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Large Variations of Higgs couplings are still possible

But we cannot determine the Higgs couplings very accurately

As these measurements become more precise, they constrain possible 
extensions of the SM, and they could lead to the evidence of new physics.

It is worth studying what kind of effects one could obtain in well motivated 
extensions of the Standard Model, like SUSY.

Monday, August 26, 2013

The properties of the recently discovered Higgs boson are close to the SM ones

(for an extensive review, see Christensen, Han and Su’13) 
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Very good agreement of Higgs Physics Results
with SM Predictions

Higgs Boson Discovery at the LHC :



ATLAS and CMS Combination
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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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Although the agreement with the SM is overall quite good, there are still relevant 
uncertainties in the Higgs couplings, which will be resolve with higher statistics             
and the analysis of new channels.  Particularly interesting are the couplings to 

third generation quarks and leptons.



Topics

• Enhancement of the top coupling / suppression of the 
bottom coupling

• Lepton flavor violating decays of the Higgs

• Double Higgs Production / Modified trilinear 
couplings…

• Higgs Alignment in the MSSM and NMSSM

• MSSM Higgs Mass

• Searches for new Higgs Bosons in different channels



Enhancing  (Suppressing) the tth (bbh) Coupling

Figure 1: Dependence of Higgs signal rates on cot (� � ↵) for tan � = 1 (left) and 2 (right) in

type-II 2HDM.

that depend on the SM couplings and may receive contributions from New Physics. Formulae

for Rj
i as a function of these couplings are given in the Appendix.

In the type-II 2HDM the couplings (normalised to SM) read:

ct =
cos↵

sin �
= sin (� � ↵) + cot � cos (� � ↵) , (4)

cb = � sin↵

cos �
= sin (� � ↵)� tan � cos (� � ↵) , (5)

cV = sin (� � ↵) , (6)

The SM couplings are obtained in the decoupling limit ↵ = � � ⇡/2. It is clear from the

above formulae that significant deviations from the SM for the tth production cross-section can

only occur for small values of tan � and away from the decoupling limit. It is important to

note the anti-correllation between ct and cb. If one is enhanced, the other one is suppressed

and vice-versa. Moreover, for tan � > 1 the bottom Yukawa coupling deviates from the SM

more than the top quark Yukawa. This is particularly important since the bottom Yukawa

coupling controls to large extent the total decay width of the Higgs because the SM Higgs

branching ratio to bottom and tau pairs exceeds in total 60%. Therefore, all the branching

ratios strongly deviate from the SM prediction if cb strongly deviates from cV . Since the LHC

Higgs measurements are close to the SM predictions this puts strong constraint on possible

deviations of ct from one.

The dependence of �tth and other rates on cot (� � ↵) for tan � = 1 and 2 is shown in Fig. 1.

Due to the observed excess in µtth
WW , it is particularly interesting to investigate predictions for

Rtth
V V , where V = W or Z. It can be seen from eqs. (4)-(5) that in type-II 2HDM Rtth

V V can be

enhanced only for cot (� � ↵) > 0. As is shown in Fig. 1, in such a case, both the tth production

cross-section and the branching ratio to WW is enhanced. However, a large enhancement of
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Type II
Two Higgs Doublet Models

Figure 1: Dependence of Higgs signal rates on cot (� � ↵) for tan � = 1 (left) and 2 (right) in

type-II 2HDM.
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Strong Correlation between Different Channels
Relevant enhancement (suppression) of tth (bbh) not possible

Badziak, C.W. ‘16



Additional Loop Effects
(Example : Stop Effects)

Rtth
V V is constrained by the existing LHC Higgs data which in most cases agree quite well with

the SM predictions. The main constraint comes from the measurements of Rgg
V V which is even

slightly bigger than Rtth
V V because the enhancement of the gluon-fusion cross section becomes

bigger than the one of the tth cross-section when the hbb coupling is suppressed, cf. eqs. (26)

and (29).

We conclude that in type-II 2HDM, without the addition of new particles, it is not possible

to strongly enhance Rtth
V V while keeping other rates in a good agreement with the SM predictions.

3 tth in type-II 2HDM with light stops

The conclusion of the previous section would not hold if there existed new coloured states that

modify gluon-fusion production cross-section. Such modification of e↵ective coupling of the

Higgs to gluons is parameterised by �cg in our computation of the cross sections and branching

ratios given in eq. (29). In this paper we focus on light stops as a source of �cg because the

Higgs sector of minimal SUSY models reduces to the class of Type-II 2HDM in certain limits.

Nevertherless, one should keep in mind that modification of cg can originate from other light

coloured states, see e.g. Ref.[10], so the mechanism we present is applicable more generally.

Type-II 2HDM with light stops that we consider should be thought of a simplified model

of an extended model which reduces to the MSSM at low energies. One example that we shall

analyze below is the NMSSM in which the singlet is decoupled and does not e↵ectively mix

with the Higgs doublets. Note that an ultraviolet completion to the MSSM is needed because

for small tan � light stops cannot account for the 125 GeV Higgs mass.

Light stops modify the e↵ective Higgs coupling to gluons and photons in the following way,

see e.g. Refs.[10, 11]:

cg
cSMg

=
c�
cSM�

= ct +
m2

t

4

"
ct

 
1

m2
t̃1

+
1

m2
t̃2

!
� X̃2

t

m2
t̃1
m2

t̃2

#
, (7)

where X̃2
t ⌘ Xt

⇣
At

cos↵
sin�

+ µ sin↵
sin�

⌘
with the stop mixing parameter given by Xt ⌘ At � µ/ tan �

(note: in the decoupling limit X̃2
t = X2

t ). In the above formula the corrections of order

O(mh/mt̃) are neglected because they have very small impact on the results already for stop

masses of about 200 GeV. We also neglect the NLO QCD corrections which have a rather small

e↵ect on the results [11, 12].

In order to enhance the tth production channel keeping the gluon fusion rates close to its

SM values the e↵ective Higgs coupling to gluons must be smaller than the Higgs coupling to top

quark. It should be clear from eq. (7) that for relatively large stop mixing parameters, X̃2
t

m2
t̃2

& ct,

the modification of the gluon coupling cg/c
SM
g can be smaller than ct. In this cases Rgg

V V < Rtth
V V ,

as required by data. In the left panel of Fig. 2 we show an example with stop masses of 200 and

700 GeV and tan � = 1. As can be seen from this figure, values of Rtth
V V of about 2 are possible

while keeping Rgg
V V and Rgg

�� only 30% above the SM prediction, which is within the present

1� experimental bounds for these Higgs production channels [2], see also point B1 in Table 1.

Notice also that for Rtth
V V ⇡ 2 the Higgs tth production cross-section �tth is enhanced by about
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Figure 2: Dependence of the Higgs signal rates on cot (� � ↵) for tan � = 1 and 2 in type-II

2HDM with light stops.

45% while the rest of the enhancement originates from suppressed hbb̄ coupling that results

in enhanced BR(h ! V V ). Another consequence of suppressed hbb̄ coupling are suppressed

Higgs decays to bb̄ and ⌧⌧ . Nevertheless, for tan � = 1 the signal strengths in these decay

channels are about 0.75 (in gluon fusion production mode, as well as in the Higgs associated

production with a weak boson (VH) and weak boson fusion (VBF) production channels). Such

small suppression is even preferred by the current LHC measurements of the bb̄ decay channel.

Similar suppression is not observed in the ⌧⌧ decay channel but values of RVBF/VH
⌧⌧ as low as

about 0.4 are allowed at 2� level for the VBF/VH production channel.1 The gluon fusion rate

in the ⌧⌧ channel is poorly measured and even zero is allowed at 2� level.

As tan � increases, suppression of the hbb̄ coupling becomes stronger while the enhancement

of the htt̄ coupling becomes weaker. In consequence, enhancement of Rtth
V V is mainly driven by

enhancement of BR(h ! V V ). This is demonstrated for tan � = 2 in the right panel of Fig. 2.

In this case Rtth
V V = 2 is obtained with �tth only 20% above the SM prediction. This results in

larger deviations of other signal rates from the SM predictions. The gluon fusion production

rate in the gauge bosons decay channel is not an issue because it can be adjusted to SM-like

values by appropriate choice ofXt/mt̃2 . The gluon fusion rate in the ⌧⌧ turns out to be quite low

but it poses no tension with the current LHC data. Constraints from the VBF/VH production

channels are more important since these channels are not a↵ected by presence of light stops.

VH is the most relevant production channel for h ! bb̄ while for h ! ⌧⌧ this is VBF. As long

as tan � . 1.5, RVBF/VH
⌧⌧ sets the strongest upper limit on Rtth

V V .

For the Higgs decaying to gauge bosons VH and VBF channels are measured much less

precisely than the gluon fusion one. Nevertheless, for tan � & 1.5 these channels start to

1We quote the results of the recent combination of the ATLAS and CMS data presented in Table 13 of

ref. [2].
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Loop Effects in the couplings of Higgs to gluons may 
dramatically  affect  the previous conclusions. 

Badziak, C.W. ‘16



Stop Searches

Charm
Tagging

b + W
+ Miss. ET

top +
Miss ET

Monojet

Provided the lightest neutralino (DM) is heavier than about 250 GeV, there 
are no limits on stops.  Even for lighter neutralinos, there are big holes.



Some Benchmarks

B1 B2 B3

tan � 1 1.5 2

cot (� � ↵) 0.25 0.22 0.18

mt̃1 200 200 210

mt̃2 700 700 700

X̃t/mt̃2 1.7 1.6 1.6

Rtth
V V 2.02 1.96 1.90

Rtth
�� 2.09 2.09 2.07

Rgg
V V 1.18 1.21 1.19

Rgg
�� 1.22 1.29 1.29

R
VBF/VH
V V 1.29 1.49 1.60

R
VBF/VH
�� 1.33 1.59 1.74

R
VBF/VH
⌧⌧ 0.73 0.67 0.66

Table 1: List of benchmark points for Type-II 2HDM with light stops. All masses are in GeV.

.

values as low as 0.4 for this quantity.

4 tth in the NMSSM

Let us now discuss tth production in NMSSM which is a more restrictive framework because

the mixing angles in the Higgs sector are functions of NMSSM parameters which cannot take

arbitrary values. We focus on the general NMSSM for which the MSSM superpotential is

supplemented by (we use the notation of ref. [13]):

WNMSSM = �SHuHd + f(S) . (8)

The first term is the source of the e↵ective higgsino mass parameter, µe↵ ⌘ �vs (we drop the

subscript “e↵” in the rest of the paper), while the second term parametrizes various versions of

NMSSM. In the simplest version, known as the scale-invariant NMSSM, f(S) ⌘ S3/3, while

in more general models f(S) ⌘ ⇠FS + µ0S2/2 + S3/3.

It is more convenient for us to work in the Higgs basis (ĥ, Ĥ, ŝ), where ĥ = Hd cos � +

Hu sin �, Ĥ = Hd sin � � Hu cos � and ŝ = S. This is because ĥ field has exactly the same

couplings to the gauge bosons and fermions as the SM Higgs field. The field Ĥ does not couple

to the gauge bosons and its couplings to the up and down fermions are the SM Higgs ones

rescaled by tan � and � cot �, respectively. The mass eigenstates are denoted as s, h, H, with

the understanding that h is the SM-like Higgs.

In the hatted basis the tree-level Higgs mass matrix in general NMSSM is given by:

M̂2 =

0

BB@

M̂2
hh M̂2

hH M̂2
hs

M̂2
hH M̂2

HH M̂2
Hs

M̂2
hs M̂2

Hs M̂2
ss

1

CCA , (9)
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This provides a rather good agreement 
with the run I  data analysis from the 
ATLAS/CMS combination

This cannot be achieved in the MSSM

Reasons : 
a) Obtaining the Right Higgs mass is a 

problem.         
b)  Bottom coupling suppression 
only possible in regions forbidden by 
searches for heavy Higgs bosons. 

Possible in the NMSSM,  for  SHuHd 
couplings lambda > 0.7, although this 
case is more restrictive then these  
benchmark scenarios. 

Badziak, C.W. ‘16
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FIG. 1: One-loop diagrams contributing to the the coe�cient, Z
6

, of the Higgs basis operator,

(H†
1

H
1

)(H†
1

H
2

). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
3

�c�X
3

t Yt for (a) and (b); h4t s
3

�c�X
2

t for (c) and (d); and

h4t s
3

�c�XtYt for (e) and (f).

where we have used Eq. (46) to write v2s4�h
4

t = 4m4

t/v
2. Using Eqs. (55) and (56) in the

evaluation of Eq. (30) yields

t� c��↵ ' �1

m2

H �m2

h



m2

h +m2

Z +
3m4

tXt(Yt �Xt)

4⇡2v2M2

S

✓

1� X2

t

6M2

S

◆�

. (57)

At large t� we have Xt(Yt�Xt) ' µ(Att� �µ) and X3

t (Yt�Xt) ' µA2

t (Att� � 3µ), in which

case, Eq. (57) can be rewritten in the following approximate form,

t� c��↵ ' �1

m2

H �m2

h



m2

h +m2

Z +
3m4

t

4⇡2v2M2

S

⇢

Atµt�

✓

1� A2

t

6M2

S

◆

� µ2

✓

1� A2

t

2M2

S

◆��

.

(58)
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Physik-Institut

Clemens Lange - Beyond SM Higgs18.09.2014

heavy neutral Higgs: ɸ➞ττ
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> interpretation in several scenarios taking Higgs @ 125 GeV into account 

>mh
mod+ scenario better suited than mh

max for known Higgs mass (see Eur.Phys.J. 
C73 (2013) 2552) 

>very low tanβ upper limits for low Higgs masses!

