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Motivation for three Higgs doublets
Three fermion generations may suggest three doublets
Interesting scenario for dark matter

Rich phenomenology

       Possibility of having a discrete symmetry and still having
spontaneous CP violation  

Motivation for imposing discrete symmetries
Symmetries reduce the number of free parameters 

leading to (testable) predictions 

Symmetries are needed to stabilise dark matter

Symmetries help to control HFCNC

Example: NFC, no HFCNC due to Z2 symmetry(ies)

Example: MFV suppression of HFCNC, BGL models



Three Higgs doublet models with S3 Symmetry
(extended to flavour)

many works aiming at explaining neutrino masses and  
leptonic mixing

a lot of work already done analysing the Higgs potential

inert dark matter candidates from S3 3HDM considered 

 Interesting open questions still remain!

Despite

Ma, Koide, Kubo, Mondragon, Rodriguez-Jauregui, Chen, Wolfenstein, Mohapatra, Nasri,
Yu, Harrison, Scott, Frigerio, Grimus, Lavoura, Branco, Silva-Marcos…  

Derman, Tsao, Pakvasa, Sugawra, Wyler, Branco, Gerard, Grimus, Das, Dey, Bhattacharyya, Leser, 
Pas, Ivanov, Nishi…  

Fortes, Machado, Montano, Pleitez…  

Harari, Haut, Weyers, Meloni, Teshima, Melic, Canales, S Salazar, Velasco-Sevilla ,…  

several works addressing masses and mixing in the quark sector 



The Scalar potential
S3 is the permutation group involving three objects, 

here all fields appear on equal footing
this representation is not irreducible, for instance, the combination

remains invariant, it splits into two irreducible representations, 
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Decomposition into these two irreducible representations
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The democratic mass matrix can be obtained from S3 flavour symmetries

S3L x S3R: Ml = �0 � ; MD = � � ; MR = µ (�+ a 1I)
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This definition does not treat equally  �1,�2,�3 , they could be interchanged

Very interesting alternative, democratic with phases (USY)



The scalar potential in terms of fields from irreducible representations
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2.3 The potential in terms of the S3 singlet and doublet

In terms of the S
3

singlet and doublet fields, the potential can be written as [2, 3, 4, 5, 6, 7]
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The vacuum conditions give µ2

0

and µ2

1

in terms of the quartic coe�cients:
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(ṽ2
2

� 3ṽ2
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The two equations (2.21b) and (2.21c) are not automatically consistent.
For the charged sector, the mass-squared matrix is given by
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+ ṽ2
2

) + 2�
4

ṽ
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(ṽ2
1

� ṽ2
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For the CP-odd sector, the mass-squared matrix is given by
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no symmetry under the interchange of 

however there is symmetry for  

equivalent doublet representation

Das and Dey

h1 and h2

h1 ! �h1

2 The scalar potential

S3 is the permutation group involving three objects, {�a,�b,�c}. The three dimensional representation of S3 is
not an irreducible one simply because we can easily construct a linear combination of the elements, �a+�b+�c,
which remains unaltered under the permutation of the indices. We choose to decompose the three dimensional
representation into a singlet and doublet as follows :
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The most general renormalizable potential invariant under S3 can be written in terms of �3, �1 and �2 as
follows [27–31]:
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In general �4 and �7 can be complex, but we assume them to be real so that CP symmetry is not broken
explicitly. For the stability of the vacuum in the asymptotic limit we impose the requirement that there should
be no direction in the field space along which the potential becomes infinitely negative. The necessary and
su�cient conditions for this is well known in the context of two Higgs-doublet models (2HDMs) [32]. For the
potential of Eq. (3), a 2HDM equivalent situation arise if one of the doublets is made identically zero. Then
it is quite straightforward to find the following necessary conditions for the global stability in the asymptotic
limit :
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has also been used in the literature. In terms of this new doublet, the quartic part of the scalar potential is
written as [33–35]:
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In the special case 

