

Haber+collaborators: 2001.01430



• We can ”gauge fix” the residual redundancy by writing the potential as 
follows:

Different choices of parameters now truly represent physically distinct 
theories!

• Potentially complex parameters are 
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• Minimization condition in the Higgs basis:

The first condition is the definition of “v” in the Higgs basis.
The second condition eliminates one complex parameters. So only three 
are remaining:
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• Minimization condition in the Higgs basis:

The first condition is the definition of “v” in the Higgs basis.
The second condition eliminates one complex parameters. So only three 
are remaining:

• If there exists a choice of 𝜂 such that all three are real, CP is conserved:
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The importance of Z2 :

• The most general Yukawa interaction in 2HDM introduce tree-level flavor-
changing neutral currents (FCNCs) and is severely constrained by data.



The importance of Z2 :

• The most general Yukawa interaction in 2HDM introduce tree-level flavor-
changing neutral currents (FCNCs) and is severely constrained by data.

• The tree-level FCNCs can be removed by imposing a Z2 symmetry such 
that

• The following terms in the scalar potential violates the Z2 symmetry:



The importance of Z2 :

• The most general Yukawa interaction in 2HDM introduce tree-level flavor-
changing neutral currents (FCNCs) and is severely constrained by data.

• The tree-level FCNCs can be removed by imposing a Z2 symmetry such 
that

• The following terms in the scalar potential violates the Z2 symmetry:

• But this is too stringent. For the purpose of removing FCNCs, Z2 can be 
broken “softly” by mass terms. In the end we only need



• The Yukawa interaction

must also respect the Z2 symmetry, leading to two possibilities:

• In the literature the 2HDM Lagrangian is commonly presented in a “basis” 
where the Z2 symmetry is manifest. This is called ”Z2 basis.”



• The complex 2HDM (C2HDM): 
A  general 2HDM with a softly broken Z2 symmetry, defined in a basis 
where 𝜆6 = 𝜆7=0 and the VEVs are real and non-negative, 𝜉 = 0. (This can 
be achieved by rephasing Φ2 .)

• There are a total of 9 parameters in C2HDM:



• The complex 2HDM (C2HDM): 
A  general 2HDM with a softly broken Z2 symmetry, defined in a basis 
where 𝜆6 = 𝜆7=0 and the VEVs are real and non-negative, 𝜉 = 0. (This can 
be achieved by rephasing Φ2 .)

• There are a total of 9 parameters in C2HDM:

• In the Higgs basis the softly broken Z2 is not manifest and appears as the 
following constraint on the parameters:

Haber+collaborators: 2001.01430



Alignment without decoupling in C2HDM

• In the neutral scalar sector, there are 3 physical scalars which can mix. So
the mass matrix is 3x3:



• We can parameterize the rotation matrix R by three ”Euler angles:”

But         simply rotates 𝜙!" and 𝑎", which corresponds to 

So it can be re-absorbed into

In the end, one can diagonalize the mass matrix using just two angles. 

Haber+collaborators: 2001.01430
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• This consideration motivates absorbing 𝑅!# into the mass matrix itself:

• The exact alignment limit is given by

When this occurs, there is a mass eigenstate which carries the full 
strength of the VEV and will be SM-like.

<latexit sha1_base64="acrBttMCxMWWZ0MkL1UL2l5ZOdk=">AAACHnicdVDLSgNBEJz1GeNr1aOXwSB4CrvRoJdA0IsXIYJ5QLKG2dlOMmT2wcysEpb9Ei/+ihcPigie9G+cJHvQRAsaiqpuurvciDOpLOvLWFhcWl5Zza3l1zc2t7bNnd2GDGNBoU5DHoqWSyRwFkBdMcWhFQkgvsuh6Q4vxn7zDoRkYXCjRhE4PukHrMcoUVrqmuXOPfNAMe5B0qGE46v0ttRN7FJa+cc5TitW1yxYRWsCPE/sjBRQhlrX/Oh4IY19CBTlRMq2bUXKSYhQjHJI851YQkTokPShrWlAfJBOMnkvxYda8XAvFLoChSfqz4mE+FKOfFd3+kQN5Kw3Fv/y2rHqnTkJC6JYQUCni3oxxyrE46ywxwRQxUeaECqYvhXTARGEKp1oXodgz748Txqlol0uWtcnhep5FkcO7aMDdIRsdIqq6BLVUB1R9ICe0At6NR6NZ+PNeJ+2LhjZzB76BePzG4acohA=</latexit>

fM2
12 = fM2

13 = 0



The explicit expression:

Alignment conditions:

Mass eigenstates:

<latexit sha1_base64="gBiBtgAP7p9+YJ4jgXKBpA/Ppnc=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuCpJVXRZdOOygr1AG8JkOmmHzkzCzEQoITs3voobF4q49RXc+TZO04Da+sPAx3/O4cz5g5hRpR3nyyotLa+srpXXKxubW9s79u5eW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfD2td+6JVDQSd3oSE4+joaAhxUgby7cPuZ+OfDfrMwJzrP/gaQZ9u+rUnFxwEdwCqqBQ07c/+4MIJ5wIjRlSquc6sfZSJDXFjGSVfqJIjPAYDUnPoECcKC/N78jgsXEGMIykeULD3P09kSKu1IQHppMjPVLztan5X62X6PDSS6mIE00Eni0KEwZ1BKehwAGVBGs2MYCwpOavEI+QRFib6ComBHf+5EVo12vuec25Pas2roo4yuAAHIET4IIL0AA3oAlaAIMH8ARewKv1aD1bb9b7rLVkFTP74I+sj28WdZjM</latexit>

