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Vertical or Democratic 3HDMs

Democratic three-Higgs-doublet models: The custodial limit and wrong-sign Yukawa
coupling, Phys. Rev. D 107, 055035 [arXiv:2301.00231]

The Standard Model (SM) is free from flavour-changing neutral currents
(FCNCs) at the tree-level.

This feature is not guaranteed to be preserved when one extends the SM scalar
sector.

Experimental data suggest that the FCNC processes are strongly suppressed,
which makes the absence of tree-level FCNCs a desirable property of any BSM
scenario.

One neat way to achieve this in 3-Higgs-Doublet-Models (3HDMs), is to have a
Yukawa structure where a particular scalar doublet is reserved exclusively for
each type of massive fermion. So there’s only one Yukawa matrix for each type
of massive fermion

This particular composition of Yukawa couplings is commonly dubbed as
‘democratic’ or ‘type-Z’ Yukawa structure.
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Democratic 3HDMs

The Yukawa Lagrangian for a democratic 3HDM has the following form

LY = −YdQ̄Lϕ2nR − YuQ̄Lϕ̃3pR − YℓL̄Lϕ1ℓR , (1)

where Yd.u.ℓ are the Yukawa couplings in the down-quark, up-quark, and
charged-lepton sectors.

We considered two common ways to achieve this democratic Yukawa structure.
The first is to impose a Z3 symmetry as follows

ϕ1 → ω ϕ1 , ϕ2 → ω2ϕ2 , ℓR → ω2ℓR , nR → ω nR . (2)

The second possibility relies on a Z2 × Z′
2 symmetry under which the fields

transform as [5]

Z2 : ϕ1 → −ϕ1 , ℓR → −ℓR (3a)

Z′
2 : ϕ2 → −ϕ2 , nR → −nR (3b)

In the framework of these models, we studied the implications of imposing
custodial symmetry in the scalar sector and the possibility of a relative wrong
sign in hℓ̄ℓ and(or) hd̄d with respect to the hūu couplings
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Custodial Symmetry in SM

The Custodial Symmetry(CS) is an accidental global SU(2) symmetry which
prevails as an approximate symmetry of the SM even after the spontaneous
breaking of the electroweak symmetry.

The ρ parameter is defined as,

ρ =
M2

W

M2
Z cos2 θw

(4)

At tree level in the SM, ρ = 1. CS protects the value of ρ against deviations
from this value that arise from loop level corrections.

However, ρ does deviate from unity at loop level in the SM because CS not an
exact symmetry in the SM. It is broken by certain parts of the SM Lagrangian
and loop level corrections to ρ originate from these sub-parts. These are parts
of the kinetic terms proportional to g′ and Yukawa Lagrangian. Notably, in the
SM scalar sector, CS is an exact symmetry.
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Custodial limit of the SM

How does CS protect ρ = 1?

This becomes evident in the ”Custodial limit” i.e. the limit in which CS is an
exact symmetry of the SM. We’ll look at the SM in this limit.

We can reach the custodial limit by setting g′ → 0 and excluding the fermionic
part of the Lagrangian.

Now the scalar part of the Lagrangian is

Lscalar = (Dµϕ)† (Dµϕ)− V (ϕ) . (5)

In the limit g′ = 0, the gauge-covariant derivative for ϕ is given by

Dµϕ =
(
∂µ + ig

τa
2
W a

µ

)
ϕ. (6)
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Custodial limit of the SM

After the EWSB, the scalar doublet ϕ can be explicitly expressed in terms of
the component fields, as follows

ϕ =
1√
2

( √
2ω+

v + h+ iζ

)
. (7)

Subsequently, the scalar kinetic terms can be conveniently decomposed as [1]

Lkin = (Dµϕ)†(Dµϕ) (8)

= Lmass + Lquad + Lmixed + Lderiv + Lcubic + Lquartic .
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Custodial limit of the SM

Collectively denoting the gauge bosons as Ga,b,...
µ and the component scalar

fields as si,j,...,

Lmass : mass terms for the gauge bosons,

Lquad : kinetic terms of the component scalar fields,

Lmixed : terms of the form (∂µsi)
†(ivGµ) + h.c. ,

Lderiv : terms of the form (∂µsi)
†(iGµsj) + h.c. ,

Lcubic : terms of the form (Ga,µsi)
†(vGb

µ) + h.c. ,

Lquartic : terms of the form (Ga,µsi)
†(Gb

µsj) .