�1 $ �2

�4 = 0 the potential has SO(2) symmetry: 
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The second charged Higgs (H+
2 ) along with the massless Goldstone (!+), which will appear as the longitudinal
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where, the pseudoscalar state (A1) with mass eigenvalue mA1 is defined as :
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where, tan� has already been defined in Eq. (13c). Similar to the charged part, here also the second pseudoscalar
(A2) along with the massless Goldstone (⇣) can be obtained as follows :
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The massless state (h0), as also noted in [36], is given by :

h0 = cos � h1 � sin � h2 . (20)

But we wish to add here that the appearance of a massless scalar is not surprising. One can easily verify that
the potential of Eq. (3) has the following SO(2) symmetry for �4 = 0 :
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Since SO(2) is a continuous symmetry isomorphic to U(1), a massless physical state is expected. Other two
physical scalars are obtained as follows :
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Alternative choice of irreducible representations

S3 has three irreducible representations, doublet, singlet and 
pseudo singlet, hA

Take S3 doublet and hA  
No direct translation into initial fields �1,�2,�3

New potential (only term in �4 changes):
2.6 The potential in terms of the S3 (singlet)0 and doublet
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The vacuum conditions give µ2
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reduces to the same potential we had before with h1 and h2 
interchanged, no new physics! 



Minimisation of the scalar potential:

The vacuum conditions give µ2
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The two equations (2.39b) and (2.39c) are not automatically consistent. Consistency
requires

�
4

(3w2
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� w2

1

)wS = 0. (2.40)

Das and Dey discuss two cases, whereas we would like to discuss all three:

• Case I. �
4

= 0

• Case II. v2
1

= 3v2
2

• Case III. wS = 0.

We note that Case I corresponds to “Derman b”, that Case II corresponds to “Derman
a” and finally that Case II corresponds to “Derman c”. (wS = 0 $ DM Scenario 4?)

For the charged sector, the mass-squared matrix is given by
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For the CP-odd sector, the mass-squared matrix is given by
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1There are misprints in the corresponding expressions given in Ref. [10], their Eq. (9): (i) a factor of
1/2 is missing on the right-hand side of all three expressions, and (ii) in µ2

0 (µ2
3 in their notation) the

coe�cient of �4 should be (v2/2v3)(v22 � 3v21).
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The vacuum conditions give µ2

0

and µ2
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in terms of the quartic coe�cients:1
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The two equations (2.39b) and (2.39c) are not automatically consistent. Consistency
requires
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)wS = 0. (2.40)

Das and Dey discuss two cases, whereas we would like to discuss all three:

• Case I. �
4

= 0

• Case II. v2
1

= 3v2
2

• Case III. wS = 0.

We note that Case I corresponds to “Derman b”, that Case II corresponds to “Derman
a” and finally that Case II corresponds to “Derman c”. (wS = 0 $ DM Scenario 4?)

For the charged sector, the mass-squared matrix is given by

M2

11

= 1

2

[2�
1

(w2

1

+ w2

2

) + 2�
3

(w2

1

� w2

2

) + 2�
4

w
2

wS + �
5

w2

S ++2µ2

1

],

M2

22

= 1

2

[2�
1

(w2

1

+ w2

2

)� 2�
3

(w2

1

� w2

2

)� 2�
4

w
2

wS + �
5

w2

S + 2µ2

1

],

M2

SS = 1

2

[�
5

(w2

1

+ w2

2

) + 2�
8

w2

S + 2µ2

0

],

M2

12

= w
1

(2�
3

w
2

+ �
4

wS),

M2

1S = 1

2

w
1

(2�
4

w
2

+ �
6

wS + 2�
7

wS),

M2

2S = 1

2

[�
4

(w2

1

� w2

2

) + �
6

w
2

wS + 2�
7

w
2

wS]. (2.41)

For the CP-odd sector, the mass-squared matrix is given by
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1There are misprints in the corresponding expressions given in Ref. [10], their Eq. (9): (i) a factor of
1/2 is missing on the right-hand side of all three expressions, and (ii) in µ2

0 (µ2
3 in their notation) the

coe�cient of �4 should be (v2/2v3)(v22 � 3v21).
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The second and third equations are not automatically consistent

consistency requires:
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The two equations (2.39b) and (2.39c) are not automatically consistent. Consistency
requires
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)wS = 0. (2.40)

Das and Dey discuss two cases, whereas we would like to discuss all three:

• Case I. �
4

= 0

• Case II. v2
1

= 3v2
2

• Case III. wS = 0.

