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We examine the role of seesaw-motivated exotic scalars in loop-mediated Higgs decays. We consider
a simple TeV-scale seesaw model built upon the fermionic quintuplet mediator in conjunction with
the scalar quadruplet, where we examine portions of the model parameter space for which the con-
tributions of charged components of the scalar quadruplet significantly increase the h → γ γ decay rate.
The most significant change in the diphoton width comes from a doubly charged scalar Φ−− which
should be the lightest component in the scalar quadruplet. In the part of the parameter space where
the h → γ γ decay width is enhanced by a factor 1.25–2 there is a mild suppression of the h → Zγ
decay width by a factor 0.9–0.7.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The recently discovered resonance with mass mh �
125–126 GeV [1,2] strongly resembles the Standard Model (SM)
Higgs boson. There is a hint that the loop-induced h → γ γ event
rate [3,4] deviates, modulo QCD uncertainties [5], by a factor 1.5–2
[6,7] from its SM value,

[σ(gg → h) × BR(h → γ γ )]LHC

[σ(gg → h) × BR(h → γ γ )]SM
= 1.71 ± 0.33. (1)

This indicates the existence of additional charged particle(s) on
which the tree-level Higgs decay modes are much less sensi-
tive. The history of the “prediscovery” of charmed and top quarks
through the loop amplitudes may be repeated in the scalar sec-
tor.

On the other hand, if this enhancement in h → γ γ disappears
with a larger integrated luminosity, it will still constrain the pa-
rameter space of various extensions of the SM containing new
charged states which should affect this loop amplitude. In this
spirit there is a number of theoretical attempts to match the in-
dicated discrepancy by the effects of an extended Higgs sector
[8–11].

Notable, the h → γ γ decay rate is sensitive on the doubly
charged scalar fields such as those existing in Higgs triplet model
of neutrino mass generation. These states have been in focus of
both the direct searches at the LHC [12,13] and of theoretical in-
vestigations [14–18]. Here we go a step further by studying the ef-

* Corresponding author.
E-mail address: picek@phy.hr (I. Picek).
0370-2693/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2013.01.056
fects of singly and doubly charged components of a scalar quadru-
plet contained in our recent TeV-scale seesaw model for neutrino
masses [19].

The Letter is organized as follows. In Section 2 we briefly re-
view the TeV-scale seesaw model at hand. A detailed study of the
scalar potential is presented in Section 3. We investigate the effects
of exotic scalars on the loop-level Higgs decays in Sections 4 and 5.
Possible direct bounds on exotic scalars are discussed in Section 6.
The conclusion is presented in Section 7.

2. Fermionic quintuplet seesaw model

A simple and predictive TeV-scale seesaw model [19] under
consideration belongs to a class of beyond dimension-five see-
saw models [20–22] which, on account of introducing higher iso-
multiplets, lower the originally high seesaw scale to the TeV scale
accessible at the LHC. In order to produce the seesaw diagram in
the simple model at hand, the fermionic hypercharge-zero quin-
tuplets ΣR = (Σ++

R ,Σ+
R ,Σ0

R ,Σ−
R ,Σ−−

R ) transforming as (1,5,0)

under the SM gauge group have to be accompanied by a scalar
quadruplet Φ = (Φ+,Φ0,Φ−,Φ−−) transforming as (1,4,−1).

The gauge invariant and renormalizable Lagrangian involving
these new fields reads

L = ΣR iγ μDμΣR + (
DμΦ

)†
(DμΦ)

−
(

LL Y ΦΣR + 1

2
(ΣR)C MΣR + H.c.

)
− V (H,Φ), (2)

where the scalar potential contains the mass and the quartic terms
for the doublet H and the quadruplet Φ fields

V (H,Φ) = −μ2
H H† H + μ2

ΦΦ†Φ + λ1
(

H† H
)2 + λ2 H† HΦ†Φ
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Fig. 1. Tree-level dimension-nine operator and one-loop dimension-five operator di-
agrams relevant for generating the light neutrino masses.

