
J
H
E
P
0
5
(
2
0
2
4
)
0
5
5

Published for SISSA by Springer

Received: January 18, 2024
Accepted: April 12, 2024

Published: May 6, 2024

Neutrino masses from new Weinberg-like operators:
phenomenology of TeV scalar multiplets

Alessio Giarnetti ,a,b Juan Herrero-García ,c,d Simone Marciano ,a,b

Davide Meloni a,b and Drona Vatsyayan c,d

aDipartimento di Matematica e Fisica, Università di Roma Tre,
Via della Vasca Navale 84, 00146, Roma, Italy

bINFN Sezione di Roma Tre,
Via della Vasca Navale 84, 00146, Roma, Italy

cDepartament de Física Teòrica, Universitat de València,
46100 Burjassot, Spain

dInstituto de Física Corpuscular (CSIC-Universitat de València),
Parc Científic UV, C/Catedrático José Beltrán, 2, E-46980 Paterna, Spain

E-mail: alessio.giarnetti@uniroma3.it, juan.herrero@ific.uv.es,
simone.marciano@uniroma3.it, davide.meloni@uniroma3.it,
drona.vatsyayan@ific.uv.es

Abstract: The unique dimension-5 effective operator, LLHH , known as the Weinberg oper-
ator, generates tiny Majorana masses for neutrinos after electroweak spontaneous symmetry
breaking. If there are new scalar multiplets that take vacuum expectation values (VEVs),
they should not be far from the electroweak scale. Consequently, they may generate new
dimension-5 Weinberg-like operators which in turn also contribute to Majorana neutrino
masses. In this study, we consider scenarios with one or two new scalars up to quintuplet
SU(2) representations. We analyse the scalar potentials, studying whether the new VEVs
can be induced and therefore are naturally suppressed, as well as the potential existence of
pseudo-Nambu-Goldstone bosons. Additionally, we also obtain general limits on the new
scalar multiplets from direct searches at colliders, loop corrections to electroweak precision
tests and the W -boson mass.

Keywords: Baryon/Lepton Number Violation, Multi-Higgs Models

ArXiv ePrint: 2312.13356

Open Access, © The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP05(2024)055

https://orcid.org/0000-0001-8487-8045
https://orcid.org/0000-0002-3300-0029
https://orcid.org/0000-0002-2243-7495
https://orcid.org/0000-0001-7680-6957
https://orcid.org/0000-0002-6868-3237
mailto:alessio.giarnetti@uniroma3.it
mailto:juan.herrero@ific.uv.es
mailto:simone.marciano@uniroma3.it
mailto:davide.meloni@uniroma3.it
mailto:drona.vatsyayan@ific.uv.es
https://doi.org/10.48550/arXiv.2312.13356
https://doi.org/10.1007/JHEP05(2024)055


J
H
E
P
0
5
(
2
0
2
4
)
0
5
5

Contents

1 Introduction 1

2 Neutrino masses from Weinberg-like operators 4
2.1 Neutrino masses in the Standard Model Effective Field Theory 4
2.2 Extensions with one new scalar multiplet 4
2.3 Extensions with two new scalar multiplets 5
2.4 Wilson Coefficients for neutrino masses 6

3 The scalar sector 8
3.1 The scalar potential 8
3.2 The pseudo-Nambu-Goldstone bosons 11
3.3 The VEVs of new scalars and the ρ parameter 13
3.4 Naturally-induced small VEVs 15

4 Phenomenology 17
4.1 Collider searches of multiply-charged scalars 17
4.2 Electroweak Precision Tests at loop level 25

5 Conclusions 27

A n > 5 Weinberg-like operators with SM Higgs doublets 29

B Tensor contractions 32

1 Introduction

The standard model (SM), although an extremely successful theory, leaves several problems
without a solution, such as the origin of the (tiny) neutrino masses, the nature of dark matter
and the generation of the matter-antimatter asymmetry. In particular, in the SM neutrino
masses are absent due to the particle content and the requirement of renormalisability. If the
SM is understood as an Effective Field Theory (EFT) valid at the electroweak scale, new
higher-dimensional effective operators Oi beyond the renormalisable interactions included
in LSM, should be considered, suppressed by high-energy scales,

L = LSM +
(

d∑
n=5

∑
i

C(i)
n Oi +H.c.

)
, (1.1)

where n = 5, . . . , d runs over the dimension of the effective operator labeled by i = 0, 1, . . .

and C
(i)
n are dimensionful ([C(i)

n ] = 4− n) Wilson Coefficients (WCs). Notice that the latter
are matrices in flavor space, whose indices we do not explicitly show in the following.
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Figure 1. Contribution to Majorana neutrino masses from the dimension-5 Weinberg operator O(0)
5 .

At the lowest order, dimension-5, there is a unique operator with the SM Higgs doublet
(H) with hypercharge Y = 1/2 and the lepton doublet (L) with hypercharge Y = −1/2 [1]

−L(0)
5 =

C
(0)
5,a

2 O(0)
5,a +H.c.

=
C

(0)
5,a

2 (L̃H)1(H̃†L)1 +H.c. , (1.2)

where H̃ = iσ2H∗ and L̃ = iσ2Lc, with σ2 the second Pauli matrix, and the charge-conjugated
field being Lc = CL

T . We have chosen a fermion-like contraction and 1 would correspond
to an SU(2) singlet representation of the UV completion. Alternatively, by using a Fierz
identity, one can also write a fermion-like triplet contraction, (LH)3(LH)3, or a scalar-like
triplet contraction, (LL)3(HH)3. At tree level, the UV completions of the Weinberg operator
are the usual seesaws [2–10], discussed in detail below. For an EFT approach to lepton
number violation (LNV), see refs. [11–17].

After Electroweak Spontaneous Symmetry Breaking (EWSSB), O(0)
5,a generates Majorana

neutrino masses via the Feynman diagram of figure 1, suppressed by the large scale of LNV,

L ⊃ −m
(0)
ν

2 νc
LνL + H.c. with m(0)

ν = C
(0)
5,a v2 . (1.3)

Considering that C
(i)
n ≡ c

(i)
n /Λ, with c

(i)
n a dimensionless parameter and Λ the new

physics scale, eq. (1.3) yields an explanation for the smallness of neutrino masses, which
scale as v2/Λ, where v is the Vacuum Expectation Value (VEV) of the SM Higgs field,
⟨H⟩ ≡ v = 174GeV. For order one couplings, c

(0)
5,a ∼ O(1), reproducing the atmospheric

mass scale, m
(0)
ν ≳ O(0.05) eV, demands Λ ≲ 1014 GeV, close to the scale of Grand Unified

Theories. This is the seesaw mechanism [3]. If this is the origin of neutrino masses, it will
therefore be very difficult to probe the new physics responsible for lepton number violation.

In this work, we postulate the presence of new low-energy SU(2) scalar multiplets Φi

and study their implications for neutrino masses. The new scalar masses are bounded from
above by perturbativity and unitarity from the fact that their masses are ∝ λ v2 (where λ is
some quartic scalar coupling), implying that the SM is augmented by low-energy (O (TeV))
degrees of freedom with which one can construct new SM EFT.

The possible new Weinberg-like operators with up to two new scalars Φ1,Φ2 are

−L5 = 1
2
∑

i

C
(i)
5 O(i)

5 +H.c.
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where

O(0)
5,a = (LH)1(LH)1 , O(1)

5 = (LH)N(LΦ1)N ,

O(2)
5 = (LΦ1)N(LΦ1)N , O(3)

5 = (LΦ1)N(LΦ2)N .
(1.4)

These have to be understood as classes of operators, encoding all the allowed possible
conjugations of the scalar fields. For instance, O(1)

5 may involve H̃ instead of H.1
Note that C

(0)
5,a and C

(2)
5 are symmetric in flavor space, i.e. C

(0)T
5,a = C

(0)
5,a and C

(2)T
5 = C

(2)
5 .

These operators are obtained at low energy by integrating out a heavy mediator at tree
level. Once again, in writing eq. (1.4), we have chosen a fermion-like contraction for our
basis of operators, with N denoting the highest SU(2) representation of the UV completion.
Below, we provide the relevant factors for all the other possible Lorentz contractions. As
long as the new scalars take a VEV, ⟨Φi⟩ ≡ vi ̸= 0, Majorana neutrino masses are generated,
which in this case will scale as v2/Λ, vvi/Λ, v2

i /Λ and vivj/Λ corresponding to O(0)
5,a, O(1)

5 ,
O(2)

5 and O(3)
5 , respectively.

Moreover, as the VEVs of the new multiplets (vi) in which we will be interested violate the
SM custodial symmetry (ρ ̸= 1), they are bounded to be quite small, typically vi ≲ O(1)GeV.
Such a suppression in the VEVs is natural if they are induced by the Higgs one, and is precisely
what is needed to have tiny neutrino masses with not so large lepton number-violating scales,
i.e., Λ is parametrically suppressed. We will therefore be interested in scenarios that do
not generate O(0)

5,a, but only O(1)
5 , or O(2)

5 and/or O(3)
5 . For instance, if O(2)

5 is generated,
compared to the SM Weinberg operator, we have

C
(0)
5,a

C
(2)
5

∼ v2
i

v2 ≲ 10−4 . (1.5)

Possible extra suppression in the WCs C
(0)
5,a/C

(2)
5 may lower the scale even further. The

presence of new scalars at the EW scale, along with the Electroweak Precision Tests (EWPTs)
and collider searches of heavy scalars makes these scenarios more testable than the usual
high-scale seesaws.

In this work, we study and provide a catalogue of the new scenarios generated by these new
Weinberg-like operators constructed with extra scalar multiplets that take a VEV. We consider
natural scenarios, in which the new scalar multiplets obtain suppressed induced VEVs, i.e.,
vi ∼ v3/m2

Φ. The most appealing scenarios are the ones in which the dominant contribution
to neutrino masses is provided by the new operators. The UV models that generate those at
tree level are considered genuine and will be studied in a companion paper [18].

Similar cataloguing works have been done in the literature. Refs. [19–21] discuss the
generation of neutrino masses from operators higher than dimension 5. Minimal tree-level
seesaw models and radiative neutrino mass models with additional scalar multiplets are
discussed in refs. [22] and [23], respectively. Dirac neutrino masses from SU(2) multiplet fields
are studied in ref. [24]. Generic constraints on scalar eletroweak multiplets have been discussed

1Note that, if considered individually, operators with for example Φc
1 instead of Φ1 would correspond to just

a redefinition of the new field. However, in class-B scenarios (see later) more than one operator is generated
and therefore whether the field or its conjugate appears is relevant.
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in refs. [25, 26], while constraints on the Higgs couplings due to triplets and quadruplets
were studied in refs. [27] and [28, 29], respectively.