We note that Case I corresponds to “Derman b”, that Case II corresponds to “Derman
a” and finally that Case II corresponds to “Derman c”. (wS = 0 $ DM Scenario 4?)

For the charged sector, the mass-squared matrix is given by
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For the CP-odd sector, the mass-squared matrix is given by
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1There are misprints in the corresponding expressions given in Ref. [10], their Eq. (9): (i) a factor of
1/2 is missing on the right-hand side of all three expressions, and (ii) in µ2

0 (µ2
3 in their notation) the

coe�cient of �4 should be (v2/2v3)(v22 � 3v21).
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The two equations (2.39b) and (2.39c) are not automatically consistent. Consistency
requires
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Das and Dey discuss two cases, whereas we would like to discuss all three:

• Case I. �
4

= 0

• Case II. v2
1

= 3v2
2

• Case III. wS = 0.

We note that Case I corresponds to “Derman b”, that Case II corresponds to “Derman
a” and finally that Case II corresponds to “Derman c”. (wS = 0 $ DM Scenario 4?)
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For the CP-odd sector, the mass-squared matrix is given by
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1There are misprints in the corresponding expressions given in Ref. [10], their Eq. (9): (i) a factor of
1/2 is missing on the right-hand side of all three expressions, and (ii) in µ2

0 (µ2
3 in their notation) the

coe�cient of �4 should be (v2/2v3)(v22 � 3v21).
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leading to:

The scalar mass spectrum of cases I and II is computed in Das and Dey 
Phys.Rev. D89 (2014) 9, 095025



SSB, real vacua, residual symmetries
Derman, Tsao Phys. Rev. D20 (1979) 1207:

(x, x, y) S2 ; (x, y, z) = (x, -x, 0) S2 �4 6= 0

Translation into doublet singlet notation
(x, x, x) S3 ; 

(x, x, x)  ! (0,0,  

!
!
!

!
!
!

!S ) !1 =
p
3!2

!1 =
p
3!2

!1 = �
p
3!2

(two zeros)

(x, -x, 0) (!1, 0, 0) !S = 0

!S = 0

!S = 0

(!1,!2, 0)
(!1,!2, 0)

would require 
(!1,�

p
3!1,!S)

(!1,
p
3!1,!S)

�4 = 0

(two zeros)
(x, 0, -x)
(0,x, -x)

(o, w2, wS)(x, x, y)

(x, y, x)

(y, x, x)

For �4 = 0 SO(2) symmetry implies (x, y, z) possible solution



Complex vacua, Spontaneous CP violation

Systematic study under way

Another possible solution: complex, geometrical (calculable) phases

Volume 136B, number 5,6 

V= V0 + ~1 [ ~  ~b/] + X2[(~b~ ~bi)(~ ~ ~/+ h.c.)] 

+ X3 [ ( ~ ¢ i ) ( ~  ¢k + h.c.)] + X4[(~ ~ ~b] ) (~k)  + h.c.] 

+ X5 [(~b 7q)j)(~tkq~i) + h.c.] + ~6 [(~b~ ~/)2 + h.c.[,(lO) 

where again V 0 denotes the part of the potential 
without phase dependence. In each square bracket a 
sum is done over all independent permutations of i,/, 
k with i ~/" 4: k. It can be shown that the stationary 
conditions leading to calculable and non-trivial phases 
can be reduced to ,a: 

3 3 
exp(i0k) = 0 ,  ~ exp(2i0k) = 0 ,  (1 1) 

k=l k=l 

which has a simple geometrical interpretation. Using 
(11), it can be easily shown that there is only one 
complex solution which can be written 

(01~010) = exp [ i ] r r (k -  1)] o,  k=  1 , 2 , 3 .  (12) 

Naively [7], one would think that this solution is T- 
violating. However, as a result of the symmetry of the 
scalar potential, one can find a T transformation on 
the ~i's, namely: 

U = 0 0 , (13) 

0 1 

which satisfies the constraint ofeq. (2) and it is at the 
same time a symmetry of the lagrangian, thus imply- 
ing again a T-invariant vacuum. 