Now let’s look at these terms one by one and make explicit the custodial
symmetry.
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Custodial limit of the SM

The Lmass is given by

Lmass =
g2v2

8

(
W 1µW 1

µ +W 2µW 2
µ +W 3µW 3

µ

)
(9)

=
g2v2

8

(
Wµ+W−

µ +Wµ−W+
µ +W 3µW 3

µ

)
. (10)

From the above equation the SU(2)L gauge bosons have the same mass. This
motivates us to identify a custodial multiplet of the gauge bosons as

W =

−W+

W3

W−

 . (11)

In terms of the SU(2)C triplet of Eq. (11), Lmass can be rewritten as

Lmass =
g2v2

8
(W ·W) , (12)

which is manifestly invariant under SU(2)C .
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Custodial limit of the SM

For reference, given that an SU(2) triplet in this basis is,

ASph =

−A+

A3

A−

 , (13)

then, the SU(2) invariant combination of two triplets, in this basis, will be
given by

A ·B = A+B− +A−B+ +A3B3 . (14a)

Similarly Lcubic can be expressed as

Lcubic =
g2v

4
h (W ·W) . (15)

So Lcubic will also be SU(2)C invariant if we identify the physical scalar, h, as a
singlet of SU(2)C .
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Custodial limit of the SM

Lmixed is given by

Lmixed =
gv

2

[
i
(
∂µw−)W+

µ − i
(
∂µw+)W−

µ − (∂µζ)W 3
µ

]
. (16)

We can define an SU(2)C triplet of scalar fields as follows:

T =

iω+

−ζ
iω−

 . (17)

In terms of W and T, Eq. (16) can be written as

Lmixed =
gv

2
(W · ∂T) , (18)

which explicitly demonstrates the SU(2)C invariance of Lmixed.
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Custodial limit of the SM

It can be seen that the other terms viz. Lquad, Lderiv, and Lquartic, when
expressed in terms of W and T, can also be shown to be invariant under
SU(2)C . So the scalar kinetic Lagrangian is invariant under SU(2)C .

Consider the scalar potential which is given by

V (ϕ) = µ2
(
ϕ†ϕ

)
+ λ

(
ϕ†ϕ

)2

. (19)

After the EWSB, ϕ†ϕ can be expressed as

ϕ†ϕ =
1

2
(T ·T) +

v2

2
+

h2

2
+ vh . (20)

We can see that no additional conditions need to be imposed on the SM scalar
potential to make it SU(2)C invariant.
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Custodial limit of the SM

The SU(2)C invariance of the scalar potential mandates that the scalars which
are in the same SU(2)C multiplet should have the same mass.

This condition is satisfied for T in the SM as all its components are Goldstone
bosons.

In the custodial limit(g′ → 0 =⇒ sin θw → 0 =⇒ Z → W3), ρ is,

ρ =
MW

MZ
(21)

The Gauge bosons form a SU(2)C triplet, W, and CS mandates that all it
components must have the same mass therefore fixing ρ = 1 at tree level.

In the custodial limit, the Lagrangian obeys CS, loop level corrections to W
and Z propagators are such that ρ = 1 is conserved.
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Custodial Symmetry in nHDMs

The experimental constraints on deiviation of ρ from unity are very strong.

The nHDM extensions of the SM are known to conserve the tree level value of
ρ, however, we must take care to ensure that the extended scalar sector doesn’t
lead to large loop level corrections to ρ.

We obtained the condition that in order to have custodial symmetry in the
scalar sector of nhDMs, the pseudoscalar mass matrix must be equal to the
charged scalar mass matrix.

M2
C = M2

P . (22)

The parameters of the scalar potential should adjust themselves so that this
condition is satisfied.
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Custodial Symmetry in Democratic 3HDMs

For instance, in the scalar potential in the case of Z2 × Z′
2 democratic 3HDM

can be written as

VZ2×Z2 = m2
11ϕ

†
1ϕ1 +m2

22ϕ
†
2ϕ2 +m2

33ϕ
†
3ϕ3 −m2

12(ϕ
†
1ϕ2 + ϕ†

2ϕ1)

−m2
13(ϕ

†
1ϕ3 + ϕ†

3ϕ1)−m2
23(ϕ

†
2ϕ3 + ϕ†

3ϕ2) + λ1(ϕ
†
1ϕ1)