Submitted to JHEP (arXiv:1408.3316)

ATLAS-CONF-2014-049

Lange
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Clemens Lange - Beyond SM Higgs18.09.2014
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 = 8 TeVs, -119.7 fbCMS preliminary

lepton flavour violating Higgs

>observed upper limit of BR(H➞µτ) of ~1.5% 

>best fit yields BR(H➞µτ) = (0.89 ± 0.39)% - small excess of 2.5σ, still compatible with 0 

>4.4⨉ improvement of limits w.r.t. indirect measurements 

>best limits on flavour-violating τµ Yukawa couplings to date
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Models with more than one Higgs ?
Misalignment is required

Large BR(h ! ⌧µ) in the MSSM?

Daniel Aloni

⇤
, Yosef Nir

†
, Emmanuel Stamou

‡

Department of Particle Physics and Astrophysics,
Weizmann Institute of Science, Rehovot 7610001, Israel

February 16, 2016

Abstract

We study how large the rate of the lepton-flavor violating Higgs decay h ! ⌧µ
can be in the (R-parity conserving) MSSM. We make no assumptions, such as
universality or alignment, about the flavor structure of the MSSM. We only assume
that all couplings and, in particular, the trilinear scalar ones, are perturbative.
We take into account lower bounds on the bino and slepton masses from ⌧ ! µ�
and h ! �� as well as upper bounds on the trilinear scalar couplings from the
requirement that the global minimum is not charge breaking. We find that in
highly fine-tuned regions of parameter space, the ratio BR(h ! ⌧µ)/BR(h ! ⌧⌧)
can be enhanced by about three orders of magnitude above the estimate from naive
dimensional analysis, but still about two orders of magnitude below the present
bound. Thus, if h ! ⌧µ is experimentally established to be close to present
bounds, the MSSM will be excluded.

1 Introduction

The first direct searches for the lepton-flavor violating (LFV) Higgs decay h ! ⌧µ were
carried out by the CMS and ATLAS collaborations [1, 2] yielding the upper bounds:

BR(h ! ⌧µ) <

⇢
1.51 ⇥ 10�2 CMS,
1.85 ⇥ 10�2 ATLAS,

(1)

and the ranges:

BR(h ! ⌧µ) =

⇢
(8.4+3.9

�3.7) ⇥ 10�3 CMS,
(7.7 ± 6.2) ⇥ 10�3 ATLAS.

(2)

The h ! ⌧µ decay has several aspects that are worth emphasizing:

⇤
daniel.aloni@weizmann.ac.il

†
yosef.nir@weizmann.ac.il

‡
emmanuel.stamou@weizmann.ac.il
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We conclude that, with Aµ⌧ being the source of LFV, we have

R⌧µ/⌧⌧ ⇠< 0.0015, (20)

below the near-future sensitivity of ATLAS and CMS. Even by including both Aµ⌧ and
A⌧µ at the same time, R⌧µ/⌧⌧ ⇠< 0.002.

4 LFV from the m̃2

L terms

Consider the case that the sources of LFV are the matrices m̃2

L and m̃2

R. To obtain
R⌧µ/⌧⌧ as large as O(0.1), there must be no additional suppression from the mixing
angle or from the loop function. At least one of m̃2

L and m̃2

R has to be anarchic in the
µ� ⌧ sector to have a mixing angle of order one. While large µ̃� ⌧̃ mixing is a necessary
condition, if it is large in both m̃2

L and m̃2

R, the ⌧ -lepton in Fig. 1b can be replaced
with a muon, which implies that BR(h ! µµ) ⇠ BR(h ! ⌧µ). Given our requirement
that R⌧µ/⌧⌧ ⇠> 0.1, and the experimental upper bound on BR(h ! µµ) [31,32], this case
is disfavored. Thus, either m̃2

L or m̃2

R has to be near-diagonal. For concreteness, we
take m̃2

L to be anarchic and m̃2

R to be diagonal. Hence, we focus on the 3 ⇥ 3 block of
(µ̃L, ⌧̃L, ⌧̃R) in the slepton mass-squared matrix.

The relevant part of the slepton mass-squared matrix has the form:

M̃2 =

0

@
(m̃2

L)µµ (m̃2

L)µ⌧ 0
(m̃2

L)⇤
µ⌧ (m̃2

L)⌧⌧ �m⌧µt�
0 �m⌧µt� (m̃2

R)⌧⌧

1

A ,

where, for simplicity, we set AE = 0 and yµ = 0.
We denote by Ũ the mixing matrix that rotates from the interaction basis (µ̃L, ⌧̃L, ⌧̃R)

to the mass basis (˜̀
1

, ˜̀
2

, ˜̀
3

). To maximize the rate of h ! ⌧µ, it is best if the dominant
contribution comes from the lightest slepton mass eigenstate, ˜̀

3

. The mixing angles that
enter the amplitude are

Ũ⇤
3µL

Ũ
3⌧R ⇥ 2Re(Ũ

3⌧LŨ⇤
3⌧R

). (21)

We are interested in estimating the largest possible contribution to h ! ⌧µ. Therefore,
we are interested in the values of Ũ

3↵ that maximize Eq. (21):

Ũ
3↵ = (1/2, 1/2, 1/

p
2). (22)

The way to achieve Eq. (22) is by two tunings of entries of M̃2. First, we set (m̃2

L)µµ =
(m̃2

L)⌧⌧ . Then, we extract the two eigenvalues of the m̃2

L matrix. We take the heavier
eigenvalue (m̃2

L)
+

to be very large, so that the corresponding mass eigenstate ˜̀
+

=
1p
2

(µ̃L + µ̃L) decouples. We are left with an e↵ective two-slepton framework, ˜̀� =
1p
2

(⌧̃L � µ̃L) and ⌧̃R:

M̃2 =

✓
(m̃2

L)� �m⌧µt�/
p

2
�m⌧µt�/

p
2 (m̃2

R)⌧⌧

◆
,
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B̃/W̃
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(a)

ℓ̃
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B̃h

τ̄

µ

(b)

h

τ̄

µ

(c)

Figure 1: Diagrams contributing to the one-loop amplitude for h ! ⌧µ. ⌦ depicts the
flavor o↵-diagonal counterterm from the field renormalization �Z⌧µ.

this process are presented in Fig. 1. In these diagrams, ˜̀ stands for the charged sleptons,
⌫̃ for the sneutrinos, B̃ for the bino and W̃ for the wino.

The diagrams of Fig. 1a are proportional to y⌧ ⇥ sin 2✓ ⇥ ↵
4⇡

, where ✓ is the smuon-
stau mixing angle. In addition, this contribution is proportional to a loop function that
depends on ratios of sparticle mass parameters and is, at most, of O(1). The electroweak
loop factor of ↵

4⇡
suppresses the amplitude by three orders of magnitude with respect to

the tree level h ! ⌧⌧ decay. Thus, these diagrams cannot generate R⌧µ/⌧⌧ ⇠> 0.1, and
we do not consider them any further.

The diagrams of Fig. 1b involve a trilinear scalar coupling. We distinguish two cases:

1. The trilinear scalar coupling arises from the supersymmetric terms µY E. This case
has two important features. First, the source of LFV has to be either (m̃2

L)µ⌧ or
(m̃2

R)µ⌧ . Second, the relevant Higgs field is hu, while the tree level tau Yukawa
coupling involves hd. In the limit of light 2HDM and heavy supersymmetry, the
leading e↵ect to h ! ⌧µ arises from the misalignment between the vacuum expec-
tation value and the light mass eigenstate and is therefore proportional to c��↵.
Similarly to the diagrams of Fig. 1a, this contribution to R⌧µ/⌧⌧ is proportional
to [sin 2✓ ↵

4⇡
]2. In this case, however, the contribution is proportional to the ratio

of the dimensionful parameter µ and the bino or slepton mass. This factor can
provide some enhancement.

2. The trilinear scalar coupling comes from the AE matrix. Now, the source of LFV
can be the trilinear coupling itself, namely AE

µ⌧ or AE
⌧µ. Di↵erent from the previ-

ous case, the relevant Higgs field is hd, the same as the one that has the diagonal
tree-level coupling y⌧ . This contribution is, in general, not proportional to y⌧ . Nev-
ertheless, if the mass scale of the sleptons and/or the bino is somewhat heavier than
the electroweak scale, m

SUSY

> v, this contribution is suppressed by v2/m2

SUSY

.
This decoupling behavior is clear because in this case in the limit of heavy SUSY
there is a single Higgs doublet so h ! ⌧µ is mediated by the dimension-six operator

�ij

m2
SUSY

H3L̄iEj.

In the next two sections we present how to maximize h ! ⌧µ in each of those cases,
taking into account relevant experimental bounds and perturbativity. The A-term case is
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The parameters c��↵ and t� play a crucial role on the value of Rmax

⌧µ/⌧⌧ . The allowed
range in the c��↵ � t� plane is shown in Fig. 6 of Appendix B. The upper bound on
Rmax

⌧µ/⌧⌧ is di↵erent for the bulk region and the peninsula region. The peninsula region
corresponds to the parameter space in which the hV V and h�� couplings are close to
their SM values, while the h⌧⌧ coupling has the same absolute value but opposite sign.

It is interesting to note that, for M
1

, m̃
3

� v, the sleptons are quasi-degenerate and
Eq. (30) takes the form
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The maximum of the loop function is for m̃
3

/M
1

⇡ 0.47 independently of their individual
values. The best fit point for the trigonometric factor depends on whether we are in the
bulk or in the peninsula regions.

In the right panels of Figs. 3 and 4 we show the value of Rmax

⌧µ/⌧⌧ in the m̃
3

�M
1

plane.

Here, m⌧µ = 4
p

2⇡m̃
3

v/(c��↵ + s��↵t�), and m̃2

2

= m̃2

3

+
p

2m⌧µt�. Also depicted in
these plots is the region excluded by the upper bound on ⌧ ! µ� (see Appendix C) and
the deviation of the partial width of h ! �� with respect to the SM (see Appendix D).

Fig. 3 corresponds to c��↵ and t� in the bulk region. We conclude that, with (m̃2

L)µ⌧

being the source of LFV while also being in the bulk region

R⌧µ/⌧⌧ ⇠< 0.035 for |c��↵t�| ⌧ 1, (32)

below the near-future sensitivity of ATLAS and CMS.
Fig. 4 corresponds to c��↵ and t� in the peninsula region. Here, much higher values

of R⌧µ/⌧⌧ can be reached. In particular, the present upper bound on this ratio (Eq. (4)),

R⌧µ/⌧⌧ ⇠< 0.31 for c��↵t� ' 2, (33)

can be saturated.

5 Charge breaking minima

In previous sections we established that large trilinear scalar couplings enable, in prin-
ciple, enhancement of the MSSM contributions to h ! ⌧µ well above the estimate from
naive dimensional analysis. Such large trilinear couplings might lead, however, to charge
breaking minima that are lower than the electroweak symmetry breaking one. In this
section we obtain upper bounds on the trilinear couplings by requiring that the global
minimum is not charge breaking.
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breaking minima that are lower than the electroweak symmetry breaking one. In this
section we obtain upper bounds on the trilinear couplings by requiring that the global
minimum is not charge breaking.

10

We denote the ratio R⌧µ/⌧⌧ which corresponds to Ũ
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can be saturated.

5 Charge breaking minima

In previous sections we established that large trilinear scalar couplings enable, in prin-
ciple, enhancement of the MSSM contributions to h ! ⌧µ well above the estimate from
naive dimensional analysis. Such large trilinear couplings might lead, however, to charge
breaking minima that are lower than the electroweak symmetry breaking one. In this
section we obtain upper bounds on the trilinear couplings by requiring that the global
minimum is not charge breaking.
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Assume contribution comes from flavor misalignment in the slepton sector

Superpotential trilinear coupling still used, so some Higgs misalignment is necessary



This  condition is just associated with the change of sign 
of the bottom and tau Yukawa coupling

Previously we argue that it is hard to obtain suppression of the 
bottom coupling in the MSSM

It is even harder to invert the sign of the bottom Yukawa coupling. 
This simply cannot be done within the MSSM
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FIG. 1: One-loop diagrams contributing to the the coe�cient, Z
6

, of the Higgs basis operator,

(H†
1

H
1

)(H†
1

H
2

). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
3

�c�X
3

t Yt for (a) and (b); h4t s
3

�c�X
2

t for (c) and (d); and

h4t s
3

�c�XtYt for (e) and (f).

where we have used Eq. (46) to write v2s4�h
4

t = 4m4

t/v
2. Using Eqs. (55) and (56) in the

evaluation of Eq. (30) yields

t� c��↵ ' �1

m2

H �m2

h



m2

h +m2
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3m4

tXt(Yt �Xt)
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◆�

. (57)

At large t� we have Xt(Yt�Xt) ' µ(Att� �µ) and X3

t (Yt�Xt) ' µA2

t (Att� � 3µ), in which

case, Eq. (57) can be rewritten in the following approximate form,
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◆��

.

(58)
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Figure 1: Coupling fits in the 2HDM parameter space of tan� and cos(� � ↵) in Type 1
(left) and Type 2 (right) 2HDM. Details of the fit procedure are discussed in appendix A.

Higgs provides a natural organizing principle for the signatures of additional Higgs bosons.

The implications for production modes are particularly transparent. In Type 1 2HDM, current

fits require cos(��↵) . 0.4, suggesting that vector associated production modes of H such as

ZH associated production or vector boson fusion (VBF) are suppressed by at least a factor

⇠ 0.2 relative to a SM Higgs of the same mass. In contrast, strong production modes may

remain appreciable. Gluon fusion production of H or A proceeds through fermion loops as

in the SM, uniformly proportional to cot2 � in the alignment limit. The same is true of

tt̄H/A and bb̄H/A associated production and tb̄H± associated production, indicating that

these channels remain promising in the alignment limit of Type 1 2HDM.

In Type 2 2HDM the suppression implied by Higgs coupling fits is even more extreme,

such that vector associated production modes of H are at most ⇠ 1% of a SM Higgs of the

same mass. As in the case of Type 1 2HDM, strong production modes are still appreciable.