The rest of the paper is structured as follows. In section 2 we consider neutrino masses
generated by Weinberg-like operators constructed by one or two new extra scalar multiplets.
In section 2.1 neutrino masses are considered in the pure SMEFT with just the Higgs doublet.
In sections 2.2 and 2.3 we extend the low-energy content of the SM with one or two new extra
scalars, respectively, and list the new Weinberg-like operators they generate. In section 3 we
analyse the scalar sector and the constraints from EWPTs on the induced VEVs of the scalars.
In section 4 we focus on the phenomenology. We further study in detail the production of
the scalars at colliders, as well as the loop corrections to EWPTs. These latter constraints
are general and may be applied to models with new scalar multiplets, irrespective of neutrino
masses. Finally, we conclude in section 5.

2 Neutrino masses from Weinberg-like operators

2.1 Neutrino masses in the Standard Model Effective Field Theory

At dimension 5, there is only one operator, the Weinberg O(0)
5,a in eq. (1.2). The other possible

Lorentz contractions of the fields are

O(0)
5,a = (HL)1(HL)1 , O(0)

5,b = (HL)3(HL)3

O(0)
5,c = (HH)3(LL)3 , O(0)

5,d = (HH)1(LL)1.
(2.1)

Since the singlet (HH)1 = 0, the last operator identically vanishes. The other cases yield
non-zero neutrino masses and their UV completions at tree level correspond to the seesaws:
the operators O(0)

5,a, O(0)
5,c and O(0)

5,b are associated with the Type-I (fermion singlet), Type-
II (scalar triplet) and Type-III (fermion triplet) seesaws, respectively. Also, they may be
generated at the loop level [30] (see ref. [31] for a review of radiative neutrino mass models).
Note that there exists only one independent contraction among the fields in the Weinberg
operator, though every possible contraction can be obtained from the others via a Fierz
transformation [32]. Indeed, using (σi)ab (σi)cd = 2δadδbc − δabδcd, with σi (i = 1, 2, 3) the
Pauli matrices (generators of the SU(2) group) and (a, b, c, d) the SU(2) indices, the different
operators in eq. (2.1) are related as

O(0)
5,b = −O(0)

5,a = −1
2O

(0)
5,c . (2.2)

In the following, we will focus on the case in which C
(0)
5,a is very suppressed, so that its

contribution to neutrino mass is irrelevant. Also, to alleviate notation, we will denote the
fermion singlet Lorentz contraction (O(0)

5,a) by O(0)
5 .

2.2 Extensions with one new scalar multiplet

In this section we construct Weinberg-like operators with a single new scalar multiplet, Φ1. We
will denote such scenarios as “class-A” scenarios. In presence of both the SM Higgs H and the
new multiplet Φ1, the possible new Weinberg-like operators involving Φ1 are O(1)

5 and O(2)
5 , see

eq. (1.4). As argued before, we will be interested in the scenarios where the O(0)
5 contribution
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Figure 2. Contribution to Majorana neutrino masses from the possible new Weinberg-like operators
O(1,2)

5 with a new scalar multiplet, Φ1.

is suppressed, so that the dominant contribution to neutrino masses comes from the Feynman
diagrams in figure 2. Let us discuss first the O(1)

5 term. In order to determine the SU(2)
representations for Φ1, we first observe the transformation H Lα Lβ ∼ 2 ⊗ 2 ⊗ 2 = 4 ⊕ 2 ⊕ 2′

under SU(2). However, if Φ1 is an SU(2) doublet, a two-Higgs-Doublet Model [33] (see
ref. [34] for a review) is obtained, which has already been widely studied in literature [35, 36].
Therefore, Φ1 ∼ 4 is the only interesting possibility for our purposes. The hypercharge
of the new scalar quadruplet is fixed by the Weinberg operator, and we take the negative
hypercharge assignment without loss of generality, −1/2 or −3/2.2 Let us now consider O(2)

5 .
Whatever the representation of Φ1 is, say N1, it is always possible to construct a singlet with
two identical scalar fields and two lepton doublets. However, in this case, the hypercharge of
the new multiplet is forced to be −1/2. Thus, in order to have a neutral scalar component, Φ1
must be in an even SU(2) representation. If we restrict our study to N1 ≤ 5 in order to avoid
problems with unitarity and non-perturbativity close to the EW scale, due to their large
RGE running [25, 37], the only viable representations are the doublet (which corresponds
to the already mentioned 2HDM) and, again, the quadruplet. Neglecting the 2HDM-like
models, the only viable possibilities in O(1)

5 and O(2)
5 are the following:

1. AI: Φ1 = (4,−1/2) ≡ 4−1/2

2. AII: Φ1 = (4,−3/2) ≡ 4−3/2

2.3 Extensions with two new scalar multiplets

Let us now consider the new Weinberg-like operators O(3)
5 , see eq. (1.4), which may arise due

to the presence of two additional scalar multiplets, Φ1 and Φ2. We will denote such scenarios
as “class-B” scenarios. As before, we are interested in the case in which neutrino masses are
not generated via the O(0)

5 operator which involves only the SM Higgs. The new operator
O(3)

5 produces neutrino masses via the Feynman diagram shown in figure 3.
In this framework, given the two scalar multiplets representations N1 and N2, we need

to construct a singlet among Φ1, Φ2 and two lepton doublets. Using SU(2) properties, we
require either N1 ⊗ N2 ⊂ 1 or N1 ⊗ N2 ⊂ 3. The former is possible only for N1 = N2,
whereas, in the latter case, we have N1 ⊗ 3 = (N1 − 2) ⊕ N1 ⊕ (N1 + 2). Therefore, in

2Note that both positive and negative hypercharge assignments, ±1/2 or ±3/2, are allowed, depending
on the definition of the effective operator: Φ1 ∼ (4,−1/2) for LΦ1H̃T Lc or Φ1 ∼ (4,+1/2) for LΦc

1H̃T Lc;
similarly, Φ1 ∼ (4,−3/2) for LΦ1HT Lc, or Φ1 ∼ (4,+3/2) for LΦc

1HT Lc.
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Figure 3. Feynman diagram associated with the new Weinberg-like operator O(3)
5 , which may arise

due to the presence of two new scalar multiplets, Φ1 and Φ2.

addition to the case of being equal, N1 and N2 may be either two consecutive even or two
consecutive odd representations. In order to construct the Weinberg-like operator O(3)

5 and
account for the possible presence of conjugated scalar fields, we also require that the modulus
of the hypercharges of Φ1 and Φ2 differ by one unit, i.e., |Y (Φ1)| ± |Y (Φ2)| = 1. As before,
we consider representations N(1,2) ≤ 5, neglect scenarios containing doublets or two identical
representations with identical hypercharges and require that each scalar multiplet contains a
neutral component. This leaves us with the following six possibilities:

1. BI: Φ1 = (4, 1/2) ≡ 41/2 and Φ2 = (4,−3/2) ≡ 4−3/2

2. BII: Φ1 = (3, 0) ≡ 30 and Φ2 = (5,−1) ≡ 5−1

3. BIII: Φ1 = (5, 1) ≡ 51 and Φ2 = (5,−2) ≡ 5−2

4. BIV: Φ1 = (5, 0) ≡ 50 and Φ2 = (5,−1) ≡ 5−1

5. BV: Φ1 = (3, 0) ≡ 30 and Φ2 = (3,−1) ≡ 3−1

6. BVI: Φ1 = (3,−1) ≡ 3−1 and Φ2 = (5, 0) ≡ 50

Once again, a change in sign for the hypercharge of each scalar multiplet will not affect the
results of our analyses; thus, one can also write these scenarios with opposite hypercharges.
Notice that, given the cut on the Φi representations, there are no scenarios where the two
scalar multiplets have the same hypercharge. Further, it can be seen that the BI scenario
contains multiplets from the class-A scenarios, hence, in this case neutrino masses may
also obtain a contribution from O(1,2)

5 apart from O(3)
5 . Finally, it is worth mentioning that

in the BV,VI scenarios containing a scalar triplet with hypercharge −1, a Type-II seesaw
contribution may be induced. In these cases, in order to have C

(3)
5 ≳ C

(0)
5 , the trilinear

coupling of the triplet with the Higgs doublets would have to be suppressed. Despite being
in principle non-genuine, we will consider also these two scenarios in the rest of the paper
under the hypothesis that C

(0)
5 is negligible compared to C

(3)
5 .

2.4 Wilson Coefficients for neutrino masses

Here, we quantify neutrino masses at tree level in the different scenarios containing new scalar
multiplets. In order to compute their values, the four fields appearing in the Weinberg-like

– 6 –
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ω01
3 z01

3 ω11
3 ω11

5 z11
3

AI 2/
√
3 4/

√
3 −8/3 1/2 −2/3

AII −1 1 ✘ ✘ ✘

Table 1. Numerical factors for all the possible contractions appearing in Weinberg-like operators of
class-A scenarios.

operators need to be contracted in a singlet, so the possible contractions are

(LΦi)N(ΦT
j Lc)N or (LLc)N(ΦT

i Φj)N ,

where the UV complete model contains a fermion (scalar) mediator in the SU(2) representation
N in the case of former (latter). As already mentioned before, the different contractions
are related by Fierz transformations.

We first discuss the case of a fermion-like contraction (LΦi)N(ΦT
j Lc)N, for which the

neutrino masses can be obtained from eq. (1.4) as

mν ≃ C
(0)
5 ω00

N v2 +
∑

i=1,2
[C̃(1)

5 ]i ω0i
N vvi +

∑
i=1,2

[C(2)
5 ]i ωii

N v2
i + C̃

(3)
5 ω12

N v1v2 , (2.3)

where we define C̃
(1,3)
5 = C

(1,3)
5 + [C(1,3)

5 ]T and denote ωij
N as the numerical factor correspond-

ing to this contraction, where the index i, j = 0 depicts the SM Higgs.
The representation N of the fermion mediator can be determined from the representation

of the two scalar multiplets (N1 and N2) entering a particular Weinberg operator (including
the SM Higgs doublet). The contraction

(
LΦi

)
gives Ni ⊗ 2 = (Ni − 1)⊕ (Ni + 1). Thus, if

the representations of the two scalar multiplets are identical, the possible contractions of the
full Weinberg operator are either from two (Ni − 1)-tuplets or from two (Ni + 1)-tuplets,
hence N = Ni ± 1. On the other hand, if N1 ̸= N2, for instance, when N1 and N2 are
two consecutive odd or even representations, the only possible contraction is between two
(N1 + 1)-tuplets, where N1 is the smaller of the two representations, thus N = N1 + 1
for N1 < N2.