At this stage, one may wonder whether this is a 
general feature. Namely, does calculability o f  vacuum 
phases in the sense previously defined, necessarily im- 
ply T-invariant solutions? The following example will 
show that this is not the case. Since calculable T- 
violating phases could not be obtained in the case of 
$3, we will consider the next simplest possibility, 
namely a combination of cyclic permutations togeth- 
er with phase transformations. As the generator of 
the phase transformations we choose: 

(i°:) d= ~ , ~ -- exp(2rri/3). (14) 
0 ~2 

,s It is interesting to note that entirely analogous conditions 
arise in the case of S n. 
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Together with the cyclic permutations, this generates 
a group which is called A(27), the dyhedral-like sub- 
group of SU(3) with 27 elements [8]. An interesting 
feature of this group is that the defining representation 
to which we will assign the three scalar doublets is irre- 
ducible, in contrast to S 3. In this case, most of the 
terms present in (10) are no longer invariant under 
A(27). Indeed, only one term remains with a non- 
trivial phase dependence, and the scalar potential can 
be written: 

V = V 0 + X 4 [(~/t~i)(~/¢~k) + h.c.]. (15) 

In this case, the two possible vacua with calculable 
phases are: 

(01*010)=lul i ) ,  h 4 < O ,  (16a) 
~2 

(01~°10)  = Iol , X 4 > 0 .  (16b) 

It can be easily shown that solution (16a) is T invariant~ 
since one can find a matrix U satisfying eqs. (2), (3), 
namely: (i°:) U = ~ . (17) 

0 ~2 
However, in the case of solution (16b) there is no sym- 
metry of the potential ,4 satisfying eq. (2), and there- 
fore this solution corresponds to a genuine T-violating 
solution with calculable phases. 

The A(27)-invariant potential has the exciting fea- 
ture of realizing our idea of having geometrical T- 
violating angles in the framework of the standard 
SU(2)L × U(1) model. However, the corresponding 
Yukawa couplings do not lead to realistic quark mass 
matrices. This drawback is a consequence of the fol- 
lowing decomposition rules for the three-dimensional 
irreducible representation chosen for the scalar dou- 
blets: 

,4 We note that the potential has an accidental symmetry: it 
is also invariant under non-cyclic permutations. 
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We investigate the possibility of having spontaneous T violation arising from complex vacuum expectation values with 
calculable phases, assuming geometrical values, entirely determined by the symmetry of the scalar potential. 

It is well known [1 ] that in a theory with spon- 
taneous T violation, the breaking of this discrete sym- 
metry originates in phases coming from complex vac- 
uum expectation values (VEV's) of neutral scalars. In 
general, these phases depend on the values of the ar- 
bitrary parameters of the scalar potential. In this paper, 
we analyse the possibility of having these vacuum 
phases as "calculable quantities", assuming geometri- 
cal values entirely determined by some extra symme- 
try present in the scalar potential. We are particularly 
interested in investigating whether VEV's of this type 
can indeed cause a genuine breaking of T invariance. 
At this point it is worthwhile to dwell on the motiva- 
tion for investigating the above question. Obviously, 
having a calculable T-violating phase would represent 
one less free parameter in the theory. The desirability 
of having "geometrical values" for T-violating vacuum 
angles stems also from a phenomenological reason. 
The recently obtained constraints on the quark mix- 
ing angles [2] suggest that for a not very heavy top 
quark mass the Kobayashi-Maskawa (KM) phase 
(6KM) could be rather large [3]. However, a large val- 
ue for t~KM is hard to understand within the class of 
models which attempt to express t~KM , together with 
the other quark mixing angles, in terms of quark mass 

1 IISN fellow, on leave of absence from Institut de Physique 
Th~orique, Universit6 Catholique de Louvain, Belgium. 
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ratios. Typically [4], one obtains too small values for 
tSKM , incompatible with the observed strength of CP 
breaking. The hope is then that in the class of theories 
considered here ~iKM can be both calculable and natu- 
rally large. 