Gluon fusion production of H and A again proceeds through fermion loops, with the top loop

contribution proportional to cot2 � and the bottom loop contribution proportional to tan2 �

at leading order in the alignment limit. The tt̄H/A associated production mode again scales

as cot2 �, while the bb̄H/A associated production mode scales as tan2 �. Production of the

charged Higgs is a function of both tan� and cot� in the alignment limit.

The impact on branching ratios of heavy Higgs bosons is somewhat more subtle. As

discussed in detail in [14], although proximity to the alignment limit implies suppression of

couplings to SM bosons, these longitudinally-enhanced partial widths are competing only

with relatively small fermionic partial widths. As such, decays into SM bosons may remain

appreciable close to the alignment limit. In the exact alignment limit, tree-level decays into

massive SM bosons (including the 125 GeV Higgs h) vanish in favor of decays into SM fermions

and the massless gauge bosons.3

3We do not consider loop-level decays into massive vector bosons, which are nonzero in the exact alignment

– 6 –
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Double Higgs production

Figure 1: Representative Feynman diagrams for box and triangle topologies for Higgs pair pro-
duction in gluon-gluon fusion at the lowest order in perturbative QCD. The two gauge-indepedent
classes of diagrams interfere destructively.

a)

b )

Figure 2: Sample of Feynman diagrams for the NLO Higgs pair production in gluon-gluon fusion.
a) Real one-loop and b) virtual two-loop corrections.

introduced, where the corresponding lagrangian reads

LHEFT =
αS

12π
Ga

µνG
a,µν log

(

1 +
H

v

)

, (2.1)

G being the QCD field tensor. The main motivation for using this approximation is that

it makes the computation of higher-order corrections feasible. The approximation has

been proven to work extremely well for single Higgs production [56]. The HEFT provides

accurate predictions for the total rates as well as for the differential distributions when the

invariants involved are not much larger than the top quark mass. Unfortunately, in the

case of double Higgs production, the relevant scale is at least the invariant mass of the HH

pair which is typically ! 2mt and therefore the HEFT provides only a rough approximation

for the total rates and a very poor one for the relevant distributions [19,34].

Given the fact that the full NLO results are not presently available and that the HEFT

gives a poor description of the process, efforts have been made to improve results taking

into account heavy-quark loop effects at least in an approximated way. A first step in

this direction has been taken in the seminal NLO calculation for Higgs pair production,

as implemented in the code HPAIR [6, 46], which provides total cross sections in the

SM and in SUSY. In this case, the NLO calculation is performed within the HEFT, yet

all contributions (virtual and real) to the short-distance parton-parton cross section are

expressed in terms of the LO cross section times an αS correction. The LO cross section in

the HEFT is then substituted by the LO one with the full heavy-quark mass dependence.

– 4 –
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Effective Theory Approach and its realization

6

separately analyze the nature of the phase transition and the maximum positive and negative

values for � in each of the three cases corresponding to
�
�†�

�
3

,
�
�†�

�
4

and
�
�†�

�
5

. Let us

stress that these momentum independent operators preserve the custodial symmetry and

evade the tight phenomenological constraints coming from the ⇢ parameter. The momentum

dependent non-renormalizable operators [13, 60–62], instead, may contribute to the oblique

corrections and are very tightly constrained by the electroweak precision measurements. A

particularly relevant one for our analysis is

cH
8⇤2

@µ(�
†�)@µ(�†�), (4)

This correction plays a relevant role in the singlet case that we shall discuss below, but

is also restricted by the measurement of the Higgs production rate and tend to be small,

which will be discussed later. Hence, in most of our analysis we shall ignore the momentum

dependent corrections but we shall consider them in the comparison with the singlet case in

section III B.

1. Higgs Potential of order
�
�†�

�
3

From Eq. (1) and Eq. (2), the potential and the triple Higgs coupling are given by

V (�, T ) =
m2 + a

0

T 2

2

�
�†�

�
+

�

4

�
�†�

�
2

+
c
6

8⇤2

�
�†�

�
3

(5)

�
3

=
3m2

h

v

✓
1 +

2c
6

v4

m2

h⇤
2

◆
(6)

This case has been studied in the literature in various contexts [6–13, 63, 64]. We point out

a few key things pertaining to this case in the present context.

We require c
6

> 0 for the stability of the potential 1. The requirement that there should

be a minimum of the potential at � = �c degenerate with the extreme at � = 0 for the

temperature T = Tc leads to

�2 = 4m2(Tc)
c
6

⇤2

. (7)

1We understand that even for c6 < 0 the stability could be recovered for field values that are above the cuto↵,

where the EFT is not valid. We will consider the case of c6 < 0 when we study the (�†�)4,5 extensions.
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�†�
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,
�
�†�

�
4
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�
�†�

�
5
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�†�
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analogy more transparent let’s emphasize that from Eq. (57) the fluctuations of the field

�h = v + h and H are related by

h =

✓
1� tan2 ✓

2

◆
H ' cos ✓ H (69)

That is the same relation we obtain between h
1

and h in the full theory, Eq. 24, when we

consider negligible h
2

fluctuations associated with its decoupling from the low energy theory.

We note that the e↵ective potential derived in Eq. (58) is of order �6

H . This is the same

order as the (�†�)3 potential described in section IIA 1. In this case, however, the range of

values of � is not constrained from 2/3 to 2 as expected from the (�†�)3 theory, but is shifted

to lower values. This is due to the kinetic terms corrections we were not considered in the

analysis in Section II. For �hs
>⇠ 1, the kinetic term corrections remain significantly smaller

than the ones associated with the e↵ective potential modification, which are controlled by

the �hs coupling. Expressing Eq. (67) in terms of c
6

and cH , using Eq. (62) and Eq. (53),

we obtain

�
3

=
3m2

H

v

✓
1 + c

6

2v4

m2

h⇤
2

� 3

2
cH

v2

⇤2

◆
, (70)

This is consistent with Eq. (6) when cH = 0. Also, this is consistent with Eq.(34) in Ref [65]

and Eq. (124) of Ref. [89] when taking � = m2

h/(2v
2). It is worth noticing that Eq. (70) is

suitable for the study of the region of parameters consistent with a FOEPT while Eq.(34) in

Ref [65] and Eq. (124) in Ref [89] is only valid in the region where � can be approximated

as m2

h/(2v
2). As mentioned in Sec. II.A, it has been overlooked in Ref [65] that in the

region consistent with a FOEPT, � is small and negative, and the proper relation between

� and the Higgs mass can only be obtained after including the higher order corrections

proportional to c
6

, Eq. (9), and therefore � = m2

h/(2v
2) is no longer a valid approximation

in this region.

Higher powers of �H in the Eq. (58) can be obtained by retaining more terms in the

expansions with respect to z and y variables. For instance, we have checked that at next

order the well normalized field is given by

�H = �h +
2z�3

h

3v2
� 2(z2 + 4yz�hs)�5

h

5v4
(71)

Expressing h in terms of H,

�h = �H � 2z�3

H

3v2
+

2(13z2 + 12yz�hs)�5

H

15v4
(72)
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A. Enhancement in the full scalar Lagrangian of the singlet extension

Consider a general scalar potential, with one-loop thermal correction only in the mass

term, that can be written in a canonically normalized Lagrangian for the SM extended with

one singlet field �s

V (�h,�s, T ) =
m2

0

+ a
0

T 2

2
�2

h +
�h

4
�4

h + ahs�s�
2

h +
�hs

2
�2

s�
2

h + ts�s +
m2

s

2
�2

s +
as
3
�3

s +
�s

4
�4

s

(21)

Here, �h is the higgs field. The VEV for the Higgs field is v = 246 GeV. We assume that ms

is larger than the weak scale and we therefore ignore the very small temperature corrections

a↵ecting the singlet mass.

We stay in the limit, where as and �s are much smaller compared to ahs and �hs and drop

the as and �s terms. This limit allows us to retain analytical control over the expressions for

the mixing and triple Higgs coupling enhancement and to clearly demonstrate the connection

with the EFT3. Within this approximation, the mass squared matrix in the basis (�h �s) is

M2 =

0

@m2

11

m2

12

m2

21

m2

22

1

A =

0

@ 2�hv2 2 (ahs + �hsvs) v

2 (ahs + �hsvs) v m2

s + �hsv2

1

A , (22)

where the VEV of the singlet field calculated at the Higgs vacuum is

vs = � ts + ahsv2

m2

s + �hsv2
. (23)

The gauge eigenstate basis can be converted to the mass eigenstate basis as follows

�h = cos ✓ h
1

� sin ✓ h
2

+ v, (24)

�s = sin ✓ h
1

+ cos ✓ h
2

+ vs. (25)

The mixing is given as

tan 2✓ =
4v(ahs + �hsvs)

2�hv2 �m2

s � �hsv2
=

4v(ahsm2

s � ts�hs)

(2�hv2 �m2

s � �hsv2)(m2

s + �hsv2)
(26)

We use Equations (22) and (26), to convert the potential in Eq. (21) to the mass basis

(h
2

h
1

) at the temperature T = 0, where h
1

is the lighter of the two scalar fields. The third

3The e↵ects of as and �s on the triple Higgs coupling enhancement may be considered by performing an

expansion in v/ms [74].
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derivative of the potential in Eq. (21) with respect to h
1

gives the triple Higgs coupling for

the lower mass excitation as

�
3

= 6�hvh cos
3 ✓


1 +

✓
�hsvs + ahs

�hvh

◆
tan ✓ +

�hs

�h

tan2 ✓

�
. (27)

In the limit of v2 ⌧ m2

s, one can easily show that the h
1

mass is given by

m2

h = 2�hv
2 � 4v2

(ahsm2

s � ts�hs)2

(m2

s + �hsv2)3
(28)

Using Eq. (29), Eq. (28), and Eq. (26), we get

�
3

=
3m2

h

v


cos3 ✓ +

✓
2�hsv2

m2

h

◆
sin2 ✓ cos ✓

�
. (29)

For ✓ = 0, we recover the SM result of �
3

=
3m2

h

v
.

In the small ✓ limit, the above formula reduces to

�
3

=
3m2

h

v


1 +

✓
2�hsv2

m2

h

� 3

2

◆
tan2 ✓

�
. (30)

The same result can be recovered in the EFT approach by integrating out the heavier

state as shown in the next section III B. For the FOEPT in such a potential, we impose the

following conditions.

V (0, Tc) = V (vc, Tc) , V 0 (vc, Tc) = 0. (31)

This leads to [6]

v2c =
1

�hs

✓
�m2

s +

r
2

�h

����ms ahs � �hs ts
ms

����

◆
. (32)

Here vc is the value of the doublet scalar field at the critical Temperature (Tc). The value

of S is set to

vs,c = � ts + ahsv2c
m2

s + �hsv2c
, (33)

which minimizes the potential at �h = vc. The constraints on the derivatives

V 0 (�c, Tc) = 0, V 0 (v, 0) = 0, (34)

imply a
0

T 2

c = 8 (F (v2c )� F (v2)). Here F (�2) = �V 0
(�,0)
�

and v = 246 GeV.
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The same result can be recovered in the EFT approach by integrating out the heavier

state as shown in the next section III B. For the FOEPT in such a potential, we impose the

following conditions.

V (0, Tc) = V (vc, Tc) , V 0 (vc, Tc) = 0. (31)

This leads to [6]
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Here vc is the value of the doublet scalar field at the critical Temperature (Tc). The value

of S is set to

vs,c = � ts + ahsv2c
m2

s + �hsv2c
, (33)

which minimizes the potential at �h = vc. The constraints on the derivatives

V 0 (�c, Tc) = 0, V 0 (v, 0) = 0, (34)

imply a
0

T 2

c = 8 (F (v2c )� F (v2)). Here F (�2) = �V 0
(�,0)
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and v = 246 GeV.
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as = �s = 0

Values of as and �s di↵erent from zero

may lead to negative values of �
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FIG. 3: Contours of the mixing parameter sin2 ✓ (solid blue line) and of the enhancement of the

triple-Higgs coupling (dashed green line) given by Eq. (29) in the m
singlet

–�h plane. Blue shaded

region denotes 2� exclusion due to gluon fusion channel. The orange shaded region represents

the region consistent with a FOEPT. The region excluded up to 2� confidence level by Higgs

precision measurements is shaded in red. The constraints coming from mW are shown by magenta

(short-dashed) lines. In the top-left panel we present results for �hs = 0.5, while in the top-right,

bottom-left and bottom-right panels we present results for �hs = 1, 2, 4 respectively.

In Fig. 3 we show the enhancements of the trilinear couplings for di↵erent values of the

singlet massm
singlet

and the quartic coupling �h. The orange region in the Fig. 3 corresponds

to the region consistent with a FOEPT, i.e. the boundaries correspond to v2c = 0 and T 2

c = 0.
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Consider a general scalar potential, with one-loop thermal correction only in the mass

term, that can be written in a canonically normalized Lagrangian for the SM extended with

one singlet field �s
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Here, �h is the higgs field. The VEV for the Higgs field is v = 246 GeV. We assume that ms

is larger than the weak scale and we therefore ignore the very small temperature corrections

a↵ecting the singlet mass.

We stay in the limit, where as and �s are much smaller compared to ahs and �hs and drop

the as and �s terms. This limit allows us to retain analytical control over the expressions for

the mixing and triple Higgs coupling enhancement and to clearly demonstrate the connection
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�h = cos ✓ h
1

� sin ✓ h
2

+ v, (24)

�s = sin ✓ h
1

+ cos ✓ h
2
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The mixing is given as
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We use Equations (22) and (26), to convert the potential in Eq. (21) to the mass basis

(h
2

h
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) at the temperature T = 0, where h
1

is the lighter of the two scalar fields. The third

3The e↵ects of as and �s on the triple Higgs coupling enhancement may be considered by performing an

expansion in v/ms [74].