In the case of a scalar-like contraction
(
LLc

)
N

(
ΦT

i Φj

)
N

, the two lepton doublets can
only give a singlet or a triplet. As the singlet between the two doublets does not contribute
to neutrino masses at tree level, the only possible contraction for this case is when the two
scalar multiplets also form a triplet. Hence, the only possible UV scalar mediator is a triplet,
i.e., N = 3, as in the Type-II seesaw model. Neutrino masses can be written as

mν ≃ C
(0)
5 z00

3 v2 +
∑

i=1,2
[C̃(1)

5 ]i z0i
3 vvi +

∑
i=1,2

[C(2)
5 ]i zii

3 v2
i + C̃

(3)
5 z12

3 v1v2 , (2.4)

where zij
3 is the numerical factor coming from the contraction (LLc)3(ΦT

i Φj)3.
In tables 1 and 2, we list the numerical values of ω and z corresponding to different

representations and operators for class-A and B scenarios, respectively. Notice that in the
scenario containing two quadruplets (BI), there also exist neutrino mass contributions from
O(1)

5 and O(2)
5 Weinberg-like operators, with the former potentially dominating over the
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ω12
2 ω12

3 ω12
4 ω12

5 ω12
6 z12

3

BI ✘ 1/
√
3 ✘ −

√
3/4 ✘ −1/

√
3

BII ✘ ✘ −1/
√
2 ✘ ✘ 1/

√
2

BIII ✘ ✘ 1/2 ✘ −2/5 1/2
BIV ✘ ✘ −1/(2

√
6) ✘

√
6/5 −

√
3/8

BV −1/
√
2 ✘ −

√
2/3 ✘ ✘ 1/

√
2

BVI ✘ ✘ 1/
√
6 ✘ ✘ −1/

√
6

Table 2. Numerical factors for all the possible contractions appearing in Weinberg-like operators of
class-B scenarios.

others due to the large SM Higgs VEV. The corresponding numerical factors are exactly the
same as the ones shown in table 1 for the class-A scenarios. Note that the only contraction
which exists for every scenario is the one where both the lepton doublets and the scalars
are in a triplet, namely (L̄Lc)3(ΦT

1 Φ2)3.

3 The scalar sector

In this section we want to underline the physics of the scalar sector, analyzing the scalar
potentials for all the possible cases as well as the implications of the couplings of new
multiplets with the SM Higgs.

3.1 The scalar potential

Given the new scalar multiplets in our scenarios, we discuss the possible potential terms
that may be built involving the new scalars and the SM Higgs doublet. First, we consider
the simple case of the class-A scenarios involving only one additional scalar multiplet. If
the new scalar Φ1 carries lepton number, some of the potential terms may violate the
additional U(1)L symmetry. Thus, we can divide the full scalar potential in two parts:
lepton-number-conserving and LNV terms

V A(H,Φ1) = V A
L (H,Φ1) + V A

/L (H,Φ1) . (3.1)

In the case of a quadruplet with hypercharge −1/2, we have

V AI
L (H,Φ1) = −µ2

H (H†H) + µ2
Φ1 (Φ

†
1Φ1) + λ1(H†H)2 + λ2(Φ†

1Φ1)2+
+ λ3 H†HΦ†

1Φ1 + λ4 H∗HΦ∗
1Φ1 + λ5 Φ∗

1Φ1 Φ∗
1Φ1 , (3.2)

and
V AI

/L
(H,Φ1) = λ6 Φ∗

1HΦ1Φ1 + λ7 HΦ1HΦ1 + λ8 H∗Φ1HH +H.c. , (3.3)

where the λ2 and λ5 as well as λ3 and λ4 terms, despite having the same field content,
act as different potential terms due to difference in tensor contractions. For example, the
tensor contractions of the quartic coupling λ6Φ∗

1 H Φ1 Φ1 can be written in full glory as
(Φ∗

1)
ijk Hd (Φ1)d′m′i (Φ1)mjk ϵdd′

ϵmm′ .
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V /X(H,Φ1,Φ2)

BI

λ2Φ∗
2Φ∗

1H Φ2 + λ3(Φ∗
2Φ∗

1H Φ2)′ + λ4Φ∗
1Φ∗

1H H+
λ5Φ∗

1H∗H H + λ6H H HΦ2 + λ7Φ∗
1Φ∗

1HΦ1+
λ8HΦ1Φ1Φ2 + λ9Φ1Φ1Φ1Φ2 +H.c.

BII
µ1Φ∗

2Φ2Φ1 + µ2Φ1H∗H + µ2
3 Φ2

1 + λ2Φ∗
2Φ2Φ1Φ1

+λ3H∗HΦ1Φ1 + λ4Φ1Φ1Φ1Φ1 +H.c.
BIII µ1Φ1Φ1Φ2 +H.c.

BIV
µ1Φ1Φ1Φ1 + µ2Φ∗

2Φ2Φ1 + µ2
3 Φ2

1
+λ2H∗HΦ1Φ1 + λ3Φ1Φ1Φ1Φ1 +H.c.

BV
µ1Φ1Φ∗

2Φ2 + µ2Φ1H∗H + µ3Φ2HH + µ2
4 Φ2

1
+λ2 (Φ1Φ1Φ1Φ1) + λ3 (H∗HΦ1Φ1) + λ4 Φ2

1Φ∗
2Φ2 +H.c.

BVI
µ1Φ1Φ∗

1Φ2 + µ2Φ1HH + µ2
3 Φ2

2 + µ4 Φ3
2+

+λ2 (Φ2Φ2Φ∗
1Φ1) + λ3 (H∗HΦ2Φ2) + λ4Φ2Φ2Φ2Φ2 +H.c.

Table 3. Scalar potential terms violating U(1)L and U(1)X accidental symmetries in the class-B
scenarios. We denote the term λ3 in BI by a ′ as there are two independent contractions associated
with the fields involved in the operator.

For the quadruplet with hypercharge −3/2, the scalar potential has a different form

V AII
L (H,Φ1)=µ2

H(H†H)+µΦ1(Φ
†
1Φ1)+λ1(Φ†

1Φ1)2+λ2(H†H)2+λ3(H†H)(Φ†
1Φ1)+

+λ4H∗Φ1Φ∗
1H+λ6Φ∗

1Φ1Φ∗
1Φ1 ,

(3.4)

and
V AII

/L
(H,Φ1) = λ6Φ1HHH +H.c. , (3.5)

where the only LNV term is linear in the new scalar multiplet.
Let us now consider the class-B scenarios, in which we have two different scalar multiplets.

In this case, there is a plethora of scalar potential terms. For simplicity, we show here only
the LNV terms, which are relevant for the following discussion. Looking only at the scalar
potential, we might recognize also another accidental U(1)X symmetry which arises due to
the presence of a second scalar multiplet. Hence, considering the lepton number violating
terms only, we can divide them in U(1)X -conserving and violating parts as

V B
/L (H,Φ1,Φ2) ⊃ V B

X (H,Φ1,Φ2) + V B
/X (H,Φ1,Φ2) , (3.6)

where the U(1)X -conserving term is

V B
X (H,Φ1,Φ2) = λ1H H Φ1 Φ2 , (3.7)

provided that the condition X1 = −X2 holds, where X1,2 are the U(1)X charges of Φ1,2
and the SM Higgs doublet is uncharged. Such a term is present in all the class-B scenarios.
On the other hand, the U(1)X -violating terms are listed in table 3. We use λi to denote
the dimensionless coupling in the quartic terms and µi for the dimensionful coupling in
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the trilinear terms.3 The definition of the potential terms in tensor notation is shown in
appendix B for the BI scenario.

As we will point out in section 3.2, the scalar potential symmetries are needed to recognize
the presence of two different massive pseudo-Nambu-Goldstones in our class-B scenarios.
Another interesting discussion about the scalar potential involves the terms linear in the new
scalar multiplets. These terms will be important in section 3.4. In order to build a linear
invariant term, we need at least two or three Higgs doublets. The SU(2) transformation
properties of the relevant products of Higgs doublets are:

• H2 = 2 ⊗ 2 = 3 ⊕ 1 ,

• H3 = 2 ⊗ 2 ⊗ 2 = 4 ⊕ 2 ⊕ 2′ .

Let us start with the class-A scenarios, in which we add to the SM only one scalar quadruplet
with hypercharge −1/2 or −3/2. Given the products shown above, the only allowed potential
term linear in a quadruplet Φ1 is with three SM Higgs. For both hypercharge assignments
−1/2 and −3/2, an invariant mixed potential term of the form Φ1H3 is allowed (see terms with
λ8 and λ6 in eqs. (3.2) and (3.5), respectively). In the class B scenarios, with quadruplets
(BI) we can again have ΦiH

3 terms (λ5 and λ6 terms in table 3); with triplets, on the
other hand, it is possible to construct invariant terms of the form µΦiH

2, where µ is some
dimensionful coupling. This is the case of BII,V,VI scenarios. SU(2) quintuplets do not
allow for linear terms.

However, there is an interesting scalar potential operator which can always be constructed
in class-B scenarios, the mixed linear term λ1Φ1Φ2H2. Indeed, as shown in section 2.4, the
contraction (LL)3(Φ1Φ2)3 is always allowed in our scenarios. Since the combination (HH)
has the same SU(2) structure of the combination (LL), the scalar potential must contain
a term coming from the contraction (HH)3(Φ1Φ2)3.

Given the scalar potential, the scalar masses can be computed after EWSB. If a linear
term in Φi of the form ΦiH

3 is present in the potential (see eq. (3.5)), the scalar masses
have an upper bound given by

MΦi ≃
√

λ′ · v

(
1 +

√
λ′′

λ′
v

vi

)
, (3.8)

where vi is the VEV of the new multiplet, and λ′ and λ′′ are two of the scalar potential
couplings, associated with Φ2

i H2 and Φi H3, respectively. Constraints from perturbativity
λ′(′′) <

√
4π imply MΦ < 103 TeV for small values of the scalar VEV. The new VEVs are

expected to be small and are discussed in section 3.3. The above bound holds only for scenarios
containing quadruplets, namely AI, AII and BI. In the absence of the enhancement given
by the O(v/vi) term, we obtain a much more stringent bound, MΦ < 500GeV. Therefore,
these scalars may be produced at colliders.

3These couplings can be constrained from the stability of the potential. As the full scalar potential is very
cumbersome, a complete study is beyond the scope of the present work.
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3.2 The pseudo-Nambu-Goldstone bosons

In our scenarios, as already mentioned, new scalars can have non-zero lepton number.
Subsequently, when they take a VEV, the spontaneous breaking of lepton number may give
rise to a Nambu-Goldstone boson, i.e., the Majoron [38–41]. To illustrate this, in this section
we analyse the scalar potential of one of the class-A scenarios as well as of one of the class-B
scenarios as an example. The other scenarios belonging to a given class may be treated
similarly, and they will provide similar results.

3.2.1 The AI scenario

In scenario AI, the SM Higgs doublet H is accompanied by a scalar quadruplet Φ1 = 4−1/2.
The full scalar potential for this scenario is given in eqs. (3.2) and (3.3). In this scenario,
neglecting the scalar potential, we can identify two U(1) symmetries: U(1)Y of hypercharge
and U(1)L of lepton number in the full Lagrangian. Therefore, we expect two Nambu-
Goldstone bosons after the scalars take VEVs: the would-be one, z associated with the
spontaneous symmetry breaking of hypercharge gets eaten by the Z-boson, while the other
one is the so called Majoron. When we consider the scalar potential terms, while the former
remains massless since the potential is invariant under U(1)Y , the latter can acquire a mass.
The quartic terms (λ6, λ7, λ8) in eq. (3.3) play an important role: in the limit in which they
vanish, lepton number is conserved in the scalar potential. Therefore, the breaking of the
U(1)L is only spontaneous and the Majoron is a massless Nambu-Goldstone boson. On
the other hand, if those lepton number violating (LNV) terms are different from zero, the
scalar potential presents an explicit breaking, so that the Majoron acquires a non-zero mass,
i.e., it becomes a pseudo-Majoron J .