Next, we shall search for a minimal model with cal- 
culable T-violating vacuum angles. We restrict our- 
selves to the Glashow-Weinberg-Salam model with n 
scalar multiplets ¢i transforming as SU(2) doublets. 
We will start by deriving some general conditions 
which have to be satisfied in order to have a T-invari- 
ant vacuum. Since we will consider theories which 
may be invariant under linear transformations which 
mix the various ~i's, we will assume the most general 
T transformation, defined by: 

T~i T -  I = Ui]¢~ / . (1) 

If the vacuum is T-invariant, then the following rela- 
tion can be easily derived: 

Ui~(Ol~]lO)* = (01~il0). (2) 

Given a particular set of VEV's, the simplest way of 
investigating whether they correspond to a T-breaking 
solution, is to construct an unitary matrix U satisfying 
eq. (2). If  there is no matrix Uwhich satisfies eq. (2) 
and corresponds at the same time to a symmetry of 
the lagrangian, namely: 
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V= V0 + ~1 [ ~  ~b/] + X2[(~b~ ~bi)(~ ~ ~/+ h.c.)] 

+ X3 [ ( ~ ¢ i ) ( ~  ¢k + h.c.)] + X4[(~ ~ ~b] ) (~k)  + h.c.] 

+ X5 [(~b 7q)j)(~tkq~i) + h.c.] + ~6 [(~b~ ~/)2 + h.c.[,(lO) 

where again V 0 denotes the part of the potential 
without phase dependence. In each square bracket a 
sum is done over all independent permutations of i,/, 
k with i ~/" 4: k. It can be shown that the stationary 
conditions leading to calculable and non-trivial phases 
can be reduced to ,a: 

3 3 
exp(i0k) = 0 ,  ~ exp(2i0k) = 0 ,  (1 1) 

k=l k=l 

which has a simple geometrical interpretation. Using 
(11), it can be easily shown that there is only one 
complex solution which can be written 

(01~010) = exp [ i ] r r (k -  1)] o,  k=  1 , 2 , 3 .  (12) 

Naively [7], one would think that this solution is T- 
violating. However, as a result of the symmetry of the 
scalar potential, one can find a T transformation on 
the ~i's, namely: 

U = 0 0 , (13) 

0 1 

which satisfies the constraint ofeq. (2) and it is at the 
same time a symmetry of the lagrangian, thus imply- 
ing again a T-invariant vacuum. 

At this stage, one may wonder whether this is a 
general feature. Namely, does calculability o f  vacuum 
phases in the sense previously defined, necessarily im- 
ply T-invariant solutions? The following example will 
show that this is not the case. Since calculable T- 
violating phases could not be obtained in the case of 
$3, we will consider the next simplest possibility, 
namely a combination of cyclic permutations togeth- 
er with phase transformations. As the generator of 
the phase transformations we choose: 

(i°:) d= ~ , ~ -- exp(2rri/3). (14) 
0 ~2 

,s It is interesting to note that entirely analogous conditions 
arise in the case of S n. 
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Together with the cyclic permutations, this generates 
a group which is called A(27), the dyhedral-like sub- 
group of SU(3) with 27 elements [8]. An interesting 
feature of this group is that the defining representation 
to which we will assign the three scalar doublets is irre- 
ducible, in contrast to S 3. In this case, most of the 
terms present in (10) are no longer invariant under 
A(27). Indeed, only one term remains with a non- 
trivial phase dependence, and the scalar potential can 
be written: 