22

Inverting the relation between �h and �H given in Eq. (52) one obtains

�h = �H � 2z

3 v2
�3

H +O(�5

H), (57)

Substituting this in Eq. (49), we get an e↵ective potential, which retaining up to order H6

corrections is given by

Veff (�H , T ) =
m2

2
�2

H +

✓
�h � 2z/y

4
� 2m2z

3v2

◆
�4

H +

✓�4z(�h � 2z/y) + 3z�hs

6v2

◆
�6

H , (58)

where y = v2/m2

s. This shows the presence of a large negative correction to the quartic

coupling, of order 2z/y. This correction, which depends only on ratios of mass parameters,

allows for the presence of a negative e↵ective quartic coupling which according to our analysis

of the EFT at this order in section IIA 1, is essential for the obtention of a FOEPT.

Using this potential Eq. (49) we apply the Higgs mass condition to write
✓
V 00
eff �

V 0
eff

�H

◆ ����
�H=h�Hi

= m2

H , where h�Hi = v +
2zv

3
. (59)

Solving this simultaneously with

V 0
eff

�H

����
�H=h�Hi

= 0, (60)

leads to a relation of the value of � and the Higgs mass.

� = �h � 2z

y
=

m2

H

2v2
+

✓
2m2

H

v2
� 6�hs

◆
z. (61)

Since m2

H/(2v
2) ' 1/8, for small values of z the coe�cient of the quartic coupling � is small

in magnitude and may be negative for �hs of order 1.

Moreover, a sizable correction to the sixth order term appears, which is there even in

the absence of kinetic terms corrections. Observe that �h � 2z/y, which as shown above

corresponds to � in the EFT analysis, appears also in the first term in the �6

H coe�cient.

Since � is small as discussed above, the �6

H coe�cient is dominated by the second term in

the bracket. The cut o↵ scale can be then calculated from

c
6

8⇤2

⇠ 3�hsz

6v2
=

�hs(am2

s � ts�hs)2

2m8

s

. (62)

The corresponding cuto↵ scale is, for c
6

= 1

⇤2 =
m8

s

4�hs(am2

s � ts�hs)2
. (63)
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FIG. 1: Triple Higgs coupling correction � as a function of the cuto↵ ⇤. The upper dashed

black line shows the maximum value of � for the infinite sum with all |c
2n|= 1. The dashed dark

blue shows the values consistent with a FOEPT for the
�
�†�

�
3

potential extension, for c
6

= 1,

while for the same conditions solid light blue line is forbidden due to the absence of electroweak

symmetry breakdown. Fig. 1(a) and 1(b) show the results for the
�
�†�

�
4

potential. The di↵erent

colors correspond to the di↵erent hierarchies of the e↵ective potential coe�cients as explained

in the text. Fig.1(a) shows the general case while the Fig. 1(b) shows the result if a first order

electroweak phase transition (FOEPT) is demanded. Fig. 1(c) and 1(d) show similar results but for

the
�
�†�

�
5

potential, with di↵erent colors again corresponding to di↵erent coe�cient hierarchies

defined in the text. The lower solid black line shows the maximal negative values of � possible for

the order
�
�†�

�
4

potential.

�hs = 2

Joglekar, Huang, Li, C.W.’15

Large Deviations of the trilinear coupling may be obtained in this model

Contours of variations of the trilinear coupling
and of the square of the mixing angle 

5

where � = v + h and hence the VEV is given as h�i = 246 GeV. This leads to a correction

to the SM value of the triple Higgs coupling as shown in the Appendix A.

�
3

=
3m2

h

v

 
1 +

8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n

!
. (2)

The non-zero temperature e↵ects are approximately accounted for by adding a thermal

mass correction term to the Higgs potential. This term is generated in the high-T expansion

of the one loop thermal potential. At temperature T, we get m2(T ) = m2 + a
0

T 2. We

have ignored the small cubic term contributions as well as the logarithmic contributions

as they are suppressed compared to the contributions from higher order terms. Here we

have assumed that the heavy new physics is not present in the EFT at the weak scale and

therefore its contribution is Boltzmann suppressed at the EPT scale. In such a case a
0

is a

constant proportional to the square of SM gauge and Yukawa coupling constants. Assuming

all c
2n ' 1, the minimum value that ⇤ can achieve is 174 GeV in this formulation, at which

point the convergence of the series is lost for values of � close to its VEV. However, in any

consistent EFT, the cut-o↵ scale ⇤ will be considerably higher than 174 GeV.

Using Eq. (2), we define another quantity � which quantifies the deviations of the trilinear

Higgs coupling with respect to the SM value as

� =
�
3

�SM
3

� 1 =
8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n
, (3)

where we restrict |c
2n+4

|< 1.

The values of the enhancement of �
3

for a given ⇤ for all potentials satisfying these

conditions are shown in Fig. 1. This maximal possible value, shown in the the upper-most

black (dashed) line in all the panels in Fig. 1, is obtained assuming all c
2n = 1 and leads to

a large enhancement even at a relatively large value of ⇤. However, the only condition that

we have imposed on the potential so far is the existence of a local minimum with a second

derivative consistent with the measured Higgs mass mh ' 125 GeV. For this minimum

to represent the physical vacuum of the theory, however, it should be a global one. As

we shall show, the global minimum requirement imposes strong constraints on the possible

enhancement of the triple Higgs coupling.

In our further analysis, we choose not to consider the terms of the order higher than
�
�†�
�
5

as they introduce negligible corrections for the cut-o↵s higher than v as shown in Fig. 1. We

5

where � = v + h and hence the VEV is given as h�i = 246 GeV. This leads to a correction

to the SM value of the triple Higgs coupling as shown in the Appendix A.

�
3

=
3m2

h

v

 
1 +

8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n

!
. (2)

The non-zero temperature e↵ects are approximately accounted for by adding a thermal

mass correction term to the Higgs potential. This term is generated in the high-T expansion

of the one loop thermal potential. At temperature T, we get m2(T ) = m2 + a
0

T 2. We

have ignored the small cubic term contributions as well as the logarithmic contributions

as they are suppressed compared to the contributions from higher order terms. Here we

have assumed that the heavy new physics is not present in the EFT at the weak scale and

therefore its contribution is Boltzmann suppressed at the EPT scale. In such a case a
0

is a

constant proportional to the square of SM gauge and Yukawa coupling constants. Assuming

all c
2n ' 1, the minimum value that ⇤ can achieve is 174 GeV in this formulation, at which

point the convergence of the series is lost for values of � close to its VEV. However, in any

consistent EFT, the cut-o↵ scale ⇤ will be considerably higher than 174 GeV.

Using Eq. (2), we define another quantity � which quantifies the deviations of the trilinear

Higgs coupling with respect to the SM value as

� =
�
3

�SM
3

� 1 =
8v2

3m2

h

1X

n=1

n(n+ 1)(n+ 2)c
2n+4

v2n

2n+2⇤2n
, (3)

where we restrict |c
2n+4

|< 1.

The values of the enhancement of �
3

for a given ⇤ for all potentials satisfying these

conditions are shown in Fig. 1. This maximal possible value, shown in the the upper-most

black (dashed) line in all the panels in Fig. 1, is obtained assuming all c
2n = 1 and leads to

a large enhancement even at a relatively large value of ⇤. However, the only condition that

we have imposed on the potential so far is the existence of a local minimum with a second

derivative consistent with the measured Higgs mass mh ' 125 GeV. For this minimum

to represent the physical vacuum of the theory, however, it should be a global one. As

we shall show, the global minimum requirement imposes strong constraints on the possible

enhancement of the triple Higgs coupling.

In our further analysis, we choose not to consider the terms of the order higher than
�
�†�
�
5

as they introduce negligible corrections for the cut-o↵s higher than v as shown in Fig. 1. We



Low Energy Supersymmetry :   Type II Higgs doublet models

In Type II models, the Higgs H1 would couple to down-quarks and charge leptons, 
while the Higgs H2 couples to up quarks and neutrinos.  Therefore,

If the mixing is such that

then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like. This 
limit is called decoupling limit.  Is it possible to obtain similar relations for lower values 
of the CP-odd Higgs mass ? We shall call this situation ALIGNMENT

Observe that close to the decoupling limit, the lightest Higgs couplings are SM-like, 
while the heavy Higgs couplings to down quarks and up quarks are enhanced 
(suppressed) by a             factor.   We shall concentrate on this case. 

It is important to stress that the coupling of the CP-odd Higgs boson

gdd,llhff =

Mdiag
dd,ll

v

(� sin↵)

cos�
, gdd,llHff =

Mdiag
dd,ll

v

cos↵

cos�

guuhff =

Mdiag
uu

v

(cos↵)

sin�
, guuHff =

Mdiag
uu

v

sin↵

sin�

tan�

sin↵ = � cos�,

cos↵ = sin�

gdd,llAff =
Mdd

diag

v
tan�, guuAff =

Muu
diag

v tan�

cos(� � ↵) = 0



and the mass-squared matrix for the CP -even scalars can be expressed as

M =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ ≡ m2
A

⎛

⎝

s2β −sβcβ

−sβcβ c2β

⎞

⎠ + v2

⎛

⎝

L11 L12

L12 L22

⎞

⎠ , (12)

where

L11 = λ1c
2
β + 2λ6sβcβ + λ5s

2
β , (13)

L12 = (λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β , (14)

L22 = λ2s
2
β + 2λ7sβcβ + λ5c

2
β . (15)

There are two simple facts to keep in mind:

Mii > 0 , and m2
h ≤ Mii ≤ m2

H , for i = 1, 2 , (16)

where the first condition follows from the requirements that DetM > 0 and TrM > 0, while

the second follows from ”level repulsion” of eigenvalues of symmetric matrices.

Next we are going to solve for the mixing angle in the CP -even sector in terms ofmh = 125

GeV and two of the three entries of M2
h,H. Let’s define the mixing angle α

⎛

⎝

H

h

⎞

⎠ =

⎛

⎝

cα sα

−sα cα

⎞

⎠

⎛

⎝

φ0
1

φ0
2

⎞

⎠ ≡ R(α)

⎛

⎝

φ0
1

φ0
2

⎞

⎠ , (17)

where we choose −π/2 ≤ α ≤ π/2, in general, so that both sα and cα are single-valued.

However in MSSM one can show that −π/2 ≤ α ≤ 0 at tree-level, which nonetheless does

not hold once radiative corrections are included. Then we have

RT (α)

⎛

⎝

m2
H 0

0 m2
h

⎞

⎠R(α) =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ . (18)

Then from Eq. (18) we can solve for

sα =
M12

√

(M12)2 + (M11 −m2
h)

2
, (19)

m2
H =

M11(M11 −m2
h) + (M12)2

M11 −m2
h

. (20)

From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).
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We follow the notation in Ref. [1] for the scalar potential of the most general two-Higgs-

doublet extension of the SM:

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.) +

1

2
λ1(Φ

†
1Φ1)

2 +
1
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†
2Φ2)

2

+λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
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†
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+

{

1

2
λ5(Φ

†
1Φ2)

2 + [λ6(Φ
†
1Φ1) + λ7(Φ

†
2Φ2)]Φ

†
1Φ2 + h.c.

}

, (1)

where

Φi =

⎡

⎣

φ+
i

1√
2
(φ0

i + ia0i )

⎤

⎦ . (2)

Notice that in the case of unbroken SUSY we have

λ1 = λ2 =
1

4
(g21 + g22) =

m2
Z

v2
, (3)

λ3 =
1

4
(g21 − g22) = −

m2
Z

v2
+

1

2
g22 , (4)

λ4 = −
1

2
g22 , (5)

λ5 = λ6 = λ7 = 0 . (6)

We will assume CP conservation and that the minimum of the potential is at

⟨Φi⟩ =
1√
2

⎡

⎣

0

vi

⎤

⎦ , (7)

where

v2 = v21 + v22 ≈ 246 GeV , tβ ≡ tan β =
v2
v1

. (8)

We choose 0 ≤ β ≤ π/2 so that tβ ≥ 0 and write v1 = v cos β ≡ vcβ and v2 = v sin β ≡ vsβ.

The five mass eigenstates are two CP -even scalars H and h, with mh ≤ mH , one CP -odd

scalar A, and a charged pair H±. The mass parameters m11 and m22 can be eliminated by

imposing the minimization condition [1]:

m2
11 − tβm

2
12 +

1

2
v2c2β(λ1 + 3λ6tβ + λ̃3t

2
β + λ7t

3
β) = 0 , (9)

m2
22 − t−1

β m2
12 +

1

2
v2s2β(λ2 + 3λ7t

−1
β + λ̃3t

−2
β + λ6t

−3
β ) = 0 , (10)

where λ̃3 = λ3 + λ4 + λ5. It then follows that [1]

m2
A =

2m2
12

s2β
−

1

2
v2(2λ5 + λ6t

−1
β + λ7tβ) , (11)
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M =
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There are two simple facts to keep in mind:
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H , for i = 1, 2 , (16)

where the first condition follows from the requirements that DetM > 0 and TrM > 0, while

the second follows from ”level repulsion” of eigenvalues of symmetric matrices.

Next we are going to solve for the mixing angle in the CP -even sector in terms ofmh = 125

GeV and two of the three entries of M2
h,H. Let’s define the mixing angle α

⎛

⎝
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⎞

⎠ =
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cα sα
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⎞
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⎛

⎝
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1
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2

⎞
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⎛

⎝

φ0
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2

⎞
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where we choose −π/2 ≤ α ≤ π/2, in general, so that both sα and cα are single-valued.

However in MSSM one can show that −π/2 ≤ α ≤ 0 at tree-level, which nonetheless does

not hold once radiative corrections are included. Then we have

RT (α)

⎛

⎝

m2
H 0

0 m2
h

⎞

⎠R(α) =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ . (18)

Then from Eq. (18) we can solve for

sα =
M12

√

(M12)2 + (M11 −m2
h)

2
, (19)

m2
H =

M11(M11 −m2
h) + (M12)2

M11 −m2
h

. (20)

From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).