+ λ3 H∗HΦ∗Φ + (
λ4 H∗H HΦ + H.c.

)
+ (λ5 H HΦΦ + H.c.) + (

λ6 HΦ∗ΦΦ + H.c.
)

+ λ7
(
Φ†Φ

)2 + λ8Φ
∗ΦΦ∗Φ. (3)

In the tensor notation the terms in Eqs. (2) and (3) read [19]

LLΦΣR = LL
iΦ jklΣRi j′k′l′ε

j j′εkk′
εll′ ,

(ΣR)C ΣR = (ΣR)C
i jklΣRi′ j′k′l′ε

ii′ε j j′εkk′
εll′ ,

H∗HΦ∗Φ = H∗i H jΦ
∗ jklΦikl,

H∗H HΦ = H∗i H j HkΦi j′k′ε j j′εkk′
,

H HΦΦ = HiΦ jkl Hi′Φ j′k′l′ε
i jε i′ j′εkk′

εll′ ,

HΦ∗ΦΦ = HiΦ
∗i jkΦ jlmΦkl′m′εll′εmm′

,

Φ∗ΦΦ∗Φ = Φ∗i jkΦi′ jkΦ
∗i′ j′k′

Φi j′k′ . (4)

The light neutrino masses arise through tree-level dimension-
nine operator and one-loop dimension-five operator. The diagrams
displayed in Fig. 1 lead to two contributions to light neutrino
masses

(mν)i j = (mν)tree
i j + (mν)

loop
i j

= −1

6

(
λ∗

4

)2 v6
H

μ4
Φ

∑
k

YikY jk

Mk
+ −5λ∗

5 v2
H

24π2

∑
k

YikY jk Mk

m2
Φ − M2

k

×
[

1 − M2
k

m2
Φ − M2

k

ln
m2

Φ

M2
k

]
, (5)

determined by quartic couplings λ4 and λ5, respectively. Let us re-
mind [19] that in the regime of comparable and light (∼ 200 GeV)
masses for exotic fermions and scalars the tree contribution pre-
vails, while the loop contribution dominates for heavy masses
(∼ 500 GeV) and remains a sole contribution if additional discrete
Z2 symmetry forbids the λ4 term in Eq. (3).

3. Scalar potential

After the electroweak symmetry breaking (EWSB) the neutral
components of the scalar fields acquire a vacuum expectation value
and read

H0 = 1√
2

(
v H + h0 + iχ

)
, Φ0 = 1√

2

(
vΦ + ϕ0 + iη

)
. (6)

If all couplings in the scalar potential are real the conditions for
the minimum of the potential

∂V 0(v H , vΦ)

∂v H
= 0,

∂V 0(v H , vΦ)

∂vΦ

= 0 (7)

give
μ2
H = λ1 v2

H +
(

1

2
λ2 + 1

6
λ3 − 2

3
λ5

)
v2

Φ

+
√

3

2
λ4 v H vΦ −

√
3

9
λ6

v3
Φ

v H
, (8)

μ2
Φ = −

(
1

2
λ2 + 1

6
λ3 − 2

3
λ5

)
v2

H −
√

3

6
λ4

v3
H

vΦ

+
√

3

3
λ6 v H vΦ −

(
λ7 + 5

9
λ8

)
v2

Φ. (9)

The electroweak ρ parameter is changed by vΦ from the unit
value to ρ � 1 + 6v2

Φ/v2
H constraining the ratio vΦ/v H to be

smaller then 0.015.
The mixing between singly charged and between neutral com-

ponents of H and Φ multiplets will occur after the EWSB. Let us
illustrate this on the h0 − ϕ0 mass terms