mh1  mh2  mh3

<latexit sha1_base64="c0dDV+rx1uIzG6N3OIYWSVypeqM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkWHQjFF3osoJ9QBvCZDpph85MwsxELDELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7ufeeIGZUacf5tgpLyyura8X10sbm1vaOvbvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXU389j2RikbiTo9j4nE0EDSkGGkj+fYB99Oh72YXPR5ED6lbrcFr0sp8u+xUnCngInFzUgY5Gr791etHOOFEaMyQUl3XibWXIqkpZiQr9RJFYoRHaEC6hgrEifLS6f0ZPDZKH4aRNCU0nKq/J1LElRrzwHRypIdq3puI/3ndRIfnXkpFnGgi8GxRmDCoIzgJA/apJFizsSEIS2puhXiIJMLaRFYyIbjzLy+SVrXi1irO7Wm5fpnHUQSH4AicABecgTq4AQ3QBBg8gmfwCt6sJ+vFerc+Zq0FK5/ZB39gff4AwyGVSA==</latexit>

mh1 = 125 GeV



• 9 input parameters

Low, Shah and Wang:2012.00773



We are interested in the interplay between the Higgs alignment and CPX in 
C2HDM. There are two important experimental observations:

• The 125 GeV Higgs is SM-like.

• EDM places stringent constraints on CPX.

These motivates considering the small departures from

• The exact alignment limit

• The exact CP-conserving limit.

Low, Shah and Wang:2012.00773



Two CP-conserving limits:

• The CP-conserving conditions

give rise to two CP-conserving limits:

• In the CP-limit, there are two CP-even scalars (SM-like Higgs and H) and 
one CP-odd scalar (A). Only the two CP-even scalars could mix.

• In small departure from the CP-limit, each mass eigenstate retains its 
dominant “CP-character,” with small mixtures with other scalars.



• In CPC1, the SM-like Higgs has a small mixture with the CP-odd 
component in 𝐻!. In this case the small CPV implies small departures 
from the alignment limit. EDM gives

• In CPC 2, the SM-like Higgs has a small mixture with the CP-even 
component in 𝐻!. In this case the CP-limit is independent of the 
alignment limit!



Collider phenomenology



• Heavy Higgs decays



• The most interesting pattern is the Higgs-to-Higgs decay:

• This decay is CP-violating and vanishes in the exact alignment limit:

<latexit sha1_base64="TIU3vq/saxwx23/FWb4HJSgqDD4=">AAACCnicbVA7T8MwGHR4lvIKMLIYqkplqZIKBGNVFsaC6ENqoshxndaq7US2g1RFnVn4KywMIMTKL2Dj3+C2GaDlZEunu++TfRcmjCrtON/Wyura+sZmYau4vbO7t28fHLZVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCUfXU7/zQKSisbjX44T4HA0EjShG2kiBfZJ5ksPG3aQyDGqejuEwcM058xTl0HUcrxzYJafqzACXiZuTEsjRDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkUnRSxVJEB6hAekZKhAnys9mUSawbJQ+jGJprtBwpv7eyBBXasxDM8mRHqpFbyr+5/VSHV35GRVJqonA84eilEETedoL7FNJsGZjQxCW1PwV4iGSCGvTXtGU4C5GXibtWtW9qDq356V6I6+jAI7BKagAF1yCOrgBTdACGDyCZ/AK3qwn68V6tz7moytWvnME/sD6/AGqdJhQ</latexit>

BR(h2 ! h1h1) ⇠ 100%

The mere existence of this decay is indicative of CPV!



• Final state with three 125 GeV Higgs bosons is very distinct, and has not 
been searched for at the LHC!

• At the High Luminosity LHC with 3000 /fb, the CP-violating triple Higgs 
event could have a large rate:

<latexit sha1_base64="TyzqHfagj/EBcfy1RnY8Gf9Cqag=">AAACF3icbVDLSgMxFM34rPVVdekmWIS6GSbVUjdC0Y0rqWAf0I5DJs10QjMPkoxQhv6FG3/FjQtF3OrOvzHtzEJbLwkczrmXe89xY86ksqxvY2l5ZXVtvbBR3Nza3tkt7e23ZZQIQlsk4pHoulhSzkLaUkxx2o0FxYHLaccdXU31zgMVkkXhnRrH1A7wMGQeI1hpyimZNxXfOe2rCPpO1XdQhlD2TuAFRGa9r1hAJUTWfc0plS3TmhVcBCgHZZBX0yl99QcRSQIaKsKxlD1kxcpOsVCMcDop9hNJY0xGeEh7GoZYb7LTma8JPNbMAHqR0D9UcMb+nkhxIOU4cHVngJUv57Up+Z/WS5R3bqcsjBNFQ5It8hIOtflpSHDABCWKjzXARDB9KyQ+FpgoHWVRh4DmLS+CdtVENdO6PSs3LvM4CuAQHIEKQKAOGuAaNEELEPAInsEreDOejBfj3fjIWpeMfOYA/Cnj8wdrVZxQ</latexit>

N(h3 ! h2h1 ! h1h1h1) = 1.7⇥ 105

Now is a good time to start an experimental 
program on triple Higgs final states!



Conclusion:

• There is an interesting interplay between alignment limit and CP-
conserving limit in C2HDM. In one case, the alignment limit is identical 
with the CP-limit, while in the other case they are independent.

• There is a smoking-gun signal for CP violation at the LHC in C2HDM, 
without recourse to angular distributions, by searching for CP-violating 
triple Higgs bosons!