3

Alignment in General two Higgs Doublet Models

In the MSSM, at tree-level, only the first four 
couplings are non-zero and are governed by D-
terms in the scalar potential.  At loop-level, all of 

them become non-zero via  the trilinear and quartic 
interactions with third generation sfermions.       
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From here, one can minimize the effective potential and
     derive the expression for the CP-even Higgs mass matrix

in terms of a reference mass, that we will take to be mA
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alignment limit with new light scalars not far above mh = 125 GeV. The key observation is

that, while decoupling reaches alignment by neglecting the right-hand side of Eq. (30), the

alignment can be obtained if the right-hand side of Eq. (30) vanishes identically:

v2

⇤

⇧ L11 L12

L12 L22

⌅

⌃

⇤

⇧ �s�

c�

⌅

⌃ = m2
h

⇤

⇧ �s�

c�

⌅

⌃ . (32)

If a solution for the t⇥ can be found, then the alignment limit would occur for arbitrary

values of mA and does not require non-SM-like scalars to be heavy! More explicitly, subject

to Eq. (31), we can re-write the above matrix equation as two algebraic equations:

(C1) : m2
h = v2L11 + t⇥v

2L12 = v2
�
�1c

2
⇥ + 3�6s⇥c⇥ + �̃3s

2
⇥ + �7t⇥s

2
⇥

⇥
, (33)

(C2) : m2
h = v2L22 +

1

t⇥
v2L12 = v2

�
�2s

2
⇥ + 3�7s⇥c⇥ + �̃3c

2
⇥ + �6t

�1
⇥ c2⇥

⇥
. (34)

Recall that that �̃3 = �3 + �4 + �5. In the above Lij is known once a model is specified

and mh is measured to be 125 GeV. Notice that (C1) depends on all quartic couplings in

the scalar potential except �2, while (C2) depends on all quartics but �1. When the model

parameters satisfy Eqs. (33) and (34), the lightest CP-even Higgs behaves exactly like a SM

Higgs boson even if the non-SM-like scalars are light. A detailed analysis on the physical

solutions is presented in the next Section.

IV. ALIGNMENT IN GENERAL 2HDM

The condition (C1) and (C2) may be re-written as cubic equations in t⇥, with coe�cients

that depend on mh and the quartic couplings in the scalar potential,

(C1) : (m2
h � �1v

2) + (m2
h � �̃3v

2)t2⇥ = v2(3�6t⇥ + �7t
3
⇥) , (35)

(C2) : (m2
h � �2v

2) + (m2
h � �̃3v

2)t�2
⇥ = v2(3�7t

�1
⇥ + �6t

�3
⇥ ) , (36)

Alignment without decoupling occurs only if there is (at least) a common physical solution

for t⇥ between the two cubic equations.3 From this perspective it may appear that alignment

without decoupling is a rare and fine-tuned phenomenon. However, as we will show below,

there are situations where a common physical solution would exist between (C1) and (C2)

without fine-tuning.

3 Since t� > 0 in our convention, a physical solution means a real positive root of the cubic equation.
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Alignment Conditions

• If fulfilled not only alignment is obtained, but also the right Higgs 
mass,                     , with                  and 

• For                         the conditions simplify, but can only be fulfilled if  

• Conditions not fulfilled in the MSSM, where both 

�SM = �1 cos
4 � + 4�6 cos

3 � sin� + 2

˜�3 sin
2 � cos

2 � + 4�7 sin
3 � cos� ++�2 sin

4 �

m2
h = �SMv2

�6 = �7 = 0

A. Alignment for vanishing values of �6,7

As a warm up exercise it is useful to consider solutions to the alignment conditions

(C1) and (C2) when �6 = �7 = 0 and �1 = �2, which can be enforced by the symmetries

�1 ⇤ ��2 and �1 ⇤ �2, then (C1) and (C2) collapse into quadratic equations

(C1) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t2� = 0 , (37)

(C2) ⇤ (m2
h � �1v

2) + (m2
h � �̃3v

2)t�2
� = 0 , (38)

from which we see a physical solution exists for t� = 1, whenever

�SM =
�1 + �̃3

2
(39)

where we have expressed the SM-like Higgs mass as

m2
h = �SMv

2 . (40)

From Eq. (39) we see the above solution leading to t� = 1 is obviously a special one, since

it demands �SM to be the average value of �1 and �̃3.

For the purpose of comparing with previous studies, let’s relax the �1 = �2 condition

while still keeping �6 = �7 = 0. Recall that the Glashow-Weinberg condition [7] on the

absence of tree-level FCNC requires a discrete symmetry, �1 ⇤ ��1, which enforces at the

tree-level �6 = �7 = 0. Then the two quadratic equations have a common root if and only

if the determinant of the Coe⇥cient Matrix of the two quadratic equations vanishes,

Det

�

⇤ m2
h � �̃3v2 m2

h � �1v2

m2
h � �2v2 m2

h � �̃3v2

⇥

⌅ = (m2
h � �̃3v

2)2 � (m2
h � �1v

2)(m2
h � �2v

2) = 0 . (41)

Then the positive root can be expressed in terms of (�1, �̃3),

t(0)� =

⇧
�1 � �SM

�SM � �̃3

. (42)

We see from Eqs. (41) and (42), that t(0)� can exist only if {�SM,�1,�2, �̃3} have one of

the two orderings

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (43)

10

or

�1 ⇥ �SM ⇥ �̃3 and �2 ⇥ �SM ⇥ �̃3 , (44)

It should be emphasized that the existence of the solution t(0)� is generic, in the sense that

once one of the conditions in Eqs. (43) and (44) is statisfied, then Eq. (42) leads to the

alignment solution t(0)� for a given (�1, �̃3). However, Eq. (41) must be also satisfied to solve

for the desired �2 that would make t(0)� a root of (C2). More specifically, the relations

�2 � �SM =
�SM � �̃3�

t(0)�

⇥2 =
�1 � �SM�

t(0)�

⇥4 (45)

must be fulfilled. Therefore, the alignment solution demands a specific fine-tuned relation

between the quartic couplings of the 2HDM. For instance, it is clear from Eqs. (42) and (45

that, if all quartic couplings are O(1), t(0)� ⇤ O(1) as well unless �̃3 and �2 are tuned to be

very close to �SM or �1 is taken to be much larger than �SM. For examples, t(0)� ⇤ 5 could

be achieved for (�1, �̃3,�2) ⇤ (1., 0.23, 0.261), or for (�1, �̃3) ⇤ (5., 0.07, 0.263).

Our discussions so far apply to scenarios of alignment limit studied, for instance, in

Refs. [4, 5], both of which set �6 = �7 = 0. The generic existence of fine-tuned solutions

may also shed light on why alignment without decoupling, on the one hand, has remained

elusive for so long and, on the other hand, appeared in di⇥erent contexts considered in

previous studies.

B. Large tan� alignment in 2HDMs

The symmetry �1 ⇧ ��1 leading to �6 = �7 = 0 is broken softly by m12. Thus a

phenomenologically more interesting scenario is to consider small but non-zero �6 and �7,

which we turn to next.

We study solutions to the alignment conditions (C1) and (C2) under the assumptions,

�6,�7 ⌅ 1 . (46)

Although general solutions of cubic algebraic equations exist, much insight could be gained

by first solving for the cubic roots of (C1) in perturbation,

t(±)
� = t(0)� ± 3

2

�6

�SM � �̃3

± �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) , (47)

t(1)� =
�SM � �̃3

�7
� 3�6

�SM � �̃3

� �7(�1 � �SM)

(�SM � �̃3)2
+O(�2

6,�
2
7) . (48)
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or

�1, �̃3 < �SM

�3 + �4 + �5 = �̃3�SM ' 0.26
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t αs) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at different

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ + m2

t )
1/2 = 1 TeV for the cases of tan β = 1.6 and tanβ = 30, respectively.
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Standard Model-like Higgs Mass
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For masses of order 1 TeV, diagrammatic and EFT approach agree well, once the 
appropriate threshold corrections are included



Stop Mixing and the Stop Mass Scale

For smaller values of the mixing parameter, the Stop Mass Scale must be 
pushed to values (far) above the TeV scale

The same is true for smaller values of           , for which the tree-level 
contribution is reduced

In these cases, the RG approach allows to resum the large logarithmic 
corrections and leads to a more precise determination of the Higgs mass 
than the fixed order computations.  

The level of accuracy may be increased by including weak coupling 
corrections to both the RG running of the quartic coupling, as well as 
threshold corrections that depend on these couplings

One can also use the RG approach to obtain partial results at a given fixed 
order by the methods we shall describe below

tan�
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The analysis of the three-loop corrections show a high degree of  cancellation 
between the dominant and subdominant contributions

This is a SM effect, since this is the effective theory we are considering.  

This shows that a partial computation of three loop effects is not justified
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Dominant Corrections for heavy Stops and Higgs Masses, 
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FIG. 5. Plots of central (solid), 1� (dashed), and 2� (dotted) contours of the Higgs mass Mh in

the tan� vs. MS plane for values of bXt = 0,
p
6 (top, bottom rows) and µ = MS , 200 GeV (left,

right columns).

plane for bXt = 0,
p
6 and µ = MS, 200 GeV. For bXt = 0 and µ = MS (200 GeV), we see again

that for large tan � > 20, we require MS ⇠ 18 (7) TeV to achieve Mh ⇠ 125.6 GeV, although

within uncertainties, this scale can vary by a few TeV. For a fixed value of moderate to large

tan � & 10, the relatively large spread in MS required to obtain Mh ⇠ 125.6 ± 0.7 GeV

corresponds to the shallow slope of Mh in Fig. 1 at large MS; the central value, however,

22

Necessary stop mass values to get the proper Higgs mass for 
Small  mixing in the stop sector

Draper, Lee, C.W. ’13

Such heavy stops would be out of the reach of the LHC
A higher energy collider necessary to investigate stop sector

Here we kept the gaugino mass M2 = 200 GeV and M1 = 100 GeV
The effect at low values of mu is due to chargino and neutralino loops
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We can reach the same conclusion by using Eq. (21) for s� in this regime,
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This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
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This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying
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h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Down Couplings in the MSSM for low values of µ

All vector boson branching
ratios suppressed by enhancement

of the bottom decay width
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Ũ

Q̃

H1

H2

(d)

H1

H2

Q̃

Q̃

Ũ
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FIG. 1: One-loop diagrams contributing to the the coefficient, Z6, of the Higgs basis operator,

(H†
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1H2). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

Low values of µ similar to the ones analyzed by ATLAS

ATLAS-CONF-2014-010

Bounds coming from precision h measurements
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Higgs Decay into Gauge Bosons
Mostly determined by the change of width

CP-odd Higgs masses of order 200 GeV and tanβ = 10 OK in the alignment case
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A full picture for EW symmetry breaking?
                                     

CMS-HIG-12-033

ATLAS-HIGG-2013-31

Neutral
Higgs 
bosons

Charged
Higgs 
bosons
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ATLAS-HIGG-2013-30

Non-Standard Higgs Searches



Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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FIG. 5: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 10 and for different values

of the Higgsino mass parameter µ.

the width beyond the bottom-quark and tau-lepton ones, the hZ channel being the most

relevant one. As we discussed before, this is in sharp contrast with what happens in the

heavy CP-even Higgs boson, for which at mA ≃ 300 GeV the BR(H → ττ) is only of a few
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Large μ and small tanβ
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contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Decays into gauge and Higgs bosons become important. Observe, however 
that the BR(A  to τ τ) remains large up to the top-quark threshold scale

hh dominant until top threshold hZ relevant



Carena, Haber, Low, Shah, C.W.’14

Light Charginos and Neutralinos can significantly modify M the                                                                 
CP-odd Higgs Decay Branching Ratios

At small values of tanβ,  and small μ,  heavy Higgs  decay into top quarks and 
electroweakinos  become dominant. Still, decays into pairs of Higgs very relevant.
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FIG. 6: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of the

respective Higgs mass in the malt
h and mmod

h scenarios for tan β = 4 different values of the Higgsino

mass parameter µ.

percent, only a factor of two larger than in the low µ scenario. This difference between the

CP-even and CP-odd Higgs bosons has important phenomenological consequences that will

be discussed below.

Another thing that may be observed from Figs. 6 and 7 is that at low values of tan β,

the top contribution to the decay width of the non-standard Higgs bosons is sufficiently

large to strongly suppress all other relevant branching ratios for mA > 2Mt, where Mt is

the top quark mass. Hence, in the following, we shall mostly connectrate in the region of

mA < 350 GeV.

For stop masses of one TeV, the mhmod and mhalt scenarios fail to reproduce the proper

lightest Higgs mass, mh = 125 GeV at values of tanβ ≤ 6. Hence, the stop masses must

be raised in order to obtain the proper Higgs mass. In our work, we keep the ratio of

the trilinear mass parameter At to the overall stop mass scale, as defined in Ref. [], but

vary the value of the stop soft supersymmetry breaking parameters until mh ≃ 125 GeV is

obtained. The corresponding values of the stop soft breaking mass parameters MSUSY = mQ

21

hh still relevant,  SUSY decays
SUSY decays dominant, 

hZ suppressed
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Complementarity between different search channels
Carena, Haber, Low, Shah, C.W.’14

Limits coming from measurements of h couplings

become weaker for larger values of µ

Limits coming from direct searches of H,A ! ⌧⌧
become stronger for larger values of µ

Bounds on mA are therefore dependent on the scenario

and at present become weaker for larger µ

With a modest improvement of direct search limit one would
be able to close the wedge, below top pair decay threshold 



Comment on other direct search channels

• There are other channels that can complement the search for the non-
standard Higgs bosons

• Some powerful ones are the decay of the heavy CP-even Higgs boson into 
pairs of neutral gauge bosons, Z,  or into pairs of lightest CP-even Higgs 
bosons

• Other channels involve the decay of the CP-odd Higgs boson into a Z and a 
lightest Higgs boson

• Τhe decays into gauge bosons vanish in the alignment limit and, as emphasized 
by N. Craig et al ’13, also the decay of H into hh vanishes in the same limit

• Therefore, these channels cannot be efficiently used when the conditions of 
alignment are fulfilled.  Decays into tops can be used at MH > 350 GeV.