If there is no CP-violation in the scalar sector, we can assume all the parameters and
VEVs to be real and split the neutral scalar fields into their real and imaginary parts:

H0 = v + SH + i χ , Φ0
1 = v1 + SΦ1 + i η . (3.9)

We focus only on the imaginary part of the neutral components of the scalar fields, since we
are interested in discussing the Nambu-Goldstone bosons’ mass spectrum. The CP-odd mass
eigenstates {z, J} are related to the corresponding weak eigenstates {χ, η} as(

z

J

)
= O

(
χ

η

)
, (3.10)

where O is the 2× 2 orthogonal matrix that diagonalizes the CP-odd neutral states squared
mass matrix M2

I

OM2
IOT = diag(m2

z, m2
J) , with O =

(
cosα sinα

− sinα cosα

)
. (3.11)

The masses of the z and J CP-odd mass eigenstates are

m0
z = 0 , m2

J = v (v2 + v2
1)

9v1

(
−3

√
3λ8 + 24 v1

v
λ7 + 2

√
3 v2

1
v2 λ6

)
. (3.12)
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As expected, we obtain a pure massless would-be Nambu-Goldstone boson z, associated
with the spontaneous breaking of the hypercharge, and a massive pseudo-Nambu-Goldstone
boson J , related to the explicit breaking of the lepton number in one unit, that we identify
as the pseudo-Majoron. Notice that its mass depends on the LNV quartic couplings of the
potential and, as already mentioned, in the limit (λ6, λ7, λ8) → 0, it becomes massless. The
mixing angle α is given by

tanα = v1
v

. (3.13)

Due to the strong hierarchy (vi ≪ v), which we will discuss in the next sections, the mixing
between the two CP-odd scalar eigenstates is very suppressed. The same applies to the
mixing between the CP-even ones.

3.2.2 The BI scenario

We now study the case of the BI scenario as an example. We choose this specific class-B
scenario since it is a natural extension of the AI scenario discuss above. Indeed, in BI we add
to AI a second multiplet, Φ2 = 4−3/2. Moreover, the study of such a scenario is particularly
interesting since we can infer the results on the Majoron of the scenario AII setting to zero
all the scalar potential couplings in which Φ1 appears. In this scenario, as in all class-B
scenarios, there are three U(1) symmetries: U(1)Y of hypercharge, U(1)L of lepton number,
and an additional U(1)X accidental symmetry. In the limit in which all the violating terms in
the potential go to zero, we expect to have three massless Nambu-Goldstone bosons; if instead
we turn on λ1 (eq. (3.7)) we get a massive Nambu-Goldstone boson i.e., the pseudo-Majoron
J , associated with the explicit breaking of the lepton number. If λi for i = 2, . . . , 9 are
also different from zero (see table 3), a second massive pseudo-Nambu-Goldstone boson Ω is
obtained, related to the U(1)X explicit accidental symmetry breaking. As in eq. (3.9), we
can split the neutral scalar fields into their real and imaginary parts:

H0 = v + SH + i χ ,

Φ0
1 = v1 + SΦ1 + i η ,

Φ0
2 = v2 + SΦ2 + i ρ .

(3.14)

Due to the large number of operators in the scalar potential, the squared masses of the three
CP-odd mass eigenstates {z, J,Ω} are quite cumbersome. Therefore, we expand at leading
order in v3. Under such an assumption, the squared masses of {z, J,Ω} become

m2
z = 0 , m2

J ≃ λ5v3

2
√
3v1

, m2
Ω ≃ λ6v3

2v2
. (3.15)

As expected, we obtain a pure massless would-be Nambu-Goldstone boson z, associated with
the spontaneous breaking of hypercharge, and two massive pseudo-Nambu-Goldstone bosons
associated with the explicit breaking of the U(1)L and U(1)X symmetries, respectively. Even
if at the leading order there is no dependence on the LNV potential coupling λ1, in the limit
of U(1)X conservation, namely when λi with i = 2, . . . , 9 are zero, the pseudo-Majoron J
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remains massive with m2
J ≃ λ1v2(v2

1 + v2
2)/(2 v1 v2

√
3). Defining (tanα)uv as the tangent of

mixing between the CP-odd scalars u and v, we obtain:

(tanα)Φ1Φ2 = λ1 v1 v2√
3λ6 v v1 + λ5 v v2

, (tanα)HΦ1 = 2v1
v

, (tanα)HΦ2 = 6v2
v

. (3.16)

Given the strong hierarchy between the VEVs of the new scalars and SM Higgs one, it follows
that the mixing among the CP-odd scalars is again very suppressed.

It is interesting to notice that whenever a massive pseudoscalar is included in our scenario,
we might set lower bounds on the LNV couplings. Indeed, such particles cannot have a mass
which is below 45 GeV, otherwise we would have observed them in Z-boson decays [42]. If
we have terms proportional to λ′′ΦiH

3 in the potential (AI, AII, BI scenarios), neglecting
small corrections proportional to vΦ, we have

mJ ≃ v ·
√

λ′′ v

vi
+O

(
vi

v

)
. (3.17)

This means that the lower limit on λ′′, in the case of vΦ ∼ O(1 GeV) is λ′′ > 10−4. However,
this limit can be further lowered taking a smaller vi. In other scenarios, where we can
have terms like λ1Φ1Φ2H2 and λ′Φ2

i H2 (i = 1, 2), there is no enhancement from vi in the
denominator, and the requirement mJ > 45GeV gives λ1, λ′ > 10−1.

3.3 The VEVs of new scalars and the ρ parameter

The ρ parameter is defined as ρ = m2
W /(c2

W m2
Z), where mW and mZ are the mass of the W

and the Z bosons, respectively, and cW is the cosine of the Weinberg’s angle. In the SM,
ρ = 1 due to custodial symmetry [43, 44]; this is in agreement with the current experimental
data, ρ = 1.00017 ± 0.00025 [45].4 When a new scalar multiplet that takes a VEV, as in
our scenarios, is added to the SM, custodial symmetry may be broken and therefore there
may be a modification of the ρ parameter. Thus, the allowed parameter space of such scalar
extensions is highly restricted, see for example ref. [26]. Each scalar multiplet with weak
isospin Ij , hypercharge Yj and VEV vj contributes at tree level as [47]

ρ =
∑

j [(Ij(Ij + 1)− Y 2
j ]v2

j

2∑j Y 2
j v2

j

. (3.18)

In order to not spoil the electroweak precision measurements, we need ∆ρ = ρ − 1 ≪ 1. In
addition, from the extraction of Fermi’s constant, GF , we have that 2∑j [Ij(Ij +1)−Y 2

j ]v2
j =

(2
√
2GF )−1 = (174 GeV)2. Therefore, it is clear that the VEV of any new scalar multiplet

added to the SM must be rather small because the top mass and perturbativity require
that the SM Higgs VEV is not much smaller than 174GeV.5 In the following, we quantify
the constraints on the VEVs from the experimental value of the ρ parameter, working in
the regime v ≫ vi. First, let us consider the scenarios belonging to class-A, namely the

4We do not take into account here the recent measurement of the W -boson mass from CDF [46], which
will be discussed later.

5Note that there are representations which maintain ρ = 1 and have a neutral component, i.e. those that
satisfy 3Y 2

j = Ij(Ij + 1), for example, a 21/2 (a 2HDM) and a 72.
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scenario vmax
1 (GeV) Induced VEVs

AI 3.3 ✔

AII 2.6 ✔

Table 4. 95% CL upper limits on the VEVs of the new scalar multiplets from the ρ parameter and
the possibility of inducing small VEVs in class-A scenarios.

ones in which we add a single scalar multiplet: Φ1 = 4−1/2 for AI and Φ1 = 4−3/2 for AII.
Recalling the general formula, eq. (3.18), we get

∆ρAI =
3v2

1
(4
√
2GF )−1 − 3v2

1
for AI , (3.19)

∆ρAII =
−3v2

1
(4
√
2GF )−1 + 3v2

1
for AII . (3.20)

Using the experimental bound, we obtain the limits on the new VEVs, which are listed in
table 4. As expected, the BSM VEVs are always much smaller than the SM Higgs one. Using
this result for which v1 ∼ O(1GeV), it is also possible to estimate the energy scale of the UV
complete theory, since from the Weinberg-like operators the neutrino mass can be written
as mν ∼ vv1/Λ and mν ∼ v2

1/Λ (if the dimension-5 operators O(1)
5 and O(2)

5 are generated).
Imposing mν ≳ O(0.05 eV), we can estimate the order of magnitude of the energy scale Λ.
Since we do not know in principle which of the operators gives the leading contribution
to neutrino masses, we show here the mass scales Λ(i) one would obtain if only one of the
operators exists. Taking the Wilson coefficients to be O(1), we obtain for perturbative
Wilson coefficients Λ(1) ≲ 1012 GeV for O(1)

5 , which is present for both scenarios AI,II and
Λ(2) ≲ 1010 GeV for O(2)

5 , which is present for the scenario AI but not for the scenario AII.
Let us now consider the more complicated situation of class-B scenarios, where we add

two additional scalars, namely Φ1 = N1Y1 and Φ2 = N2Y2 . In this case, the isospin of the
scalars can be deduced by the dimension of the SU(2) representation using Nj = 2Ij + 1.
Thus, eq. (3.18) becomes:

∆ρ(N1, N2, v1, v2) =

[(
N12−1

4

)
− 3Y 2

1

]
v2

1 +
[(

N22−1
4

)
− 3Y 2

2

]
v2

2(
4
√
2GF

)−1
− v2

1

[(
N12−1

4

)
− 3Y 2

1

]
− v2

2

[(
N22−1

4

)
− 3Y 2

2

] . (3.21)

The allowed regions for each scenario Bi are displayed in figure 4. As can be observed,
two shapes for the allowed regions in the plane (v1, v2) emerge. We can understand them
as follows. If the condition √

Ni
2 − 1
12 > |Yi| (3.22)

holds for both i = 1 and i = 2, the allowed region is the area included in an ellipse of
equation v2

1/a2
1 + v2

2/a2
2 = 1. On the other hand, if the condition of eq. (3.22) holds only

for i = 1 or i = 2, the allowed region is the area delimited by two hyperbolae of equations
v2

1/a2
1 − v2

2/a2
2 = ±1. In both cases, the coefficient ai is a function of the ρ parameter,
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Figure 4. Allowed regions for the new scalar multiplet VEVs in class-B scenarios computed using
the 95% CL limits on the ρ parameter, ρ = 1.00017± 0.00025 [45]. Two different structures emerge:
hyperbolae for BI,III,V,VI and ellipses for BII,IV, see text for details.

the Fermi constant GF and the quantum numbers of the new scalar field Φi. Using this
information, we can infer bounds on the VEV values.