V = V 0 + X 4 [(~/t~i)(~/¢~k) + h.c.]. (15) 

In this case, the two possible vacua with calculable 
phases are: 

(01*010)=lul i ) ,  h 4 < O ,  (16a) 
~2 

(01~°10)  = Iol , X 4 > 0 .  (16b) 

It can be easily shown that solution (16a) is T invariant~ 
since one can find a matrix U satisfying eqs. (2), (3), 
namely: (i°:) U = ~ . (17) 

0 ~2 
However, in the case of solution (16b) there is no sym- 
metry of the potential ,4 satisfying eq. (2), and there- 
fore this solution corresponds to a genuine T-violating 
solution with calculable phases. 

The A(27)-invariant potential has the exciting fea- 
ture of realizing our idea of having geometrical T- 
violating angles in the framework of the standard 
SU(2)L × U(1) model. However, the corresponding 
Yukawa couplings do not lead to realistic quark mass 
matrices. This drawback is a consequence of the fol- 
lowing decomposition rules for the three-dimensional 
irreducible representation chosen for the scalar dou- 
blets: 

,4 We note that the potential has an accidental symmetry: it 
is also invariant under non-cyclic permutations. 
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where ± signs are independent. This alignment also possesses a residual symmetry: c · CP
times sign flips when necessary. Thus, in either case, the full symmetry group G = D4 ⇥Z

⇤
2 is

broken not completely but down to the Z

⇤
2 group generated by a GCP transformation.

CP -conserving S3 3HDM. We will now apply the same method to the S3 ⇥ Z

⇤
2 3HDM.

We use the same V0 and the phase-dependent part V
ph

in the form (18) with real �5 and �6.
Now, we introduce another set of 2D vectors

~s
i

=

p
2

v
i

(cos↵
i

, sin↵
i

) , (44)

where
↵1 = ⇠2 � ⇠3 , ↵2 = ⇠3 � ⇠1 , ↵3 = ⇠1 � ⇠2 . (45)

Then V0 takes the same form as in the first line of (34) with r
i

= 1/~s 2
i

, while V
ph

can be
written as

V
ph

= r1r2r3 [�5~s2 · ~s3 + �6~s1 · (~s2 + ~s3)] . (46)

Thus, the potential is now written in terms of three vectors ~s
i

. We can again cast the ex-
tremization problem in terms of conditions ~r

i

V = 0. The calculations become a bit more
cumbersome, powers of r

i

floating around, but we nevertheless encounter the same options:
either all ~s

i

are aligned, or ~s2 + ~s3 is parallel to ~s1 and v2 = v3. In terms of phases ⇠
i

, the for-
mer case leads to real vevs (v1, v2, v3), up to a rephasing by a3, while the latter case produces
alignment (v1, v2ei⇠2 , v2ei⇠2). In either case we get a residual symmetry in the vacuum: either
a GCP symmetry, or the �2 $ �3 symmetry. Thus, S3 ⇥ Z

⇤
2 is broken to Z2 or Z⇤

2.
Finally, the existence of a solution with v2 6= v3 in CP -conserving S3 3HDM means that

such a solution is also possible for its CP -violating version. In this case, phases are irrelevant,
and the entire symmetry group S3 is broken.

B Global minima of the �(27)-family potentials

Here, we use the geometric method of [16] to find all possible vev alignments for the �(27)-
family of symmetry groups in 3HDM.

The first step is to construct the orbit space in terms of suitable variables. Let us introduce
the following real quantities:

r0 =
1p
3

⇣
�†
1�1 + �†

2�2 + �†
3�3

⌘
,

X =

⇢
1

3

h
(�†

1�1)
2 + (�†

2�2)
2 + (�†

3�3)
2 � (�†

1�1)(�
†
2�2)� (�†

2�2)(�
†
3�3)� (�†

3�3)(�
†
1�1)

i

+ |�†
1�2|2 + |�†

2�3|2 + |�†
3�1|2

�
,

X 0 = |�†
1�2|2 + |�†

2�3|2 + |�†
3�1|2 ,

Y =
1

3

h
|�†

1�2 � �†
2�3|2 + |�†

2�3 � �†
3�1|2 + |�†

3�1 � �†
1�2|2

i
, (47)