• Moreover,  the reach of these channels should be revised in the presence of  
light charginos and neutralinos, which may provide alternative search 
channels.

gHhh ' gHZZ ' gAhZ ' 0

N. Craig et al’15 ,  Liu et al.’15

S. Su et al.



Interference effects : The tt channel

Figure 5: Cross sections vs tt̄ invariant mass for pp ! � ! tt̄, where � = H (A) in the left
(right) panel. The dashed black line shows the QCD background, and the di↵erent solid lines
are associated to di↵erent values of the � mass.

3.1 pp ! H/A ! tt̄

We begin by considering the leading-order interference e↵ects between the pp ! H/A ! tt̄

signal and the SM continuum tt̄ background. In figure 5 we reproduce the di↵erential rates

for pp ! H/A ! tt̄, combining the parton-level cross sections computed in [39] with the

parton distribution functions (PDFs) evaluated in [54]. The coupling strengths are set by

the SM top Yukawa and mt = 173 GeV (the full gg ! tt̄ di↵erential cross section including

all interference e↵ects for general 2HDM couplings is given in appendix B). The characteris-

tic peak-dip interference structure is apparent, particularly for heavier (pseudo)scalars; the

signal-background interference term dominates the pure signal term for all heavy Higgs boson

masses. This highlights the challenge facing searches for H/A ! tt̄ at hadron colliders even

before finite detector resolution is taken into account.

Given the size of the SM tt̄ background and delicacy of the signal-background interference,

it is crucial to incorporate detector e↵ects with adequate Monte Carlo statistics. To e�ciently

simulate detector e↵ects, we derive composite smearing functions for tt̄ events as follows: We

consider seven di↵erent reference values for the top quark pair invariant mass m0
tt̄, and for

each we generate 106 QCD tt̄ events in Madgraph [45], requiring |mtt̄ �m0
tt̄| < 0.5 GeV. We

then shower with PYTHIA6.4 [55] and process the events through Delphes3 [56, 57]. We then

reconstruct the semi-leptonic tt̄ system using mass-shell constraints as detailed in appendix C,

thereby obtaining a response function mapping m0
tt̄ to an mtt̄ distribution. In figure 6 we plot

histograms of these mtt̄ distributions. Interpolating numerically in m0
tt̄ and mtt̄, we obtain a

kernel P (m0
tt̄,mtt̄) against which we can convolve the PDF-smeared parton-level di↵erential

cross section. This allows us to model the e↵ects of detector resolution and tt̄ reconstruction

on the peak-dip structure without being limited by Monte Carlo statistics. We plot the results
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Figure 6: Distribution of mtt̄ after detector e↵ects and tt̄ reconstruction for di↵erent values
of the produced top quark pair mass m0

tt̄.

Figure 7: Cross sections vs tt̄ invariant mass for pp ! � ! tt̄, where � = H (A) in the
left (right) panel. Relative to figure 6, we now include detector and reconstruction e↵ects. In
figure 8 we plot the di↵erence between the background and signal+background curves.

in the two panels of figure 7 for the scalar and the pseudoscalar.

Detector resolution and tt̄ reconstruction completely erode the peak-dip structure in the

presence of a heavy Higgs, leaving behind only modest shifts in the tt̄ invariant mass dis-

tribution relative to the QCD prediction. In figure 8 we plot the di↵erence between the

smeared invariant mass spectra predicted by QCD with a heavy Higgs boson and pure QCD.

The best-mtt̄-bin statistical significances
p
��2 at 3000 fb�1 and the corresponding S/B are

– 15 –
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Figure 8: Di↵erence between the background-only and signal+background cross section
curves shown in figure 7 for pp ! � ! tt̄, where � = H (A) in the left (right) panel.

Figure 9: Left: Best-mtt̄-bin statistical significance expected at 3000 fb�1 for the scalar case
as a function of bin width �. Right: the corresponding S/B. Qualitatively similar results
hold for the pseudoscalar resonance.

shown for the scalar resonance in figure 9 as a function of bin size; qualitatively similar results

hold for the pseudoscalar. From these figures, we conclude that although the high-luminosity

LHC will have su�cient statistical power to observe H/A ! tt̄ in principle, systematic un-

certainties (even at the percent level) will almost certainly prevent any significant detection.

Although we have only considered signal and background and leading order (as full next-to-

leading-order (NLO) expressions for signal+background do not yet exist), it is unlikely that

the inclusion of NLO e↵ects will significantly alter these conclusions.

Of course, there is more information in the tt̄ final state than just the invariant mass;

angular distributions and spin correlations may provide additional handles. In appendix B we

present a parametrization of the tt̄ di↵erential cross section in terms of a well behaved scat-
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Naturalness and Alignment in the NMSSM

• It is well known that in the NMSSM there are new contributions to the lightest 
CP-even Higgs mass,

• It is perhaps less known that it leads to sizable corrections to the mixing between 
the MSSM like CP-even states. In the Higgs basis, 

• The last term is the one appearing in the MSSM, that are small for moderate 
mixing and small values of 

• So, alignment leads to a determination of lambda,

• The values of lambda end up in a very narrow range, between 0.65 and 0.7 for 
allvalues of tanbeta, that are the values that lead to naturalness with perturbativity 
up to the GUT scale
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see also Kang, Li, Li,Liu, Shu’13,   Agashe,Cui,Franceschini’13



Alignment in the NMSSM (heavy or aligned singlets)(i) (ii)
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FIG. 8: Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to down-

type quarks to the SM limit is shown by the red dashed contours for various values of �.
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It is clear from these plots that
the NMSSM does an amazing 
job in aligning the  MSSM-like 

CP-even sector, provided
lambda is of about 0.65

Carena, Low, Shah, C.W.’13



Stop Contribution at alignment

For moderate mixing, It is clear that low values of  
lead to lower corrections to the Higgs mass parameter at the alignment values

�t̃ = � cos 2�(m2
h �M2

Z)

tan� < 3

Interesting, after some simple algebra, one can show that
Carena, Haber, Low, Shah, C.W.’15
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FIG. 2: Left panel : The blue shaded band displays the values of � as a function of tan�, necessary

for alignment for mh = 125± 3 GeV. Also shown in the figure as a green band are values of � that

lead to a tree-level Higgs mass of 125 ± 3 GeV. Right panel : Values of MS necessary to obtain a

125 GeV mass for values of � fixed by the alignment condition and stop mixing parameter Xt = 0

and Xt = MS. The dominant two-loop corrections are included.

Since |µ|2 is the diagonal Higgs squared-mass parameter at tree-level in the absence of

supersymmetry breaking, it is necessary to demand that |µ| ⌧ MS. Furthermore, the SM-

like Higgs mass in the limit of small mixing is approximately given by M2

11

[cf. Eq. (48)].

The one-loop radiative stop corrections to M2

12

exhibited in Eq. (50) that are not absorbed

in the definition of M2

11

are suppressed by µ/MS (in addition to the usual loop suppression

factor), as shown in Eq. (53), and thus can be neglected (assuming tan� is not too large)

in obtaining the condition of alignment. Hence, satisfying Eq. (53) fixes �, denoted by �alt,

as a function of mh, mZ and tan �,

(�alt)2 =
m2

h �m2

Zc2�
v2s2�

. (55)

The above condition may only be fulfilled in a very narrow band of values of � = 0.6 – 0.7

over the tan � range of interest. This is clearly shown in Fig. 2, where the blue band exhibits

16



Allowed CP-even and CP-odd Masses

Heavier CP-even Higgs
can decay to lighter ones

Anti-correlation between
singlet-like CP-even and odd masses

Carena, Haber, Low, Shah, C.W.’15
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FIG. 9: Correlation between mH ' mA and the lightest non-SM-like CP-even Higgs boson mass

(left panel) and anti-correlation between the masses of the lightest non-SM-like CP-even Higgs

boson and the lightest, mostly singlet CP-odd Higgs boson (right panel), for values of  = max.

Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.

mostly singlet CP-even Higgs boson mass (left panel), and the anti-correlation between the

mass of the lightest CP-odd Higgs boson (which possesses a significant singlet component)

and the mostly singlet like CP-even Higgs boson (right panel). These numerical result

verify the expectations based on the analytical analysis of Section IIC. In particular, these

singlet-like Higgs boson masses are always smaller than mA and the relation

mA � 2 mhS (78)

is fulfilled. On the other hand, the anti-correlation between the CP-odd/even mainly singlet

Higgs boson masses implies that values of mAS
<⇠ 150 GeV constrain mhS to be larger than

about 120 GeV, while values of mhS
<⇠ 120 GeV imply mAS

>⇠ 150 GeV.

In general, large values of MA ' mA ' mH are allowed, as in the usual decoupling

regime, but in this work we are mostly interested in having a SM-like Higgs boson for values

of MA <⇠ 500 GeV, where the non-SM-like Higgs bosons are not heavy. Given that we

are interested in values of tan � ⇠ 2 and MA ' |µ|/s�c�, this leads also to low values of
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(b)

FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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Significant decay of heavy CP-odd 
Higgs bosons into singlet like states plus Z
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FIG. 13: Branching ratio of the decay of the heaviest CP-odd Higgs boson into a Z and the lightest

CP-even Higgs bosons, h (left panel) and hS (right panel). Blue, red and yellow represent values

of tan� = 2, 2.5 and 3, respectively.

tency up to the Planck scale (see Fig. 2), implying that the decays

H,A ! �0,±
i �0,⌥

j (83)

are likely to have sizable rates in the region of parameters under consideration.

Fig. 14 illustrates that the heavy Higgs bosons H and A have sizable decay branching

ratios into charginos and neutralinos. These branching ratios become more prominent for

larger values of tan� and for masses below 350 GeV where the decays into top quarks are

suppressed.

For completeness, we present the branching ratio of the heaviest CP-even and CP-odd

Higgs bosons into top quarks in Fig. 15. As expected, this branching ratio tends to be

significant for masses larger than 350 GeV and becomes particularly important at low values

of tan �, for which the couplings of the heaviest non-SM-like Higgs bosons to the top quark

are enhanced. In spite of being close to the alignment limit, this branching ratio is always

significantly lower than 1, due to the decays of the Higgs bosons to final states consisting of

the lighter Higgs bosons and chargino and/or neutralino pairs, as noted above.
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FIG. 15: Branching ratio of the decay of the heaviest CP-even Higgs boson (left panel) and the

heaviest CP-odd Higgs boson (right panel) into pairs of top quarks. Blue, red and yellow represent

values of tan� = 2, 2.5 and 3, respectively.

for masses below 130 GeV, while the WW and eventually ZZ decay branching ratios may

become dominant for masses above 130 GeV, depending on the proximity to alignment. For

mass values above about 150 GeV, decays into two CP-odd singlet-like Higgs bosons open up

for certain regions of parameter space.11 The singlet-like CP-odd Higgs boson has dominant

decay into bottom quark pairs for masses up to about 200 GeV, whereas decays into ZhS

and into neutralinos may open up for slightly heavier masses.

Based on the study of the non-SM-like Higgs boson branching ratios presented above we

will now discuss the main search channels which may lead to discovery of the additional

scalar states at the LHC. In Fig. 17 we present the 8 TeV production cross sections of the

heaviest CP-odd scalar A, decaying into a Z and a hS in the mA – mhS plane. The cross

sections presented in the left panel of Fig. 17 take into account the decay branching ratios

of Z ! `` and hS ! bb̄, since these final states provide excellent search modes at the LHC.

11 For su�ciently heavy hS and light neutralinos, the decays into neutralinos could also open, although such

a channel does not show up in the benchmarks to be discussed later.
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Decays into neutralinos 
and charginos are relevant, also above the top threshold

(a) (b)

FIG. 18: Branching ratio of the decay of the heaviest CP-even (left panel) and CP-odd (right

panel) Higgs bosons into charginos and neutralinos.

In order to consider the constraints coming from decays into the lightest Higgs bosons,

it is important to consider their decay branching ratio. In Figure 19 we consider the decays

into bottom quarks and W gauge bosons that are by far the dominant decay modes for

these particles. Since these particles are mostly singlet-like, their couplings are controlled

by mixing with the doublet states. The singlet states have a small mixing with the SM-

like Higgs boson and larger mixing with the non-standard doublet component. Therefore

the branching ratio of the decay into bottom quarks is enhanced with respect to the SM.

However, the WW and eventually ZZ decay branching ratios become dominant for masses

close or larger than 160 GeV, at which the decay into pair of gauge bosons opens up.
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FIG. 17: The production cross section times branching ratio (left), and the ratio of the observed

limit to the production cross section times branching ratio (right) of the decay of the heaviest CP-

odd Higgs boson into a Z and a CP-even Higgs boson as a function of the heaviest CP-odd and the

singlet like CP-even Higgs boson masses. The cross sections are computed for LHC processes with
p
s = 8 TeV, and the branching ratio includes the subsequent decay of the Z boson into di-leptons

and hS into a bottom quark pair.