When the allowed region is an ellipse (scenarios BII and BIV), the values of the two
semi-axes a1,2 correspond to the maximum values that the VEVs can assume. On the other
hand, when the allowed region is the space between two hyperbolae (scenarios BI, BIII, BV
and BVI), the BSM VEVs can in principle also have large values if there is some partial
cancellation among the contributions. However, they cannot exceed the limit imposed by
the Fermi constant, namely 174 GeV. Moreover, given that the mass of the top quark is
proportional to the SM Higgs VEV v, by perturbativity the latter is not allowed to be
too small. Thus, the new VEVs v1 and v2 in the BI,III,V,VI scenarios also cannot exceed
roughly O(10GeV).

Analogous to the case of class-A scenarios, we can deduce the energy scale of the
new physics by imposing that neutrino masses are mν ≳ O(0.05 eV) and that the Wilson
coefficients are of O(1). Since for class-B scenarios we can have the dimension-5 operator O(3)

5
from which mν ∼ v1v2/Λ, we obtain for all the scenarios, an energy scale Λ ≲ O(1010)GeV.
The semi-axes of the conics which represent the allowed region for the new scalar VEVs
obtained from EWPT for the class-B scenarios are listed in table 5. Notice that in scenario
BI, the Wilson coefficients for O(1)

5 and O(2)
5 related to neutrino masses are not zero; given

that the particle content of scenario BI is the same as the class-A scenarios, the new physics
energy scale related to O(1)

5 and O(2)
5 for BI can be read in the discussion above. In this

scenario, if all the operators are generated with O(1) Wilson coefficients, Λ should be the
largest, i.e., 1012 GeV.

3.4 Naturally-induced small VEVs

As studied above, EWPT constrain the VEVs of the new scalar multiplets to be much
smaller than the Higgs doublet one. A natural way to have suppressed VEVs for the new
multiplets is that they are induced by the Higgs doublet one through linear terms of the new
fields in the potential. For the scenarios in which a linear term µΦiH

2 (with µ a trilinear
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Scenario Region a1(GeV) a2(GeV) Induced VEVs

BI Hyperbola 3.3 2.6 ✔

BII Ellipse 4.0 3.3 ∼
BIII Hyperbola 1.9 3.3 ✘

BIV Ellipse 3.3 2.3 ✘

BV Hyperbola 4.0 4.0 ✔

BVI Hyperbola 4.0 2.3 ∼

Table 5. Parameters of the 95% CL allowed regions for the VEVs of the new scalar multiplets and
the possibility for inducing a small VEV for the Bi scenarios. Scenarios marked with a ✔, ∼ and ✘

correspond to both, only one and no VEVs induced by linear terms in the scalar potential, respectively.
For discussion, see section 3.4.

dimensionful coupling) or λΦiH
3 (with λ a dimensionless quartic coupling) is present, a

small induced VEV will be generated,

vi ≃ µ
v2

2m2
Φi

, (3.23)

vi ≃ λ
v3

2m2
Φi

, (3.24)

where mΦi is the mass of the scalar multiplet Φi. In section 3.1 we have defined the conditions
under which these terms exist in the potential: µΦiH

2 requires that Φi is a triplet, while
λΦiH

3 requires a quadruplet. We also showed that, regardless of the SU(2) representation,
in our class-B scenarios there always exists the mixed term λ1Φ1Φ2H2 (see eq. (3.7)). This
would allow to induce a VEV for Φ2 (or Φ1) which will be suppressed with respect to v1 (v2),

v2(1) ≃ λ1 v1(2)
v2

2m2
Φ2(1)

. (3.25)

Summarizing, we have (see also table 3):

• In the class-A scenarios, there exists a linear term in Φ1 with three Higgs doublets.
These depend on the two couplings λ8 and λ6 for AI and AII (see eq. (3.3)), respectively.
These terms can induce a naturally small VEV for Φ1, see eq. (3.24).

• In the BI scenario, where we have two different quadruplets, there are both quartic
linear terms (λ5 and λ6 terms in table 3 for Φ1 and Φ2) and a mixed term proportional
to λ1. Again, in this case both VEVs can be induced by the two quartic terms, see
eq. (3.24), and are naturally suppressed. Another possibility is to induce one of the
two VEVs with the first two terms and the second one with the mixed term. As
already mentioned, it is expected that the VEV induced by the last term, eq. (3.25), is
subdominant.

• In our BII and BVI scenarios, the triplet Φ1 may have a linear term proportional to µ2
in both cases, but not the quintuplet Φ2. However, a mixed term between the triplet
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and the quintuplet is always contained in the potential, proportional to λ1. Thus, v1
may be induced by the first term, eq. (3.23), while v2 by the mixed one, eq. (3.25),
therefore both are naturally suppressed.

• When none of the scalars are in the doublet, triplet or quadruplet representations,
namely for the BIII and BIV scenarios, we only have the mixed term with λ1 in eq. (3.7).
Thus, we can write a relation between the two BSM VEVs suppressing one of the two,
but both of them cannot be naturally suppressed. In these scenarios, therefore, it is
less natural to have small VEVs.

• In scenario BV, where Φ1 and Φ2 are triplets, the scalar potential contains linear terms
with two SM Higgses (with µ2 and µ3 as couplings for Φ1 and Φ2) and a mixed term
with both new multiplets proportional to λ1, see eq. (3.7). In this scenario the two
small VEVs can be directly induced by the SM Higgs via the first two potential terms
proportional to µ2 and µ3. Another possibility is to induce the VEV for one of the
scalars via the linear term first and the second one using the mixed term. Typically, in
the latter case the second VEV is smaller than the first.

We point out the presence of small induced VEVs in the last column of the tables 4 and 5.
We use the symbols ✔, ∼ and ✘ to signal that both, only one and no VEVs are induced
by the linear terms in the scalar potential, respectively. In appendix A we report for each
scenario the exact expressions for neutrino masses from the small induced VEVs.

4 Phenomenology

In this section we study the phenomenological signatures associated to the different scalars
present in the new operators. Given that perturbative unitarity constraints and some signals
like h → γγ depend on couplings of the scalar potential are mostly independent of neutrino
masses and have been studied elsewhere for similar scenarios [48–51], we will mainly focus
on the signals of the new scalar multiplets at colliders and in EWPTs at loop level, which
are directly related to neutrino masses.

4.1 Collider searches of multiply-charged scalars

The presence of multiple charged scalars belonging to different multiplets can lead to interesting
phenomenological signatures at colliders. All the scenarios contain doubly-charged scalars, and
except for AI, BV and BVI, all the scenarios also contain a triply-charged scalar. Furthermore,
BIII contains a quadruply-charged scalar. We are mainly interested in the phenomenology of
scalars with charges 2 and above (Q > 2), the decays of which can lead to multi-lepton events.
Therefore, we do not consider the triplet 30 in the analysis below. The other triplet in our
scenarios, 3−1, has been widely studied in the literature in the context of Type-II seesaw
(see refs. [52–54]), and is also not discussed in the analysis below. Also, we will assume that
the scalars do not mix among themselves or with any other scalars in the scenario, which is
justified given that the new VEVs are much smaller than the SM Higgs one.
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Figure 5. Associated (dashed curves) and pair production (solid curves) of multi-charged scalars
present in our scenarios at the

√
13TeV LHC.

4.1.1 Production

The multiply-charged scalars can be pair-produced at the LHC via the Drell-Yann (DY)
mechanism with an s-channel γ/Z exchange, whereas the associated production of the scalars
involves an s-channel W± boson exchange.6 It can take place from a quark-antiquark
initial state as

qq̄ → γ, Z → Φ±±±±Φ∓∓∓∓ ,Φ±±±Φ∓∓∓ ,Φ±±Φ∓∓ ,Φ±Φ∓ ,

qq̄′ → W± → Φ±±±±Φ∓∓∓ ,Φ±±±Φ∓∓ ,Φ±±Φ∓ . (4.1)

These cross sections depend mainly on the mass and quantum numbers of the scalars
(hypercharge and isospin of the multiplet), and due to being s-channel they are suppressed
for heavier masses. We implement the models in SARAH [55] and numerically compute the
cross-sections in MadGraph5_amC@NLO [56] using the NNPDF23_nlo_as_0119 PDF set [57].
The production cross sections for the charged scalars belonging to different multiplets at the
LHC (for

√
s = 13TeV), as a function of the scalar mass, are shown in figure 5. It can be seen

that the pair production cross section for the scalars is directly proportional to the charge
6The scalars can also be photo-produced by photon fusion, e.g. via γγ → Φ±±±Φ∓∓∓ ,Φ±±Φ∓∓. The

squared matrix element for these processes is proportional to the fourth power of the charge and thus the cross-
section is enhanced for scalars with large charges. These processes can be dominant for large masses and enhance
the cross section by an order of magnitude for multiply charged scalars. However, given the small parton density
of photon and the large uncertainty associated with these processes, we do not consider them in the following.
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Couplings and scale factors
Scenario Scalar |κ| S2W ± SΦ±W ± Φ±±±Φ∓∓W∓ Φ4±Φ3∓W∓

AI 4−1/2
√
3

√
6

√
3/2 − −

AII 4−3/2 1/
√
3

√
6

√
2

√
3/2 −

BI 4−3/2 2/
√
3

√
6

√
2

√
3/2 −

BII 5−1 1 3
√
2

√
3

√
2 −

BIII 5−2
√
3/2 2

√
3

√
3

√
3

√
2

BIV 5−1 1 3
√
2

√
3

√
2 −

BIV 50
√
2/3 2

√
3

√
2 − −

BVI 50
√
6 2

√
3

√
2 − −

Table 6. Numerical factors associated with the respective couplings that enter in the decay widths of
the various charged scalars. The couplings with gauge bosons are computed with SARAH [55] and then
scaled with that of the scalar triplet 31 for doubly-charged scalars in the fourth and fifth columns
corresponding to Φ±±W∓W∓ and Φ±±Φ∓W∓, respectively.

of the scalars, therefore, in all cases, we see that σ(pp → ϕn±ϕn∓) > σ(pp → ϕm±ϕm∓) for
n > m ≥ 2, where n, m indicate the scalar charges. However, this is not true for the associated
production that takes place via W± exchange. From table 6, one can see that the numerical
factors associated with ϕ±±ϕ∓W∓ couplings for different scalar multiplets are greater or equal
to those of ϕ±±±ϕ∓∓W∓, therefore we obtain σ(pp → ϕn±ϕ(n−1)∓) ≥ σ(pp → ϕm±ϕ(m−1)∓)
for n < m with n, m ≥ 2.