Lh0ϕ0 = −1

2

(
−μ2

H + 3λ1 v2
H +

(
1

2
λ2 + 1

6
λ3 − 2

3
λ5

)
v2

Φ

+ √
3λ4 v H vΦ

)
h0h0 −

((
λ2 + 1

3
λ3 − 4

3
λ5

)
v H vΦ

+
√

3

2
λ4 v2

H − 1√
3
λ6 v2

Φ

)
h0ϕ0

− 1

2

(
μ2

Φ +
(

1

2
λ2 + 1

6
λ3 − 2

3
λ5

)
v2

H + 2√
3
λ6 v H vΦ

+
(

3λ7 + 5

3
λ8

)
v2

Φ

)
ϕ0ϕ0. (10)

The mass term that mixes h0 and ϕ0 is small because it is propor-
tional either to vΦ from λ2,3,6 terms in Eq. (3), or to small lepton
number violating couplings λ4,5 dictated to be small from con-
siderations of neutrino masses. Therefore we neglect the mixing
between the components of H and Φ multiplets and we neglect
the terms of higher order in vΦ/v H whenever possible.

In the approximations given above, the masses of charged com-
ponents of the quadruplet Φ are

m2(Φ+) = μ2
Φ + 1

2
λ2 v2

H ,

m2(Φ−) = μ2
Φ + 1

2
λ2 v2

H + 1

3
λ3 v2

H ,

m2(Φ−−) = μ2
Φ + 1

2
λ2 v2

H + 1

2
λ3 v2

H . (11)

Their couplings to the Higgs boson relevant for the h → γ γ decay
are

−L = cΦ+ v H h0Φ+∗Φ+ + cΦ− v H h0Φ−∗Φ−

+ cΦ−− v H h0Φ−−∗Φ−−, (12)

where the newly introduced couplings

cΦ+ = λ2, cΦ− = λ2 + 2

3
λ3, cΦ−− = λ2 + λ3, (13)

are expressed in terms of the quartic couplings λ2 and λ3 which,
for simplicity, we assume to be equal in the following.

4. Higgs diphoton-decay width

In our model in addition to the dominant SM contributions
from the W boson and top quark loops to the h → γ γ decay rate
only the charged scalars contribute substantially. Our exotic scalars
are colorless so that the Higgs boson production through gluon
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fusion at the LHC is unaffected. Also, since the Higgs boson to-
tal decay width is only marginally affected, a dominant change in
h → γ γ event rate comes from the change in Higgs boson dipho-
ton partial decay width. The analytic expression for the diphoton
h → γ γ partial width reads [8,23–25]

Γ (h → γ γ ) = α2m3
h

256π3 v2
H

∣∣∣∣A1(τW ) + Nc Q 2
t A1/2(τt)

+ Nc,S Q 2
S

cS

2

v2
H

m2
S

A0(τS)

∣∣∣∣
2

, (14)

where the three contributions corresponding to τi ≡ 4m2
i /m2

h (i =
W , t, S) refer to spin-1 (W boson), spin-1/2 (top quark) and
charged spin-0 particles in the loop. The electric charges for
fermions and scalars, Q t = +2/3 and Q S , are given in units of |e|,
and their respective number of colors are Nc = 3 and Nc,S = 1 for
color singlet scalars under consideration. The loop functions for
spin-1, spin-1/2, and spin-0 particles are given as

A1(x) = −x2[2x−2 + 3x−1 + 3
(
2x−1 − 1

)
f
(
x−1)], (15)

A1/2(x) = 2x2[x−1 + (
x−1 − 1

)
f
(
x−1)], (16)

A0(x) = −x2[x−1 − f
(
x−1)], (17)

where, for a Higgs mass below the kinematic threshold of the loop
particle mh < 2mloop, we have

f (x) = arcsin2 √
x. (18)

We now look at the possible enhancement of the h → γ γ de-
cay rate through extra contributions with charged components of
scalar quadruplet Φ running in the loops. Following [8] we define
the enhancement factor with respect to the SM decay width

Rγ γ =
∣∣∣∣1 +

∑
S=Φ+,Φ−,Φ−−

Q 2
S

cS

2

v2
H

m2
S

A0(τS)

A1(τW ) + Nc Q 2
t A1/2(τt)

∣∣∣∣
2

.