As discussed in Section II, searches for heavy scalar resonances decaying to WW (⇤) have

been performed at the LHC and already constrain the signal strength in the channel gg !
hS ! WW (⇤) to be less than 10% of the signal strength from a SM Higgs boson of the same

mass. Since the suppression of the decay branching ratio of hS into bottom quarks is in part

caused by the increase of the branching ratio into W pairs, it is interesting to investigate

the correlation between the search for heavy CP-odd Higgs bosons decaying into hSZ in

the (bb̄)(``) channel and the search for the mainly singlet CP-even Higgs hS decaying into

WW (⇤). To exhibit the complementarity between the two channels, we also show in Fig. 18

the ratios of the event rates for the heavy CP-odd scalar decaying to hSZ, with the same

colors used in the right panel of Fig. 17. We observe that a large fraction of the parameter

space that is di�cult to probe in the A ! ZhS ! (``)(bb̄) channel becomes viable in the

search for gg ! hS ! WW (⇤). There is a small region where searches in both channels

become di�cult. This is the region where hS has a small coupling to the top quark, thereby

suppressing its production cross section, or where the singlet CP-odd scalar mass mAS is
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FIG. 18: The production cross section times branching ratio of the decay of the second heaviest

CP-even Higgs into pairs of W, showing the ratio of the observed limit for the heaviest CP-odd

Higgs boson into a Z and a CP-even Higgs bosons.
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FIG. 19: Ratio of the observed limit to the production cross section times Branching ratio of the

decay of the heaviest CP-even Higgs boson into a Z and the lightest CP-odd Higgs bosons.
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Due to behavior of the singlet decay branching ratio,
WW production enhanced in regions where bbll signal small



Conclusions

Low energy supersymmetry provides a very predictive framework for the 
computation of the Higgs phenomenology.

The properties of the lightest and heavy Higgs bosons depend strongly on radiative 
corrections mediated by the stops and on lambda. 

Alignment in the MSSM appears for large values of mu, for which decays into 
electroweakinos are suppressed, making the bounds coming from decays into SM 
particles stronger

Complementarity between precision measurements and direct searches will allow to 
probe efficiently the MSSM Higgs sector

In the NMSSM, alignment occurs in regions of parameter space in which the 
naturalness conditions are fulfilled, with lambda of order 0.65. Stops can be light, since 
their relation with the Higgs mass is different from the MSSM one

Light Higgs, chargino and neutralino spectrum is a prediction of this model in this 
region of parameters. 

Searches for heavy Higgs bosons decaying into non-standard light Higgs and vector 
bosons is prominent and should be emphasized at LHC 14.  
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2

as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⇥
�
mt̃1mt̃2

⇥1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� � 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⌅ ±

⇧
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⌅ 125 GeV, we must have

tan� � 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⇤ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⌅ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.

�4 �2 0 2 4
0

5

10

15

20

25

30

Xt�MS

ta
n⇥

FIG. 1. Contour plot of mh in the tan� vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tan� = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⌅ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger
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Comparison with FeynHiggs

-����

-����

-����

-����

-���

-���

-���

FIG. 9. Top row: density plots for Mh calculated using the e↵ective THDM [left] and the

di↵erence between the left plot and the calculation of Mh using FeynHiggs, for the low-tan�-

high scenario [right]. From top to bottom, the (dotted, dashed, solid, dot-dashed) black curves

correspond to di↵erences of �(1, 2, 5, 10) GeV, respectively. Bottom row: Fractional di↵erence in

↵ [left] and the di↵erence in MH [right] calculated using the e↵ective THDM and FeynHiggs. In

the left plot, from top to bottom, the (dotted, dashed, solid, dot-dashed) black curves correspond

to di↵erences of (1, 2, 5, 10)%. In the right plot, from the upper right to the lower left, the (dashed,

dotted, dotted, dashed, solid, dot-dashed, dot-dashed) black curves correspond to di↵erences of

(2, 1,�1,�2,�5,�10,�15) GeV, respectively.

The Higgs masses computed in our work tend to be lower than the results obtained by

FeynHiggs, which implements similar resummation methods, and may di↵er by a few GeV

or more. The di↵erence may be traced to our use of an e↵ective THDM theory at scales

above mA and also a higher-order computation of the relation between the running and the
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FIG. 10. As in Fig. 9, except using the boundary value yt,NLO(Mt) = 0.95113 for the RG evolution.

on-shell top-quark mass.

Our calculation leads to a lower bound on t� for large values of µ and low values of mA.

The reason for this bound is that even for stops as heavy as MGUT, the stop corrections

are insu�cient to obtain the appropriate Higgs mass due to the appearance of large mixing

e↵ects that push the lightest CP-even Higgs mass down, and the absence of light charginos

and neutralinos that can increase the mass of the lightest CP-even Higgs boson by a few

GeV. For low values of µ, instead, the theory remains consistent up to values of t� of order

one, at which a Landau pole of the top-quark Yukawa coupling may be induced at low values

of mA.
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Leading order relation between

Mt and running mt(Mt)

Next to leading order relation

between Mt and running mt(Mt)

Good agreement for large tan� and
LO relation between Mt and mt(Mt)

Somewhat less extreme differences than 
the ones presented in SUSYHD article 

Vega and Villadoro’15



Soft supersymmetry Breaking Parameters

Large stop sector mixing 
  At > 1 TeV

No lower bound on the lightest stop 
  One stop can be light and the other heavy   

 or
in the case of similar stop soft masses. 

both stops can be below 1TeV

At large tan beta, light staus/sbottoms can decrease
       mh by several GeV’s via Higgs mixing effects 
           and compensate tan beta enhancement 

Intermediate values of tan beta lead to
 the largest values of mh for the same values 

of stop mass parameters 

M. Carena, S. Gori, N. Shah, C. Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842
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Comment on CP-violation
•In the presence of CP-violating phases in the soft SUSY parameters, the mass 

eigenstates are no longer CP-eigenstates

•Mixing between the would be CP-even and CP-odd Higgs bosons exist.

•How large could be the CP-odd component of the lightest neutral Higgs ?

•It is proportional to 

•So, it goes to zero for maximal mixing ! For stop masses of the order of the TeV scale it 
is difficult to obtain the right Higgs mass and a relevant CP-odd component 

•A CP-odd component is further restricted by electric dipole moments and Higgs 
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The parameter ⌘ displays the well known one-loop radiative corrections to the lightest (would

be CP-even) Higgs mass, which are maximized for values of the stop mixing parameter

|Xt| = 6MSUSY. Notoriously, for the same values of the stop mixing parameter the parameter

⇠2 vanishes. Hence, a sizable CP-odd component of the lightest neutral Higgs boson is always

associated with departures from the maximal values of its mass. This is clearly shown in

Figures ?? and ?? where we display the value of the CP-odd component of the lightest

neutral Higgs against its mass for two di↵erent values of tan � and the charged Higgs boson

mass, consistent with the current experimental bounds coming from direct searches for non-

standard Higgs bosons at the LEP and LHC experiments. During this procedure, 400, 000

points were randomly generated and uniformly scattered all over the space spanned by the

relevant parameters. We choose the values of the supersymmetry breaking parameters in

the following ranges : At from 2 TeV to 6 TeV, |µ| from 2 TeV to 6 TeV, �M3 , �A, �µ, �M2

from �180� to +180�, |M3| from 500 GeV to 3000 GeV. The hierarchy factor ⇢, denoting the

di↵erence between the first and second generation sermons and the third generation ones

plays only a small role in this analysis and was chosen to be 1.0. From this plot we see

that there is an upper limit for the mass lightest neutral Higgs mass around 127 GeV for a

charged Higgs mass of MH+ = 260 GeV and tan � = 5.5, while increases to 131 GeV for the

larger values of the charged Higgs mass, MH+ = 800 GeV and tan � = 20. These maximal

values arise for zero CP-odd component in Higgs sector, as expected from our discussion

above.

For values of |Xt|/MSUSY 6= 6, the value of ⇠2 may increase and the CP-odd component

of the lightest neutral Higgs may be sizable. However, the parameter ⌘ is pushed to lower

values lowering the Higgs mass. Moreover the existence of a large ⇠2, no matter positive

or negative, will drag m2
H1 further down. That’s the reason why we have a anti-correlation

between CP-violation and Higgs mass in the MSSM.
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FIG. 3: CP violation & H1 mass Correlation (tan� = 5.5,MH+ = 260GeV )

FIG. 4: CP violation & H1 mass Correlation (tan� = 20,MH+ = 800GeV )

In Figures ?? and ?? , as before, the CP-odd component was defined to be O31, i.e. the a

and h coupling in the rotation matrix. As the mass goes down, the CP-dd component may

increase but is constrained by the requirement of obtaining agreement with the measured

Higgs mass value. Although one obtains larger Higgs masses, for MH+ = 800 GeV the

parabola-like upper limit on the CP-odd component of the lightest Higgs is much sharper,

which implies much smaller CP-odd components in the acceptable Higgs mass range. Such a

behavior is not surprising, and reflects the decrease of the mixing angle O31 with the charged

Higgs mass, namely O31 ' ⇠2/M2
H+ .
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Mixing mass matrix 

Higgs, we’ll start from the 3 ⇥ 3 mass matrix, defining the mixing between the would-be

CP-even components of the two Higgs doublets and the CP-odd Higgs boson in the absence

of CP-violating e↵ects, �1, �2 and a, respectively. Let’s separate out the tree-level terms

and investigate the contributions from the CP-violating phases, taken as small perturbations

here, to see how those perturbations a↵ect the mass eigenstates of the neutral Higgs sector.

The full mass matrix can be written as,

M2 = M2
Tree +M2

Loop (1)

=

0

BBB@

M2
as

2
� +M2

z c
2
� �(M2

a +M2
z )s�c� 0

�(M2
a +M2

z )s�c� M2
ac

2
� +M2

z s
2
� 0

0 0 M2
a

1

CCCA
+

0

BBB@

�11 �12 �1

�21 �22 �2

�1 �2 0

1

CCCA
(2)

where �i,�ij can be considered as perturbations and we’ll investigate their e↵ects on Higgs

mass in the following. With the relative phase ⇠ between the two Higgs doublets set to be

zero, �i, �ij can be expanded as follows,

�1 = v2(Im(�5)s� + Im(�6)c�)
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The values of the quartic couplings may be found in Ref. [27]. In order to understand

the main e↵ects, we should go to the Higgs basis ({�1,�2}!{h1, h2}) by rotating by the

angle �, which becomes the proper diagonalization angle in the decoupling limit. The

transformation matrix O links the 3 neutral Higgs further with their mass eigenstates by

{h1, h2, a}T = O{H1, H2, H3}T , thus H1 can be expanded as H1 = O11h1+O21h2+O31a. In

this case, we get,
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where M2
diag is the eigenvalue matrix and

⇠1 = ��1s� + �2c�
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In the result of equation(4), we can see that the final corrections to m2
H1

come from

the three terms, ⇠2, ✓, ⌘. In this limit, ⇠2 defines the strength of the mixing between a

and h, i.e. it fixes the CP-odd component of the lightest Higgs. Defining the parameter

Yt = At + µ⇤ tan �, one can demonstrate that, at one loop

⌘ =
3h4

tv
2 sin4 �

8⇡2


log

✓
M2

SUSY

m2
t

◆
+

|Xt|2
M2

SUSY

✓
1� |Xt|2

12 M2
SUSY

◆�
(6)

✓ = �M2
Z cos 2� sin 2� +

3h4
tv

2 sin2 � sin 2�

16⇡2


log

✓
M2

SUSY

m2
t

◆

+
|Xt|2

2M2
SUSY

+ Re

✓
XtY ⇤

t

2M2
SUSY

✓
1� |Xt|2

6M2
SUSY

◆◆� (7)

⇠2 = Im

✓
3h4

tv
2 sin2 � sin 2�

32⇡2


XtY ⇤

t

M2
SUSY

✓
1� |Xt|2

6M2
SUSY

◆�◆
(8)

where v ' 246 GeV is the Higgs vacuum expectation value. The above equations provide a

generalization of the expressions for the Higgs mixing parameters in terms of Xt and Yt in

the CP-conserving case [53]. The parameter ⌘ displays the well known one-loop radiative

corrections to the lightest (would be CP-even) Higgs mass, which are maximized for values

of the stop mixing parameter |Xt| =
p
6 MSUSY. Notoriously, for the same values of the stop

mixing parameter the parameter ⇠2 vanishes. Hence, a sizable CP-odd component of the

lightest neutral Higgs boson is always associated with departures from the maximal values

of its mass.

7

=

0

BBB@

M2
Z cos2 2� + ⌘ ✓ ⇠2

✓ m2
a + M2

Z sin2 2� + ⇢ ⇠1

⇠2 ⇠1 m2
a

1

CCCA
(4)

where M2
diag is the eigenvalue matrix and

⇠1 = ��1s� + �2c�

⇠2 = �1c� + �2s�

✓ = (�22 ��11) sin � cos � +�12 cos 2� �M2
Z cos 2� sin 2�

⌘ = �11c
2
� +�22s

2
� +�12 sin 2�

(5)

In the result of equation(4), we can see that the final corrections to m2
H1

come from

the three terms, ⇠2, ✓, ⌘. In this limit, ⇠2 defines the strength of the mixing between a

and h, i.e. it fixes the CP-odd component of the lightest Higgs. Defining the parameter

Yt = At + µ⇤ tan �, one can demonstrate that, at one loop

⌘ =
3h4

tv
2 sin4 �

8⇡2


log

✓
M2

SUSY

m2
t

◆
+

|Xt|2
M2

SUSY

✓
1� |Xt|2

12 M2
SUSY

◆�
(6)

✓ = �M2
Z cos 2� sin 2� +

3h4
tv

2 sin2 � sin 2�

16⇡2


log

✓
M2

SUSY

m2
t

◆

+
|Xt|2

2M2
SUSY

+ Re

✓
XtY ⇤

t

2M2
SUSY

✓
1� |Xt|2

6M2
SUSY

◆◆� (7)

⇠2 = Im

✓
3h4

tv
2 sin2 � sin 2�

32⇡2


XtY ⇤

t

M2
SUSY

✓
1� |Xt|2

6M2
SUSY

◆�◆
(8)

where v ' 246 GeV is the Higgs vacuum expectation value. The above equations provide a

generalization of the expressions for the Higgs mixing parameters in terms of Xt and Yt in

the CP-conserving case [53]. The parameter ⌘ displays the well known one-loop radiative

corrections to the lightest (would be CP-even) Higgs mass, which are maximized for values

of the stop mixing parameter |Xt| =
p
6 MSUSY. Notoriously, for the same values of the stop

mixing parameter the parameter ⇠2 vanishes. Hence, a sizable CP-odd component of the

lightest neutral Higgs boson is always associated with departures from the maximal values

of its mass.