Y 0 =
2p
3
Im

h
(�†

1�2)(�
†
1�3) + (�†

2�3)(�
†
2�1) + (�†

3�1)(�
†
3�2)

i
, (48)
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see also: Wyler, 1979

Pakvasa, Sugawara,1978 

Different Residual Symmetries for different cases 

for a given region of parameter space

here �O denotes the singlet the two other fields are in the doublet 

Volume 73B, number 1 PHYSICS LETTERS 30 January 1978 

Higgs bosons, we introduce one S 3 singlet (¢0} and one S 3 doublet (¢1, ¢2} bosons. They are all Weinberg-Salam 
SU(2) doublets. We assume that the Lagrangian is symmetric under the reflection R: ¢0 ~ -¢0- One should worry 
at this stage that the Higgs coupling might lead to strangeness non-conservation in the neutral sector because there 
are more than four neutral Higgs bosons which couple to quarks [3]. We show later that the strangeness conserva- 
tion is indeed maintained in our scheme. 

The most general Higgs potential invariant under SU(2) × U(1) × S 3 × R takes the following form ,a 

V =/22(~1 ¢1 + ~2¢2) +/22~0q~0 + a(~0¢0)2 + b(~oq~o)(~l¢l + ~2¢2) + c(~1¢1 + ~2¢2) 2 

+ d(~1¢2 - ~2¢1) 2 + g((~1¢1 - ~2¢2 )2 + (~1¢2 + ~2¢1) 2]" + f  ((~0¢1)(~1¢0) + (~0¢2)(~2¢0)) (2) 
+ f '{(~0¢l )(~0¢1) + (~0¢2)(~0¢2) + h.c.). 

An elementary calculation shows that the vacuum values: 

(~bl)0 = t l  cos a e i¢ , <•2)0 = t l  sin a e i~, (¢0)0 = t0, (3) 
with a = zr/4, ¢ + ¢ = 0, and cos 2¢ = - ( t O / t l ) 2 f ' / ( d  +g) ,  give the stable vacuum when d + g >  O, a > O, c - d > O ,  
and 4a(c - d) - (b +f)2 > 0. t0 and t l  can be expressed in terms of the coupling constants in eq. (2). With these 
vacuum values in mind, we proceed to write down the most general quark-Higgs coupling: 

+ 

[ ( ¢ : ) + ( ( ~ l , f i l ) L n l R - - ( ~ 2 ,  fi2)Ln2R }( )+h .c . ]¢~  £ =g2 {(Pl, fil)L n2R + (P2, fi2)L nlR} ¢0 ¢2 
(4) 0* 0* 

+f2[ (PI , f i a )LP2R(¢¢~. )  +(P2,f i2 'LP2R( ¢2 ,~+h .c . ] .  
\--¢2 l 

In the f2 coupling the convention is such that PlR decouples from the Higgs bosons. With the vacuum value (3) 
we have the mass matrix 

g2tl  ~e i~ e-i¢ 1 
~ \ e - i~  -ei¢ 1 '  
for n 1 and n 2 and 
f2 t l  ~0 e i~ ~, 

~0 e -i~ / 
for Pl and P2" 
From eq. (5) we get 

(rod/ms) 2 = (1 -- sin 2¢)/(I + sin 2¢). 
By diagonalizing these mass matrices: 

(n l )  = (  ~.~ 2 X~2/(e-i(C'-~r/4) d) , 

--i / 1 _ , -  i(~+~r/4) n2 L \x/:2 X/:/~" s L 
n - i  " ' 

(5) 

(6) 

(7) 

(8a, b) 

,3 (~1 r__ 4~2)(~3 r__ 44) can be reduced to the form without L by the Fierz-Michel transformation. We thank J. Arafune for a dis- 
cussion on this point. 
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, the inert Higgs, does not couple to matter and acquires no vev, NFC