4.1.2 Decays

In this section, we discuss the decay modes of doubly, triply and quadruply-charged scalars.
For scenarios belonging to class-B which contain two new scalars, we take their masses to
be similar so that one does not decay into the other. First, we focus solely on the decays of
doubly-charged scalars, which can lead to interesting signals such as same-sign dilepton events,
which are free of SM background. The effective interaction hΦi

αβ between a doubly-charged
scalar (Φ±±

i ) belonging to the multiplet Φi and a pair of leptons of the same charge (l±α l±β ) can
be obtained from the operator LLΦiΦj by choosing a particular contraction. This coupling
can be expressed in terms of the neutrino mass matrix elements which are proportional to
vivj/Λ and would also depend on the mass ordering (normal or inverted). It can be written as

hΦi
αβ = κi

(mν)αβ

vi
, (4.2)

where κ is a scenario-dependent numerical factor given in table 6 and vi is the VEV taken by
the neutral component of the multiplet Φi. Similarly, if the other multiplet Φj also contains
a doubly-charged component and the tensor expansion in terms of the multiplet components
contains the term l∓l∓Φ±±

j Φ0
i , we can simply make the substitution i → j in the above

formula to obtain the respective effective coupling. Note the inverse dependence on the VEV
of the scalar. A large scalar VEV would highly suppress these decays, and the dominant
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decay channel for the doubly-charged scalars would be into a pair of W bosons, which is
directly proportional to the square of the VEV.

Furthermore, depending on the mass splitting between the scalar components, cascade
decays (Φ±± → Φ± + X) can become important, for example, decays into pions. As we show
below in section 4.2, the mass splittings between the scalars need to be small (< 20GeV)
in order to satisfy the SM data, whereas, in the case of CDF data [46], the splittings are
constrained to be between 10–40GeV. Therefore, in the latter case, the cascade decays might
be important for a range of VEVs. However, in both cases, we take the scalar masses to be
much greater than the splittings, so the decay into solely scalar states are suppressed.

The decay rates of doubly-charged scalars belonging to quadruplet and quintuplet
representations into the different channels can be scaled by comparing to the decays of a
doubly-charged scalar belonging to a scalar triplet (31) as [51]

Γ(Φ±± → W±W±) = S2
2W±

g4v2
ΦM3

Φ±±

16πM4
W

(
3M4

W

M4
Φ±±

− M2
W

M2
Φ±±

+ 1
4

)
β

(
M2

W

M2
Φ±±

)
,

Γ(Φ±± → l±α l±β ) =
|hαβ |2MΦ±±

4π (1 + δαβ)
,
∑
α,β

Γ(Φ±± → l±α l±β ) = κ2 MΦ±±

8π v2
Φ

3∑
k=1

m2
k ,

Γ(Φ±± → Φ±π±) = S2
Φ±W±

g4|Vud|2∆M3f2
π

16πM4
W

,

Γ(Φ±± → Φ±l±νl) = S2
Φ±W±

g4∆M5

240π3M4
W

,

Γ(Φ±± → Φ±qq̄′) = 3Γ(Φ±± → Φ±l±νl) , (4.3)

where mk is the individual mass of active neutrinos, g is the SU(2) coupling, ∆M is the mass
splitting among the components and S2W±, Φ±W± is the scenario dependent factor related to
the couplings Φ±±W∓W∓ and Φ±±Φ∓W∓, respectively (see table 6), fπ = 131MeV is the
pion decay constant and β(x) ≡

√
1− 4x. We have also dropped the index i and use vΦ to

denote the VEV of the scalar under consideration. In the left (right) panel of figure 6 we
show the branching ratio into different modes (proper decay length) of the doubly-charged
scalar belonging to the multiplet 4−1/2 of AI (for all scenarios) as a function of the VEV
of the multiplet. We take MΦ = 500GeV and mass splitting ∆M = 1 (0, 2.5)GeV in the
left (right) panels. The grey curves on the left panel denote the cascade decays into pions,
leptons and quarks. It can be seen that, for small mass splitting, the cascade decays are
suppressed, and the dominant decay modes are into gauge bosons and same-sign leptons.
Neglecting cascade decays, the crossover from dominant decays into leptons and into gauge
bosons takes place at a value of the VEV around

vc
Φ±± ≃ 65KeV

(
κ

S2W±

)1/2
( ∑

i m2
i

0.052 eV2

)1/4 (500GeV
MΦ±±

)1/2
. (4.4)

The value of VEV at which this crossover takes place also corresponds to the point where the
decay length of doubly-charged scalar is maximized. Thus, one can obtain an upper limit on
the decay length of scalars. In the right panel of figure 6 it can be seen that the maximum
proper decay length (cτ) that the doubly-charged scalars can achieve is less than 10 µm
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Figure 6. Left: branching ratio of the doubly-charged scalar belonging to 4−1/2 in AI, with
MΦ = 500GeV and ∆M = 1GeV. The solid and dashed curves represent the normal and inverted
orderings of neutrino masses. The grey curves denote the cascade decays into pions, leptons and
quarks. Right: dependence of the proper decay length of doubly-charged scalars on the scalar VEV
for different scenarios. We take MΦ = 500GeV, ∆M = 0, 2.5GeV and consider normal ordering for
neutrino masses.

for MΦ±± = 500GeV, corresponding to degenerate components of the multiplet. The decay
length reduces for heavier masses as well as for larger mass splittings, as the cascade decays
become dominant as shown by the dashed curves. It should be noted that CMS initiates
the search for displaced vertices for a proper decay length of O(100µm) [58], and thus these
scalars may not give any signals in those searches. However, prompt-lepton searches could
be sensitive to them for MΦ±± ≳ 200GeV.

Next, we focus on the decays of the triply-charged scalars. Depending on the mass
splitting among the components, the dominant channels for their decays would be three-
body states such as llW or WWW , and two-body decays into Φ±±W±∗ and Φ±±π± for
MΦ±±± > MΦ±± , which are similar to the decays of doubly-charged scalars into Φ+π± (one
can obtain the expressions using appropriate scaling factors). The decay widths of the
triply-charged scalar present in 4−3/2 of AII for MΦ±±± ≫ MW are [59, 60]

Γ(Φ±±± → W±W±W±) = 3g6

2048π3
v2

ΦM5
Φ±±±

M6
W

,

Γ(Φ±±± → W±l±l±) = g2

3072π3
M3

Φ±±±
∑

i m2
i

v2
Φ M2

W

. (4.5)

Note that for large scalar masses, MΦ±±± ≫ mW , the decay should be present in the gauge-less
limit (Goldstone Boson Equivalence Theorem).7 The expressions for triply-charged scalars
belonging to other multiplets can be obtained by rescaling the above expressions using the
factors for couplings Φ±±±Φ∓∓W∓, Φ±±W∓W∓ and Φ±±l∓l∓, see table 6. Similar to the
case of doubly-charged scalars, the decay length is maximized at the VEV corresponding to

7The expression for Γ(Φ±±± → W±l±l±) in eq. (4.5) differs by a factor of 2(M2
Φ±±± /M2

W ) from that in
refs. [61, 62], where the decay rate vanishes in the gauge-less limit.
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Figure 7. Left: same as the left panel of figure 6 for triply-charged scalar decays in scenario AII
with MΦ = 500GeV. Right: dependence of the proper decay length of triply charged scalars on the
scalar VEV in our scenarios for MΦ = 500, 1000GeV, and normal ordering for neutrino masses.

the crossover where decays to WWW start dominating over decays to llW , which is given by

vc
ϕ±±± ≃ 55.4KeV

(
κ

S2W±

)1/2
( ∑

i m2
i

0.052 eV2

)1/4 (500GeV
MΦ±±

)1/2
. (4.6)

In the left (right) panel of figure 7 we show the branching ratio into different modes (proper
decay length) of the triply-charged scalar of scenario AII (AII, BI,II,III,IV) as a function of
the VEV of the multiplet. Being three-body decays, these decay lengths ∼ O(0.01− 1mm)
are much larger than those of doubly-charged scalars, and may lead to displaced vertices.

Finally, we move our attention to the quadruply-charged scalar belonging to the multiplet
52. The decay width of these scalars are much smaller compared to other scalars in the
scenarios due to phase-space suppression. Analogous to the cases discussed above, the
dominant decay modes are the four body decays to WWWW and llWW which take place
via a decay into a triply-charged scalar in association with a W and the subsequent decays
of the triply-charged scalar. The total decay width can be approximated by comparing to
the three-body decays of triply-charged scalars as [59]

Γtot(Φ±±±±) ∼ Γtot(Φ±±±) f(3)
f(4)

g2M2
Φ±±±±

M2
W

≃ 0.017
(

MΦ±±±±

500GeV

)2
Γtot(Φ±±±) , (4.7)

where f(n) = 4 (4π)2n−3 (n − 1)!(n − 2)! accounts for the phase-space suppression for decays
to n body states. Hence, the decay length of quadruply-charged scalars is roughly 60 (15)
times larger than that of Φ±±± for masses of the order 500 (1000)GeV, thus leading to
O(1) cm (O(1)mm) proper decay length. Therefore, scalars with masses < 1TeV can give
rise to displaced vertices and can be searched for at the CMS detctor, whereas heavier
quadruply-charged scalars may be looked for at prompt-lepton searches. We discuss the
constraints from these searches below.

4.1.3 Signatures

The production and subsequent decays of multiply-charged scalars can lead to interesting
signatures of new physics at the LHC. In table 7, we collect the decay modes of various
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Decays Φ2− → 2l− Φ2− → 2W− Φ3− → 2l−W− Φ3− → 3W− Φ4− → 2l−2W− Φ4− → 4W−

Φ2+ → 2l+ 2l+2l− 2l+2W− 2l+2l−W− 2l+3W− ✘ ✘

Φ2+ → 2W + 2W +2l− 2W +2W− 2W +W−2l− 2W +3W− ✘ ✘

Φ3+ → 2l+W + 2l+2l−W + 2l+2W−W + 2l+2l−W +W− 2l+3W−W + 2l+2l−2W− 2l+4W−W +

Φ3+ → 3W + 3W +2l− 3W +2W− 2l−3W +W− 3W +3W− 2l−3W +2W− 3W +4W−

Φ4+ → 2l+2W + ✘ ✘ 2l+2l−2W +W− 2l+2W +3W− 2l+2l−2W +2W− 2l+2W +4W−

Φ4+ → 4W + ✘ ✘ 2l−4W +W− 4W +3W− 2l−4W +2W− 4W +4W−

Table 7. Signatures of new physics from the pair and associated production of charged scalars and
their subsequent decays to leptonic or bosonic modes.

charged scalars and the signatures that can be obtained from pair and associated production of
these scalars. As discussed above, the decay modes depend on the VEV of the corresponding
scalar with leptonic decays dominating over the bosonic ones for low VEVs vΦ < vc

Φ (see
eq. (4.4)) and vice versa. If events like l±l±W∓W∓ are observed at the LHC, they can confirm
LNV experimentally [63]. Further leptonic decays of W± can lead to multi-lepton events with
multiple same-sign leptons in the final state, which have a very small SM background. For
example, the pair and associated production of quadruply-charged scalars can lead to final
states with 0–8 leptons including same-sign dileptons (SS2l), tri-lepton (SS3l) and tetra-lepton
events (SS4l). Moreover, the final states from the pair production of these multi-charged
scalars can all lead to lepton flavor violating 4-lepton events of the form l±i l±i l∓j l∓j and l±i l±j l∓j l∓j
(i ̸= j) from the on-shell/off-shell leptonic decays of the doubly-charged scalars, corresponding
to the diagonal and off-diagonal matrix elements of the light neutrino mass matrix mν .