(19)

In order to get an enhancement of the h → γ γ decay rate, the
contribution of the new charged scalars has to interfere construc-
tively with the dominant SM contribution of the W boson. Since
this requires negative couplings cS in Eq. (14), we assume λ2,3 < 0.
The biggest effect on the h → γ γ decay rate comes from Φ−−
for two reasons. First, it has a charge |Q Φ−−| = 2 and second, for
λ3 < 0 it is the lightest of the charged Φ components. We will not
consider λ2,3 > 0 case for which to get a significant enhancement
in Rγ γ the charged scalars should be too light.

In Fig. 2 we plot the enhancement factor Rγ γ as a function
of the scalar couplings λ2,3 and the mass of the lightest charged
scalar m(Φ−−). For simplicity we assume λ2 = λ3 = λ, and in order
to keep the stability of the scalar potential, we restrict ourselves to
the interval λ ∈ [−2,0]. In this interval the value Rγ γ = 2 can be
achieved up to m(Φ−−) = 280 GeV and the value Rγ γ = 1.25 up
to m(Φ−−) = 520 GeV.

5. Higgs to Z -photon decay width

Another loop-mediated Higgs decay sensitive to new charged
particles is h → Zγ . It is sensitive both on the charge and weak
isospin of the particles in the loop. After adding a contribution of
a new scalar to the SM contributions from the W boson and top
quark the decay rate is given by [8]
Fig. 2. Enhancement factor Rγ γ = (2.5,2,1.75,1.5,1.25) for the h → γ γ branching
ratio in dependence on scalar coupling λ = λ2 = λ3 and the mass of the lightest
charged component of the Φ multiplet, m(Φ−−).

Γ (h → Zγ )

= α2m3
h

128π3 v2
H sin2 θw

(
1 − m2

Z

m2
h

)3

|ASM +AS |2, (20)

where

ASM = cos θw A1(τW ,σW )

+ Nc
Q t(2T (t)

3 − 4Q t sin2 θw)

cos θw
A1/2(τt,σt), (21)

AS = v sin θw

2

cS v H

m2
S

Q S
T (S)

3 − Q S sin2 θw

cos θw sin θw
A0(τS ,σS). (22)

Here σi = 4m2
i /m2

Z and T (t)
3 = 1/2 and T (S)

3 correspond to the weak
isospin of the top quark and the new scalar. The loop functions are
given by

A1(x, y) = 4
(
3 − tan2 θw

)
I2(x, y)

+ [(
1 + 2x−1) tan2 θw − (

5 + 2x−1)]I1(x, y),

A1/2(x, y) = I1(x, y) − I2(x, y),

A0(x, y) = I1(x, y), (23)

where

I1(x, y) = xy

2(x − y)
+ x2 y2

2(x − y)2

[
f
(
x−1) − f

(
y−1)]

+ x2 y

(x − y)2

[
g
(
x−1) − g

(
y−1)],

I2(x, y) = − xy

2(x − y)

[
f
(
x−1) − f

(
y−1)]. (24)

For the Higgs mass below the kinematic threshold of the loop par-
ticle, mh < 2mloop, we have

g(x) =
√

x−1 − 1 arcsin
√

x. (25)
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Fig. 3. Modification factor R Zγ = (0.6,0.7,0.8,0.9) for the h → Zγ branching ratio
in dependence on the scalar coupling λ = λ2 = λ3 and the mass of the lightest
charged component of the Φ multiplet, m(Φ−−).