Detection is difficult, but possible, and is summarized in Ref. [24].
In the general 2HDM, one has the same processes as in the MSSM, but there is now

a much larger parameter space. The quark-annihilation process has precisely the same
form as in the MSSM, but now one need no longer have a small cos(α− β), and thus the
ZhA coupling can be larger than in the MSSM. This is encouraging and leads to some
interesting possibilities. For example, in the lepton-specific model and for tan β > 2,
the dominant decay of the A is into τ+τ−, and for much of parameter space the decay
of the light Higgs is also into τ+τ−. Thus one might have four-τ events with branching
ratios as high as tens of femtobarns. This signature needs further investigation. A study
of pair production of the lightest Higgs bosons in the type II model was carried out in
Refs. [157, 158, 159]. They showed that while pair production in the Standard Model is
very difficult to observe at the LHC, it can be bigger in the type II model, and they also
show that there can be sensitivity to the quartic couplings, which could help distinguish
the model from the MSSM.

For the gluon-initiated process, triangle diagrams produce a single h/H/A, real or
virtual, which then converts into a pair of scalars. Alas, this process is proportional to
trilinear scalar couplings and, while these are known in the MSSM, they are unknown
in the general 2HDM. The box diagrams which give gluon fusion into two scalars will
be similar to those of the MSSM. Thus all one can really say is that the rate could be
substantially larger than in the MSSM, but accurate predictions are impossible.

2.3 The inert Higgs model

The inert Higgs model is a 2HDM with an unbroken Z2 symmetry under which one of the
doublets transforms non-trivially, viz. Φ2 → −Φ2, and all other SM fields are invariant.
This ‘parity’ imposes natural flavour conservation. Initially a similar model [160] was
introduced to explain neutrino masses. More recently such a model was proposed in the
context of radiative neutrino masses [161] and also to attack the naturalness problem
of the SM by allowing for a larger mass (between 400 and 600 GeV) for the SM Higgs
while keeping full consistency with electroweak precision tests [162], thus solving the ‘little
hierarchy’ problem [163]. Even more recently, an inert doublet was introduced to allow
for the possibility of several mirror families of fermions [164].

In the inert Higgs model the Higgs doublet Φ2—the inert doublet—does not couple
to matter and acquires no vacuum expectation value, leaving the Z2 symmetry unbroken.
The scalar spectrum consists of the SM-like Higgs obtained from Φ1 and one charged and
two neutral states from Φ2. Since the Z2 is unbroken the lightest inert particle will be
stable and will contribute to the dark matter density [161, 162]. This possibility has been
analysed by several authors [165, 166, 167, 168, 169, 170, 171, 172]. The early cosmological
evolution of the model has been discussed by Ginzburg et all in [173].

The scalar potential is the one in eq. (2) but with m2
12 = 0. The asymmetric phase,

where 〈
φ0
1

〉
=

v√
2

and
〈
φ0
2

〉
= 0, (25)

corresponds to a sizeable region of parameter space [161, 162] and the scalar masses are
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The Z2 symmetry is left unbroken, as a result the lightest inert particle will be 
stable and will contribute to dark matter density

Notice that this is different from going to the Higgs basis

Inert scalars can be produced at colliders through their couplings to the EW 
gauge bosons subject to Z2 constraints and participate in cubic and quartic 

Higgs couplings



Our Aims

Determine whether Spontaneous CP violation in S3 is 
compatible with a good inert dark matter candidate and what 

are their properties

Challenges:
Determine necessary and sufficient vacuum stability conditions
No breaking of electric charge
Obey unitarity constraints for the potential

Possibility of generating complex VCKM

NFC does not generate complex VCKM from  complex vacua Branco, 1980

Phenomenologically realistic implementation

Obtain correct dark matter density

with the possibility of being tested at the LHC



Conclusions

Models with S3 symmetry look  very promising

We are still at an early stage of our work

Hopefully LHC will find extra scalars