The ATLAS and CMS collaborations search for doubly-charged scalars in multi-lepton
finals states at

√
s = 13TeV, corresponding to an integrated luminosity of 139 fb−1 [64] and

12.9 fb−1 [65], respectively. The ATLAS search focuses on the pair production of doubly-
charged scalars and their same-sign leptonic decays Φ±± → l±l′± with l, l′ = e, µ, τ in two-,
three-, four-lepton channels, considering only e, µ in the final state and assuming a 100%
branching ratio to leptons, with equal branching ratio to each possible leptonic channel. In
the absence of any positive signal, limits can thus be imposed on the doubly-charged scalar
pair production times the branching ratio to leptons to derive a lower bound on the doubly-
charged scalar mass, which in the context of left-right symmetric Type-II models comes out to
1080 GeV [64]. Given that the doubly-charged scalars of our scenarios exhibit similar decays, we
can extend the ATLAS analysis to derive a limit on σ(pp → Φ±±Φ∓∓)×BR(Φ±± → l±l±) and
thus on MΦ±± belonging to different multiplets,8 assuming that their induced VEV is extremely
small so that BR(Φ±± → l±l±) = 100%. In the left plot of figure 8, we compare the theoretical
pair production of doubly-charged scalars belonging to different multiplets (see figure 5) with
the ATLAS results. The solid (dashed) lines represent the observed (expected) 95% CL upper
limits on the Φ±± pair production as a function of MΦ±± , and the green and yellow bands
correspond to ±1σ and ±2σ uncertainty around the expected limit. It can be seen that
MΦ±± < 1090GeV is excluded for the doubly-charged scalars belonging to the multiplet 41/2.

8Since the mass splittings among the various components of the multiplets is expected to be small from
EWPTs, obtaining a bound on the doubly-charged scalar mass also gives an idea about the mass ranges of the
other components of the multiplet.
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Figure 8. The observed and expected 95% CL upper limits on the production cross-section of
doubly-charged scalars times their branching ratio into same-sign dileptons (left) and to a pair of W

bosons (right) for different multiplets. The region above the observed limit is excluded. The green and
yellow band represent the expected exclusion curve within one and two standard deviations [64, 66].

Limits on MΦ±± [GeV]
Multiplet BR(Φ±± → l±l±) = 100% BR(Φ±± → W±W±) = 100%

41/2 1090 400
43/2 860 260
50 1180 440
51 980 340
52 940 320

Table 8. 95% CL exclusion limits on the mass of doubly-charged scalars using the ATLAS results
at

√
s = 13TeV with 139 fb−1 of integrated luminosity for different SU(2)L multiplets, under the

assumption that the branching ratio to same-sign leptons or a pair of gauge bosons is 100%. Therefore,
the actual limit is expected to lie between these extreme cases.

The ATLAS collaboration also searched for doubly- and singly-charged Higgs decaying
into vector bosons in multi-lepton final states at

√
s = 13TeV with an integrated luminosity of

139 fb−1, considering pair production of doubly-charged Higgs and its associated production
with a singly-charged scalar in the context of the Type-II seesaw model [66]. Similarly,
in the absence of any deviation from SM prediction, we can extend the analysis to the
doubly-charged scalars of the different multiplets to obtain naive bounds on their masses,
assuming that BR(Φ±± → W±W±) = 100%, i.e., in the region of higher scalar VEVs. We
compare the theoretical pair production cross-sections of the doubly-charged scalars with
their results and show it in the right plot of figure 8, where the lines and bands have the same
meaning as discussed above. The lower bound on MΦ±± can be obtained similarly to the case
above and are found to be much less stringent, for example, MΦ±± < 400GeV is excluded for
the doubly-charged scalars belonging to the multiplet 41/2. The exclusion limits on MΦ±±

belonging to different multiplets from both these ATLAS searches are summarized in table 8.
These exclusion limits suffice to provide a rough estimate of the mass scales of the new scalars.
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These searches may help in distinguishing the doubly-charged scalars from different multiplets,
since, depending on the presence of other highly-charged components in the multiplets and
the mass hierarchy among them, the reconstruction of MΦ±± from the same-sign dilepton
invariant mass may not always be possible. A study to discriminate lepton number violating
scalars at the LHC, assuming that there are no excitations with Q > 2 was done in ref. [63].

The search for higher-charged (Q > 2) scalars in the scenarios and the potential reach of
the LHC in discovering them requires a more dedicated collider study in the context of a
specific model and is beyond the scope of current work. We refer the reader to refs. [51, 67]
for the LHC phenomenology of scenario AII.

4.2 Electroweak Precision Tests at loop level

The addition of heavy SU(2) scalar multiplets affect the oblique parameters (namely S, T

and U) that parameterize the effect of new physics on EW parameters. The new scenarios
can be constrained by demanding these corrections to be small so that they do not distort
the EW predictions of the SM. The oblique parameters are given by [68]

αS ≡ 4e2 d

dp2 l [Π33(0)−Π3Q(0)]p2=0 ,

αT ≡ e2

s2
W c2

W M2
Z

[Π11(0)−Π33(0)] ,

αU ≡ 4e2 d

dp2 [Π11(0)−Π33(0)]p2=0 ,

where α is the fine structure constant, sW = sin θW , cW = cos θW , and ΠIJ(I, J = 1, 3, Q)
are the vacuum polarisation amplitudes.

The ρ parameter, which can be written in terms of T as ρ ≡ 1 + αT , is equal to 1 at
tree level in the SM, but can receive further corrections at the one-loop level. In our case,
the leading contribution to T at tree level due to addition of new scalar multiplets with
isospin Ni and hypercharge Yi is given by eq. (3.21). It can be seen that, except for scenarios
containing just scalar doublets, ∆ρ ̸= 1 at tree level for larger scalar multiplets obtaining
VEVs, hence breaking the custodial symmetry, i.e. mW ̸= mZcW .

In scenarios where custodial symmetry is broken, there are complications in the calculation
of oblique parameters at loop level. The T parameter is divergent at one-loop level [69],
whereas computing S and U at one loop leads to either a gauge-dependent result or they
become divergent as the radiative corrections that one gets in the new framework are
qualitatively very different from the SM ones [70, 71]. However, since we constrain the VEVs
so that the ρ parameter is close to one, we get vi ≪ v = 174GeV, as discussed in section 3.3.
Therefore, the corrections to the oblique parameters can be estimated by making use of the
general formulas presented in ref. [72], where the following assumptions are made: i) the
VEVs of the complex scalars are negligible, ii) the scalars do not mix with themselves or any
other scalars in the theory. Both assumptions are justified for our analysis as we work in the
limit vi ≪ v, where i labels the new scalar added to the SM. Further, we take U = 0 as it is
typically suppressed, which greatly improves the precision on S and T . The contribution of
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PDG 2022 CDF 2022

S −0.01± 0.07 0.14± 0.08
T 0.04± 0.06 0.26± 0.06

ρST 0.92 0.93

Table 9. Values of S, T and the correlation ρST for U = 0 allowed by the EW fit using the old and
the new data from the PDG and the CDF Collaboration, respectively.

a scalar multiplet to the oblique parameters S and T is given by [72]:

T = 1
16πc2

W s2
W MZ

+I∑
I3=−I

(I2 − I2
3 + I + I3)θ+(MI3 , MI3−1) ,

S = − Y

3π

+I∑
I3=−I

I3 ln
MI3

µ2 − 2
π

+I∑
I3=−I

(I3c2
W − Y s2

W )2ξ

(
MI3

MZ
,
MI3

MZ

)
,

where µ is a arbitrary mass parameter used in dimensional regularization, Y is the hypercharge,
I is the weak isospin, I3 is the third component of isospin for a multiplet with (2I + 1)
components and MI3 denotes the mass of the scalar component corresponding to it, with

θ+(x, y) = (y − x)2

3x
,

ξ(x, y) ≃ 1
15

1
4x − 1 −

(2(y − x)
15 + 1

21

)( 1
4x − 1

)2
, (4.8)

for |y − x|/x ≪ 1 [73]. We also discuss the implications of the addition of new scalar multiplets
in alleviating the CDF anomaly related to the measurement of the W boson mass.9 The
correction to W mass in terms of these oblique parameters (taking U = 0) is given by [77]

mW ≃ mSM
W

[
1− α

4(1− 2s2
W )(S − 2(1− s2

W )T )
]

. (4.9)

The values of S and T and the correlation ρST from the current global fit of electroweak
precision data using the old MW (PDG 2022 [45]) and new CDF value of MW [78] are
shown in table 9. For the analysis below, we parameterize a scalar multiplet with (2I + 1)
components as Φ = (ΦI ,ΦI−1, . . . ,Φ−I)T and take the masses of the components as

MΦ−I
= m, MΦ−I+1 = m +∆m, . . . , MΦI

= m + 2I ∆m , (4.10)

assuming that the mass splittings among the components are equally spaced, with ∆m ≪ m.
In scenarios of class-B, where two new scalars are involved, for the ease of analysis we take
the mass of the lightest component to be the same, m, and assume equal mass gaps for both
multiplets, ∆m. Thus, using eqs. (4.8) and (4.9), and the values given in table 9, we can
constrain the mass of the lightest component m and the mass splitting ∆m by means of a

9A similar study to explain the W-boson mass anomaly in terms of one loop effect of a general SU(2)L

scalar multiplet and scalar extensions violating custodial symmetry was done in refs. [74–76].
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two-parameter χ2 analysis. In figure 9 we show the EWPT bounds (at 95% C.L.) in the
m −∆m plane along with the bounds to reproduce the previous and the new measurement
of the W boson mass. The light blue (light red) region indicates the parameter space allowed
by EWPT from the PDG (CDF measurement), whereas the dark blue (dark red) shows
the parameter space allowed by the old (new) measurement of MW . Note that the mass
splitting among the components is proportional to the Higgs VEV and the quartic coupling
λ. The mass gaps can then be parameterized as

∆m ∼ O(0.1)λ
v2

m
, (4.11)

where λ ≤
√
4π is bounded by perturbativity. We show this bound in the top right gray

region in figure 9.
From the above estimates, it can be seen that multiplets belonging to higher representation

require smaller mass splittings in order to be consistent with electroweak fits (EWPT and
mW ). The allowed splittings are larger for the new CDF fit, as expected, since the new
measurement indicates a larger value of S and T which is strongly disfavored by SM and
is in tension with the PDG data. In class-B scenarios, the CDF data points to a mass
splitting of around 40–50 GeV for BV, 20–30 GeV for BI,II,VI and 15–25 GeV for BIII,IV.
Further, if the CDF data turns out to be correct, perturbativity excludes the new scalar
masses to be larger than O(1)TeV.

5 Conclusions

The origin of neutrino masses remains an open question. In the SM, with just the Higgs
doublet, the Weinberg operator seems a very plausible indication for the Majorana nature of
neutrinos. However, if this is the mechanism by which neutrinos acquire their tiny masses, it
will be very difficult to test it. On the other hand, new scalar multiplets may be present at
energies not far from the EW scale, and they give rise to new Weinberg-like operators. If
these new scalars take VEVs, necessarily suppressed (≲ O(1)GeV) due to constraints from
EWPTs, neutrino masses may be generated for smaller LNV scales.