2

+λ2(ϕ
†
2ϕ2)

2 + λ3(ϕ
†
3ϕ3)

2 + λ4(ϕ
†
1ϕ1)(ϕ

†
2ϕ2) + λ5(ϕ

†
1ϕ1)(ϕ

†
3ϕ3)

+λ6(ϕ
†
2ϕ2)(ϕ

†
3ϕ3) + λ7(ϕ

†
1ϕ2)(ϕ

†
2ϕ1) + λ8(ϕ

†
1ϕ3)(ϕ

†
3ϕ1)

+λ9(ϕ
†
2ϕ3)(ϕ

†
3ϕ2) + λ10

{
(ϕ†

1ϕ2)
2 + (ϕ†

2ϕ1)
2
}

+λ11

{
(ϕ†

1ϕ3)
2 + (ϕ†

3ϕ1)
2
}
+ λ12

{
(ϕ†

2ϕ3)
2 + (ϕ†

3ϕ2)
2
}
, (23)

where, we have allowed terms that softly-break the symmetry.

The conditions for custodial invariance can be found using Eq. (22), which read

λ7 = 2λ10, λ8 = 2λ11, λ9 = 2λ12. (24)
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Wrong Sign Yukawas in Democratic 3HDMs

Now we turn our attention to the Yukawa sector phenomenology.

The VEVs of the three doublets are parametrized as follows

v1 = v cosβ1 cosβ2, v2 = v cosβ2 sinβ1, v3 = v sinβ2, (25)

which satisfies the relation

v21 + v22 + v23 = v2, (26)

with v = 246 GeV.

The current LHC Higgs data usually serves as a motivation to stay close to the
so-called alignment limit [4].

Here we are after a relatively less-explored possibility where the sign of the
down-type Yukawa couplings is opposite to what has been predicted by the SM.
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Yukawa coupling modifiers

We define the Higgs coupling modifiers as follows [10, 11]

κx =
ghxx
gSMhxx

, (27)

where the field h, in the context of nHDMs, denotes the lightest CP-even scalar,
and ‘x’ can represent the massive vector bosons or fermions.

Model κV κu κd κℓ

type-II 2HDM sin (α− β)
cosα

sinβ
−

sinα

cosβ
−

sinα

cosβ

democratic 3HDMs
cosα2 cosβ2 cos (α1 − β1)

+ sinα2 sinβ2

sinα2

sinβ2

sinα1

sinβ1

cosα2

cosβ2

cosα1

cosβ1

cosα2

cosβ2

Table: The coupling modifiers for the type-II 2HDM and democratic 3HDMs. In the
2HDM case, tanβ = v2/v1 and α is the rotation angle in the CP-even scalar
sector [12]. In the case of 3HDMs, α1 and α2 are the two rotation angles in the
CP-even scalar sector [4].

Democratic 3HDMs (arXiv:2301.00231) 17 / 27



Wrong Sign Yukawas in Type-II 2HDMs

Let’s consider first the example of a type-II 2HDM.

These coupling modifiers can be conveniently rewritten as follows

κII
V = sin (β − α) , (28a)

κII
u = sin (β − α) + cotβ cos (β − α) , (28b)

κII
d = κII

ℓ = sin (β − α)− tanβ cos (β − α) . (28c)

Now consider the limit
cos (β − α) =

r

tanβ
, (29)

where r is a real number and tanβ ≫ |r|.
In such a scenario, Eq. (28) can be approximated as

κII
V ≈ 1, κII

u ≈ 1, κII
d,ℓ ≈ 1− r. (30)
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Wrong Sign Yukawas in Type-II 2HDMs

The wrong-sign limit, in particular, arises for r = 2, in which case Eq. (30)
takes the following form

κII
V ≈ 1, κII

u ≈ 1, κII
d,ℓ ≈ −1. (31)

Such a possibility is allowed because the current LHC Higgs data is not
sensitive enough to probe the sign of the bottom-quark Yukawa coupling in the
loop-induced vertices such as hgg and hγγ.

To demonstrate this explicitly, we can use the current Higgs data [13], and
display the 2σ-allowed region in the cos (β − α) vs tanβ plane in Fig. 1.
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Wrong Sign Yukawas in Type-II 2HDMs

Figure: For illustration, the line corresponding to cos(β − α) = 2/tanβ has also
been plotted in the same graph, which reinforces our intuitions from Eq. (29).