7

=

0

BBB@

M2
Z cos2 2� + ⌘ ✓ ⇠2

✓ m2
a + M2

Z sin2 2� + ⇢ ⇠1

⇠2 ⇠1 m2
a

1

CCCA
(4)

where M2
diag is the eigenvalue matrix and

⇠1 = ��1s� + �2c�

⇠2 = �1c� + �2s�

✓ = (�22 ��11) sin � cos � +�12 cos 2� �M2
Z cos 2� sin 2�

⌘ = �11c
2
� +�22s

2
� +�12 sin 2�

(5)

In the result of equation(4), we can see that the final corrections to m2
H1

come from

the three terms, ⇠2, ✓, ⌘. In this limit, ⇠2 defines the strength of the mixing between a

and h, i.e. it fixes the CP-odd component of the lightest Higgs. Defining the parameter

Yt = At + µ⇤ tan �, one can demonstrate that, at one loop

⌘ =
3h4

tv
2 sin4 �

8⇡2


log

✓
M2

SUSY

m2
t

◆
+

|Xt|2
M2

SUSY

✓
1� |Xt|2

12 M2
SUSY

◆�
(6)

✓ = �M2
Z cos 2� sin 2� +

3h4
tv

2 sin2 � sin 2�

16⇡2


log

✓
M2

SUSY

m2
t

◆

+
|Xt|2

2M2
SUSY

+ Re

✓
XtY ⇤

t

2M2
SUSY

✓
1� |Xt|2

6M2
SUSY

◆◆� (7)

⇠2 = Im

✓
3h4

tv
2 sin2 � sin 2�

32⇡2


XtY ⇤

t

M2
SUSY

✓
1� |Xt|2

6M2
SUSY

◆�◆
(8)

where v ' 246 GeV is the Higgs vacuum expectation value. The above equations provide a

generalization of the expressions for the Higgs mixing parameters in terms of Xt and Yt in

the CP-conserving case [53]. The parameter ⌘ displays the well known one-loop radiative

corrections to the lightest (would be CP-even) Higgs mass, which are maximized for values

of the stop mixing parameter |Xt| =
p
6 MSUSY. Notoriously, for the same values of the stop

mixing parameter the parameter ⇠2 vanishes. Hence, a sizable CP-odd component of the

lightest neutral Higgs boson is always associated with departures from the maximal values

of its mass.

7

of the CP-odd component of the lightest neutral Higgs against its mass, obtained by the

CPsuperH code [32],[33]. for two di↵erent values of tan� and the charged Higgs boson

mass, consistent with the current experimental bounds coming from direct searches for non-

standard Higgs bosons at the LEP and LHC experiments. During this procedure, 400, 000

points were randomly generated and uniformly scattered all over the space spanned by

the relevant parameters. We choose the values of the supersymmetry breaking parameter

MSUSY = 2 TeV and the rest of the parameters were varied in the following ranges : At from

2 TeV to 6 TeV, |µ| from 2 TeV to 6 TeV, �M3 , �A, �µ, �M2 from �180� to +180�, |M3|
from 500 GeV to 3 TeV. The hierarchy factor ⇢, denoting the di↵erence between the masses

of the first and second generation sfermions and the third generation ones plays only a small

role in this analysis and was chosen to be equal to one. From this plot we see that there is

an upper limit for the lightest neutral Higgs mass around 127 GeV for a charged Higgs mass,

MH+ = 260 GeV and tan � = 5.5, which increases to 131 GeV for a larger MH+ = 800 GeV

and tan � = 20. These maximal values arise with zero CP-odd component in Higgs sector,

as expected from our discussion above.

For values of |Xt|/MSUSY 6= p
6, the value of ⇠2 may increase and the CP-odd component

of the lightest neutral Higgs may be sizable. However, the parameter ⌘ is pushed to lower

values lowering the Higgs mass. Moreover, the existence of large ⇠2 or ✓, no matter positive

or negative, will drag m2
H1

further down due to mixing e↵ects. That’s the reason why we

have a anti-correlation between CP-violation and Higgs mass in the MSSM.

In Figures 1 and 2 , as before, the CP-odd component was defined to be O31. As the

mass goes down, the CP-odd component may increase but is constrained by the requirement

of obtaining agreement with the measured Higgs mass value. Although one obtains larger

values of mH1 for MH+ = 800 GeV the parabola-like upper limit on the CP-odd component

of the lightest Higgs is much sharper, which implies much smaller CP-odd components in

the acceptable Higgs mass range. Such a behavior is not surprising, and reflects the decrease

of the mixing angle O31 with the charged Higgs mass, namely

O31 ' �⇠2/M
2
H+ . (9)

Rewriting the above equation in terms of the mass parameters µ and At, from Eq. (8) one

finds

O31 / �3h4
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M2
SUSY

✓
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6M2
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Observe that a large CP-odd component
means that the alignment condition, 
already hard to achieve in the MSSM, 

becomes even harder to achieve.

CP-violation only possible for relatively
small values of the non-standard

Higgs masses, and hence significant
deviations of the bottom coupling are

expected. 

Bing Li, C.W.’14

Higgs Basis.
Third component A



Deviation of Higgs Branching Ratios compared to the SM

FIG. 6: Correlation between the CP-odd component of H1 and the H1 decay branching ratio in

the ZZ channel. The left panel shows the case when mH+ = 300 GeV, |µ| = 3MSUSY=6 TeV,

while the right panel corresponds to mH+ = 600 GeV and |µ| = 0.5MSUSY=1 TeV. In both scans,

we have varied the phase of µ and the value tan�, while the rest of the relevant parameters were

fixed to the values shown on the plot. All points shown here satisfy our MH1 constraint(122.5-

128.5 GeV). Sizable CP-odd components can be found under the setting of the left panel, and

the right panel is to show the change when a higher consistency with SM is demanded, which is

very likely given the improving precision in Higgs coupling constants. The parameter sets in the

right panel push branching ratios closer to SM value, but the CP-violating e↵ect is suppressed

dramatically at the same time due to large mH+ and small |µ|. Another e↵ect of a smaller value

of |µ| is that the possible range of �µ shrinks further down to get a reasonable |Xt|. The di↵erent

colors represent di↵erent values of tan�. The overall stop mass scale MSUSY was fixed at 2 TeV,

while |At| = 3MSUSY=6 TeV and |M3|=3 TeV.

We calculated the H ! ZZ⇤ branching ratio in the MSSM using CPSuperH2.3 and also

its value predicted by the SM for the same Higgs mass. We plotted the correlation between

the CP-odd component of H1 and its decay branching ratio into Z gauge bosons. In Figs. 6

we show the dependence of these quantities on the variables tan � and �µ. tan � is varied

from 4.0 to 10.0 and �µ from �180� to 180�. Other parameters are chosen to maximize the

Higgs mass i.e. arg(AtMg̃ ' 0), (in this particular example the choice of �A = �177.9� and

�Mg̃ = 173.9� came from a scan of parameters to be presented below). Seen from this plot,

the variation of tan � determines the shape of the arch, while �µ explains the spreading along
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right panel of Figure 3 shows the strong dependence of the Higgs mass on the amplitude of

Xt for both mH+ = 300 GeV and mH+ = 800 GeV. Since MSUSY = 2 TeV , the maximization

of Higgs mass occurs close to |Xt| = 4.8 TeV, about 2.4 MSUSY, which is consistent with

our analysis above and for |µ| = |At| = 3MSUSY and tan � = 5 corresponds to a phase of

µAt close to zero. As the phase increase the CP-odd component increases, but the Higgs

mass decreases. In order to keep the Higgs mass within the acceptable range, |Xt| < 6 TeV,

which corresponds to a phase of about 80 degrees, putting a bound on the possible CP-odd

component of the lightest Higgs boson. This bound is about 6 percent in the particular case

of MH+ = 300 GeV.

Observe that the Higgs mass is not a single-valued function of |Xt| but for each |Xt| the
Higgs mass values are within a broad band, which is due to the fact that there are small

changes in the lightest Higgs mass induced by the variation in the phases of AtMi, and

mostly coming from threshold corrections to the top Yukawa coupling. An example of this

variation is shown in Figure 4, where we show that indeed, besides the overall dependence

on Xt, which is fixed by the phase of µAt, there is a dependence on the phase of AtM⇤
3

leading to larger Higgs mass values for these phases equal to zero.

IV. CONSTRAINTS FROM THE HIGGS H1 BRANCHING RATIOS

As stressed above, a large CP-odd component of the lightest neutral Higgs may only

be obtained for low values of the charged Higgs mass. Such values of the charged Higgs

mass lead in general to large mixings not only with the would-be CP-odd Higgs but also

between the two would-be CP-even Higgs bosons. Since the would-be CP-odd Higgs and

the heavier would-be CP-even Higgs have tan � enhanced couplings to the down fermions, in

general one expects significant deviations of the down couplings of the lightest neutral Higgs

with respect to the SM one. This can be seen by writing the down-quark couplings [30],

normalized to the SM values, in the Higgs basis

gSH1dd
=

1

hd + �hd +�hd tan �

⇢
Re(hd + �hd)

� sin �O21 + cos �O11

cos �

+ Re(�hd)
O21 cos � +O11 sin �

cos �
� [Im(hd + �hd) tan � � Im(�hd)]O31

�
(11)

gPH1dd
=

1

hd + �hd +�hd tan �
{(Re(�hd)�Re(hd + �hd) tan �)O31
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Values of the  CP-odd component
of H1 of a few percent are

obtained for these sizable values
of At and μ and small values of

the charged Higgs mass. 

A sizable deviation of the Higgs 
branching ratios is observed, what
constrains the CP-odd component.

Larger charged Higgs mass leads
to branching ratios closer to
the SM, but smaller CP-odd

components, too. 

Bing Li, C.W.’15

Putting all constrains together, CP-odd components
larger than a 3 percent are difficult to achieve in the MSSM for 

stops at the TeV scale. Larger values may be obtained for very heavy stops 



CP-Violation in the tau lepton sector

The resulting values of the CP-odd component are very small and difficult to measure.

Observe, however that if one defines

The axial coupling of the tau to H1, which is due to the mixing with the would be 
CP-odd scalar, is enhanced by tanβ. 

H ! �� channels [75], the angular distribution of the products in the tt̄H channel [76],[77],

as well as the distribution over the angle between the planes of e�e+ pairs arising from

conversion in diphoton decays [78],[79].

A promising channel, h ! ⌧�⌧+, has been proposed to investigate the CP nature of the

Higgs boson at the LHC [80],[81],[82], and becomes suitable to test CP-violation in the Higgs

sector of the MSSM. In the recent proposal, Ref. [81], the mixing angle, �⌧ , defined as:

tan�⌧ =
gPh⌧⌧
gSh⌧⌧

(20)

can be determined by measuring the spin correlation of the tau lepton pairs, which lead to

particular di↵erential distributions of the tau pairs in the Higgs decays. These correlations

are characterized by an angle �⇤
CP , defined from the impact parameters and momenta of the

charged prongs a� and a+ in the decays ⌧� ! a� + X and ⌧+ ! a0+ + X in the a�a0+

zero-momentum frame. The measured di↵erential distribution of the Higgs boson decaying

into tau-pairs with respect to �⇤
CP can be described by:

d�(pp ! H1 ! ⌧⌧)

d�⇤
CP

' u cos(�⇤
CP � 2�⌧ ) + v (21)

The major background comes from the Drell-Yan production of ⌧ pairs whose e↵ects can

be minimized by cuts. It is claimed that the Higgs mixing angle �⌧ can be measured to

a precision of ��⌧ ⇡ 14.3�(5.1�) at the high luminosity LHC (14 TeV) with an integrated

luminosity of 500 fb�1(3 ab�1) (Ref. [80], instead, claims a sensitivity of about 11� at 3 ab�1).

In the Higgs basis, considering only the dominating terms, tan�⌧ can be approximated

by

tan�⌧ ' O31 tan �

O11 �O21 tan �
, (22)

which leads to values of �⌧ of order of 10� for values of O31 and O21 of a few percent and

tan � ' 10, and grows for larger values of tan �.. For instance, for point 1 in Table III, a

value of tan�⌧ = 0.236 is obtained, corresponding to �⌧ = 13�, within the reach of LHC.

This is well within the claim reach of the high luminosity LHC.
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28 FIG. 13: Maximum value of �⌧ , Eq. (20), in the tan� - ⇢ plane, obtained from a a scan of the phases

of all relevant parameters, Af , µ, M3 and M2, for mH+ = 300 GeV, |At| = |µ| = 3MSUSY = 6 TeV.

The values of tan� and ⇢ are varied within a fairly large range, and points consistent with the

present experimental constraints are selected.

To get a better perception of the power of the h ! ⌧�⌧+ measurement, in Fig.13 we plot,

for the points we found satisfying all current experimental constraints considered in this

paper, the maximum value of �⌧ in the tan ��⇢ plane. In other words, these values represent

the experimental sensitivity needed in order to start probing the CP-odd component of H1

in the MSSM for that particular parameter region.

It is then clear that if the value of O31 is close to the maximal values consistent with

current experimental constraints, the LHC may probe this CP-violating e↵ects in the high

luminosity run. It is also clear that in order for the LHC to probe the CP-odd component

of H1 in the MSSM, the charged Higgs mass should be of order of the weak scale and

tan � > 5. This region of parameters will be e�ciently probed by the LHC in the search for

Higgs bosons decaying into ⌧ -pairs in the near future. Moreover, as stressed before a large

CP-odd component of H1 is in general associated with a modification of the branching ratios

of H1 and hence precision measurements of the H1 properties will further test the region of

parameter space consistent with a significant CP-odd component of H1.
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Μeasurement at a high 
luminosity LHC may be 

possible 

(Berge et al’14, Harnik et al)