In this work we study the possible Weinberg-like operators with new electroweak scalars.
We consider scenarios where neutrino masses induced by the SM Weinberg operator are
suppressed. These requirements leave us with 2 (6) possibilities with 1 (2) new scalar multiplets
up to quintuplet SU(2) representations. We have found that, in some cases, naturally small
induced VEVs are generated. Their UV completions lead to new seesaw scenarios, which
are studied in a companion paper [18], where we also study the one-loop contributions to
neutrino masses and the phenomenology induced by the heavy fermions.

By construction, the new scalars are expected to lie not far from the EW scale, i.e., at
TeV energies. Therefore, they may be produced at colliders. If the new VEVs are small
enough (≲ O(100) keV), the neutrino mass matrix may be reconstructed from doubly-charged
decays. Let us also mention that in these scenarios the electroweak phase transition may be
first order, which in turn could explain the baryon asymmetry of the universe via electroweak
baryogenesis. Gravitational waves may provide a way to probe this scenario. A detailed
study of this possibility would be interesting to pursue.
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Figure 9. Constraints on the scalar multiplets of the scenarios from EWPT, the experimental
measurement of MW and perturbativity. The light blue (red) region indicates the parameter space
allowed by EWPT from the PDG (CDF), whereas the dark red (blue) region shows the parameter space
allowed by the new (old) measurement of MW . The gray region is excluded from the perturbativity of
the scalar couplings, i.e., λ ≤

√
4π.
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We conclude that, if a positive signal is observed at colliders and/or a deviation is
measured in EWPTs, this may point to new scalars at the TeV scale, which may well be
related to the origin of neutrino masses as analysed in this work.
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A n > 5 Weinberg-like operators with SM Higgs doublets

As long as m2
Φ ≫ v2, one can integrate-out the new multiplets and at low energies Weinberg-

like operators with just Higgs doublets at dimension n are generated [21], of the form

L(0)
n = C

(0)
n

2 O(0)
n +H.c.

= C
(0)
n

2 (LH)1(LH)1(H†H)
n−5

2 +H.c.. (A.1)

We see that the n = 5 case corresponds to the dimension-5 Weinberg operator. After
EWSB, these Weinberg-like operators generate neutrino masses at tree level. This can also be
understood from the fact that new scalars acquire an induced VEV, as discussed in section 3.4.

Let us first consider the class-A scenarios. The effective neutrino mass for AI reads

(mν)αβ = ξ1 (C̃(1)
5 )αβ λ8

v4

2m2
Φ1

+ ξ2
1 (C

(2)
5 )αβ λ2

8
v6

2m4
Φ1

, (A.2)

where ξ1 is the numerical factor associated with the contraction of the fields (which we
report in table 10) in the potential term linear in Φ1 and C̃

(1)
5 is the symmetric part of

the Wilson coefficients matrix associated to O(1)
5 , as mentioned below eq. (2.3). The mass

dimensions of the two effective operators entering the neutrino masses in this case are n = 7
and n = 9, respectively.

For the AII scenario, on the other hand, the neutrino mass matrix reads

(mν)αβ = ξ1 (C(2)
5 )αβ λ6

v4

2m2
Φ1

, (A.3)

that corresponds to n = 7 operator.
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ξ1 ξ2 ξ12 n
AI 1/

√
3 ✘ ✘ 7, 9

AII −1 ✘ ✘ 7
BI 1/

√
3 −1 1/

√
3 7, 9, 11, 13

BII −1/
√
2 ✘ −1/

√
2 9

BIII ✘ ✘ −1/2 7
BIV ✘ ✘ −

√
3/8 7

BV −1/
√
2 1 −1/

√
2 9, 11

BVI −1 ✘ 1/
√
6 9

Table 10. List of coefficients from the contractions of potential terms which induce the small BSM
VEVs in class-A and B scenarios. The last column shows the dimensions of the higher order operators
allowing for small neutrino masses.

Let us now move to the B scenarios. The BI scenario is the most complicated one, since
with two quadruplets we can have three types of BSM Weinberg-like operators, namely O(1)

5 ,
O(2)

5 and O(3)
5 . Moreover, just like the previous case, we can induce both VEVs using the

SM Higgs via quartic terms, or we can induce one of the two with the mixed term. If both
new VEVs are induced by the Higgs, then neutrino masses read

(mν)αβ = ξ1
(
[C̃(1)

5 ]1
)

αβ
λ5

v4

2m2
Φ1

+ ξ2
(
[C̃(1)

5 ]2
)

αβ
λ6

v4

2m2
Φ2

+

+ ξ2
1

(
[C(2)

5 ]1
)

αβ
λ2

5
v6

4m4
Φ2

+ ξ1ξ2 (C̃(3)
5 )αβλ5λ6

v6

4m2
Φ1

m2
Φ2

, (A.4)

where it is clear that the Weinberg operator Φ2Φ2HH does not exist due to the -3/2
hypercharge of the second quadruplet. The effective dimension n of the four operators are
n = 7 for the first two operators, and n = 11 for the third and fourth one. If only v1 is
induced by the SM Higgs VEV while v2 is induced via the mixing, neutrino masses read

(mν)αβ = ξ1
(
[C̃(1)

5 ]1
)

αβ
λ5

v4

2m2
Φ1

+ ξ12ξ1
(
[C̃(1)

5 ]2
)

αβ
λ1λ5

v6

4m2
Φ1

m2
Φ2

+

+ ξ2
1

(
[C(2)

5 ]1
)

αβ
λ2

5
v6

4m4
Φ2

+ ξ12ξ2
1 (C̃

(3)
5 )αβλ2

5λ1
v8

8m4
Φ1

m2
Φ2

, (A.5)

where the effective dimension is n = 7 for the first operator, n = 9 for the second and third
operators and n = 11 for the last one. On the other hand, if only v2 is induced by the Higgs
VEV we have a more suppressed contribution from the third term and neutrino masses are

(mν)αβ = ξ12ξ2
2

(
[C̃(1)

5 ]1
)

αβ
λ1λ6

v6

4m2
Φ1

m2
Φ2

+ ξ2
(
[C̃(1)

5 ]2
)

αβ
λ6

v4

2m2
Φ2

+

+ ξ2
12ξ2

2

(
[C(2)

5 ]1
)

αβ
λ2

1λ2
6

v10

16m4
Φ2

m4
Φ1

+ (A.6)

+ ξ12ξ2
2 (C̃

(3)
5 )αβλ2

6λ1
v8

8m2
Φ1

m3
Φ2

.
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Φ1

νL

⟨H⟩
⟨H⟩

⟨H⟩
Φ2

⟨H⟩
⟨H⟩

⟨H⟩

νc
L

Φ1

νL

⟨H⟩
⟨H⟩

⟨H⟩

Φ2

⟨H⟩

⟨H⟩

Φ1

⟨H⟩ ⟨H⟩⟨H⟩

νc
L

Figure 10. Example of neutrino mass generation due to induced VEVs. We show the case of IIb
scenario, where neutrino masses are generated at tree level via dimension n = 9 (left) and n = 11
(right) operators.

Here the neutrino masses are obtained, in order, from n = 9, n = 7, n = 13 and n = 11
effective operators. Depending on the value of the Wilson coefficients C

(i)
5 , the dominant

contribution can come from different terms. As an example, we show the Feynman diagram
related to n = 9 (left) and n = 11 (right) operators in BI in figure 10.

Let us now consider the BII and BVI scenarios. In this case we have only one possibility,
namely that v1 is induced by the SM Higgs while v2, coming from a quintuplet, can only
be induced by the mixed term. We have n = 9 operator from which neutrino masses can
be written as

(mν)αβ = ξ12ξ2
1 (C̃

(3)
5 )αβ µ2

2λ1
v6

8m4
Φ1

m2
Φ2

. (A.7)

For the scenarios, BIII and BIV, as discussed in the previous section, there does not
exist a mechanism which ensures that both the VEVs are naturally small. However, neutrino
masses may still arise from n = 7 operator, for instance, v2 induced by v1 (i.e., v2 ≪ v1),

(mν)αβ = ξ12
(
C̃

(3)
5

)
αβ

λ1
v2

2m2
Φ2

v2
1 . (A.8)

In the opposite case the neutrino mass matrix can be obtained with the substitutions v1 → v2
and mΦ2 → mΦ1 .

Finally, for the BV, neutrino masses could arise from a n = 9 or n = 11 operator,
depending on how the new multiplets VEVs are induced. If both of the VEVs are induced
from SM Higgs one, we obtain a dimension-9 operator, which gives the following neutrino mass

(mν)αβ = ξ1ξ2 (C̃(3)
5 )αβ µ2µ3

v4

4m2
Φ1

m2
Φ2

, (A.9)

where C̃
(3)
5 is the symmetric part of the Wilson coefficients matrix associated to O(3)

5 , ξ1
and ξ2 are the numerical factors (see table 10) related to the contractions of the Φ1H2 and
Φ2H2 terms, respectively. On the other hand, if one of the two VEV is induced by the SM
Higgs while the second one is induced by the mixed term Φ1Φ2H2, neutrino masses arise
from a dimension-11 operator and they read

(mν)αβ = ξ2
1ξ12 (C̃(3)

5 )αβ µ2
2λ1

v6

8m4
Φ1

m2
Φ2

, (A.10)
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where now ξ12 is the numerical factor related to the contraction of the mixed potential term.
In this case we expect v1 ≫ v2. If the second scalar multiplet VEV v2 is the one induced
directly by the Higgs, neutrino masses are obtained from eq. (A.10) with the substitutions
ξ1 → ξ2, µ2 → µ3 and mΦ1 ↔ mΦ2 .

All the numerical coefficients arising from the contraction of the potential terms that
induce the small VEVs are reported, as already mentioned, in table 10 along with the mass
dimension n at which the neutrino masses are generated.

B Tensor contractions

We define here in tensor notation the lepton number violating potential terms in BI scenario
(see table 3), calling for simplicity Φ1 ≡ Φ and Φ2 ≡ ∆

∆∗Φ∗H ∆ = ∆∗ijkΦ∗pqrHi∆kqrϵjp , (∆∗Φ∗H ∆)′ = ∆∗ijkΦ∗pqrHs ∆tkrϵstϵipϵjq

Φ∗Φ∗HH = Φ∗ijkΦ∗pqrHiHpϵjqϵkr , Φ∗Φ∗HΦ = Φ∗ijkΦ∗pqrHiΦkqrϵjp

HHH∆ = ϵijϵkpϵlmHiHkHl∆jpm , HHΦ∆ = HiHjΦlmn∆pqrϵilϵjpϵmqϵnr

HΦΦ∆ = HiΦjklΦmnp∆qrsϵijϵkmϵlqϵnrϵps , Φ∗H∗H H = Φ∗ijkHpHiHjϵkp

ΦΦΦ∆ = ΦijkΦpqrΦstu∆mnoϵipϵjqϵkrϵsmϵtnϵuo . (B.1)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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