The additional contributions in a model with scalar quadruplet
lead to the modification factor R Zγ for the h → Zγ decay rate
with respect to the SM decay width

R Zγ =
∣∣∣∣1 +

∑
S=Φ+,Φ−,Φ−−

AS

ASM

∣∣∣∣
2

. (26)

In Fig. 3 we plot the modification factor R Zγ as a function of
the scalar couplings λ2,3 (assuming λ2 = λ3 = λ) and the mass of
the lightest charged scalar m(Φ−−). We obtain a moderate sup-
pression of the h → Zγ decay rate in the region of the parameter
space where the h → γ γ decay rate is enhanced. In the cho-
sen interval λ ∈ [−2,0] the factor R Zγ = 0.6 is achieved up to
m(Φ−−) = 220 GeV and R Zγ = 0.9 up to m(Φ−−) = 480 GeV.

6. Direct vs. virtual bounds on new scalars

The measurement of the h → γ γ rare decay mode may mark
a spectacular onset of a virtual physics at the LHC. The interaction
with virtual particles is essential both for the production and the
decay factor in Eq. (1). It is in order to discuss the features of addi-
tional charged scalars, which determine their possible appearance
both in the Higgs boson loop decays under consideration and in
their direct searches.

Now, an essential point is a lack of Yukawa couplings of the
scalar quadruplet to a pair of SM fermions. The lack of these
Yukawa couplings means that a doubly charged Φ−− does not
decay to a pair of charged SM leptons, which has decisive reper-
cussions. The direct searches for doubly charged scalars through
resonance in the invariant mass of a pair of charged leptons at
the LHC [12,13] leave the quadruplet scalar states unconstrained.
The strongest bound in the range (383 GeV, 408 GeV) set in the
inclusive search for the CMS benchmark points depends on Φ−−
production analysis, and counts all possible final state lepton pairs
in BR(Φ−− → l−l−), i, j = e,μ, τ . Of course, Φ−− can decay also
i j
to W −W − final state, but this channel has not been measured yet
and doesn’t constrain the quadruplet scalar mass.

In comparison, the studies of h → γ γ enhancement by the
doubly charged scalar from the Higgs triplet model of neutrino
mass generation [14–17] also lead to their rather small masses,
which already seem to be excluded by the above mentioned direct
searches at the LHC [12,13]. In case that the decay of the doubly
charged component of the triplet scalar to W −W − were the dom-
inant one, it would invalidate the discussed CMS search and no
limit on the triplet mass would be placed either.

7. Conclusion

It is conceivable that the first sign of new physics observed at
the LHC may stem from loop effects of new particles additional to
the SM content. We take under scrutiny particular extensions of
the SM Higgs sector aimed to explain the small masses of neutri-
nos, which simultaneously provide doubly charged scalars that sig-
nificantly affect the loop amplitude for the h → γ γ decay. In view
of the upper mentioned exclusion of the doubly charged scalars
from the Higgs triplet model of neutrino masses, we find it timely
to explore the effect of doubly charged component of the scalar
quadruplet existing in our recent simple TeV-scale seesaw model
for neutrino masses [19]. The results which we obtain show that
it is easier to obtain an enhancement of the h → γ γ decay rate in
our model than in the Higgs triplet model. The Higgs quadruplet is
devoid of the Yukawa couplings to a pair of leptons which play a
decisive role in existing LHC exclusion bounds for doubly charged
scalars. Therefore our model in the sub-TeV mass region, where a
significant enhancement in Rγ γ can be obtained, is not excluded.
Also, there is a remarkable feature of achieving the biggest ef-
fect on h → γ γ decay rate from the doubly charged Φ−− state
at hand. The essential λ3 < 0 coupling ensures that Φ−− is the
lightest among the charged Φ components and that it interferes
constructively with the dominant SM contribution of the W boson.
Concerning the monitoring h → Zγ decay, the effect is smaller and
opposite. There is a moderate suppression of the h → Zγ decay
rate in the region of the parameter space where the h → γ γ decay
rate is enhanced. Finally, the imposed role on the scalar quadruplet
in explaining the smallness of neutrino masses is decisive in keep-
ing the relevant couplings from the scalar potential small so that
the mixing between components of H and Φ multiplets is negligi-
ble. Accordingly, the state announced at the LHC [1,2] corresponds
in our setup to the SM Higgs boson.
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