The dark-blue region corresponds to the wrong-sign limit in the type-II 2HDM.
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Wrong Sign Yukawas in Democratic 3HDMs

Democratic 3HDMs also entertain such wrong-sign scenarios with much greater
flexibility in terms of the number of free parameters.

We can rewrite the Higgs coupling modifiers in Table 1 for democratic 3HDMs
as follows

κu = cos (α2 − β2) + sin (α2 − β2) cotβ2, (32a)

κd =

(
cos (α1 − β1) + sin (α1 − β1) cotβ1

)
(32b)(

cos (α2 − β2)− tanβ2 sin (α2 − β2)

)
, (32c)

κℓ =

(
cos (α1 − β1)− sin (α1 − β1) tanβ1

)
(32d)(

cos (α2 − β2)− tanβ2 sin (α2 − β2)

)
. (32e)
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Wrong Sign Yukawas in Democratic 3HDMs
Consider the limit

sin (α2 − β2) =
r2

tanβ2
, (33)

where r2 is a real number, and tanβ2 ≫ |r2|.
In this limit, κV ≈ κu ≈ 1, but κd and κℓ take the following form

κd = (1− r2)

(
cos (α1 − β1) + sin (α1 − β1) cotβ1

)
, (34a)

κℓ = (1− r2)

(
cos (α1 − β1)− sin (α1 − β1) tanβ1

)
. (34b)

If we further consider the limit

sin (α1 − β1) =
r1

tanβ1
, (35)

where, again, r1 is a real number, and tanβ1 ≫ |r1|, then Eq. (34) can be
further simplified to

κd = (1− r2), (36a)

κℓ = (1− r2)(1− r1). (36b)
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Wrong Sign Yukawas in Democratic 3HDMs

r1 = 0 r1 = 2

r2 = 0
κd = 1 κℓ = 1
(alignment limit)

κd ≈ 1 κℓ ≈ −1
(wrong-sign limit in the type-X 2HDM)

r2 = 2
κd ≈ −1 κℓ ≈ −1

(wrong-sign limit in the type-II 2HDM)
κd ≈ −1 κℓ ≈ 1

(wrong-sign limit in the type-Y 2HDM)

Table: Wrong-sign possibilities in democratic 3HDMs. It should be noted that
κu ≈ 1 in all the cases.

From Eq. (34), instead of going to the limit of Eq. (35), one can choose

sin (α1 − β1) ≈ ±1 , tanβ1 ≈ 1 . (37)

In this way, using cos (α1 − β1) ≈ 0, we get

κV ≈ κu ≈ 1, (38a)

κd ≈ −κℓ ≈ ± (1− r2) , (38b)

As such, we see that it is possible to achieve a wrong-sign limit in the
democratic 3HDMs without the requirement of large tanβ1.
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Wrong Sign Yukawas in Democratic 3HDMs

Figure: Allowed region at 95% CL from the current data on Higgs signal strengths
in democratic 3HDM. As before, the charged-Higgs contribution to h → γγ decay is
neglected with the understanding that it can be safely decoupled in the presence of
the soft-breaking parameter in the scalar potential [14, 15, 16]. The contour
corresponding to Eqs. (33) and (35), for r1 = r2 = 2 are also displayed for easy
comparison.
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Conclusion

We looked at two new aspects of democratic 3HDMs, namely, the impact of
custodial symmetry and the wrong-sign Yukawa couplings.

We saw an alternative approach to find the general condition for the custodial
symmetry in the scalar sector of an nHDM. We used this condition to extract
the model specific conditions for democratic 3HDMs with a Z3 symmetry or a
Z2 × Z′

2 symmetry.

We also saw that a democratic 3HDM covers all the wrong-sign scenarios that
can possibly arise from a 2HDM framework with NFC.
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Thank you
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Addtional Material

The higgs loop correction,

ρ̂ ≈ 1− 11GFM
2
Z sin2 θW

24
√
2π2

ln
m2

h

M2
Z

The top and bottom loop correction,

ρ̂ ≈ 1 +
3GF

8π2
√
2

(
m2

t +m2
b − 2

m2
tm

2
b

m2
t −m2

b

ln
m2

t

m2
b

)
ρ parameter for general multiplet extension of SM,

ρtree =
v2Φ + 2

∑N
b=1 v

2
b

[
Tb (Tb + 1)− Y 2

b

]
v2Φ + 4

∑N
a=1 v

2
aY 2

a
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