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Following the recent update measurement of the W boson mass performed by the CDF-II experiment at 
Fermilab which indicates 7σ deviation from the SM prediction. As a consequence, the open question 
is whether there are extensions of the SM that can carry such a remarkable deviation or what 
phenomenological repercussions this has. In this paper, we investigate what the theoretical constraints 
reveal about the 123-model. Also, we study the consistency of a CDF W boson mass measurement with 
the 123-model expectations, taking into account theoretical and experimental constraints. Both fit results 
of S and T parameters before and after mCDF

W measurement are, moreover, considered in this study. Under 
these conditions, we found that the 123-model prediction is consistent with the measured mCDF

W at a 95%
Confidence Level (CL).

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

1. Introduction

High-precision measurements at collider experiments have enacted strict constraints on the Standard Model (SM) and its possible 
extensions. The experimental accuracy of the electroweak observables is sensitive to the radiative corrections and needs the highest 
precision on the theoretical side as well. This precision measurement has been remarkably corroborated by the discovery of a Higgs 
particle at the LHC experiment [1,2]. Moreover, it provides a pathway for deriving indirect hints on heavy new physics BSM, in particular 
on the not yet sufficiently explored scalar sector. In this regard, any extension of the SM is required to fulfill the ρ ≈ 1 constraint (it is 
explained as being the ratio of neutral to charged current at low momentum.), which is favored by experimental data allowing just a little 
departure from unity. Such a deviation, �ρ , comes from the radiative correction taking place in the models with an extra Higgs field. �ρ
can be related to the vector-boson self-energies and have the biggest impact in the higher-order computation of precision observables, 
which is a major factor to accurately measured quantities such as mW , mZ as well as the effective weak mixing angle sin2 θeff.

Recently, the CDF collaboration has released their newly measured W boson mass [3]:

mCDF
W = 80.4335 ± 0.0094 GeV, (1)

which is out of the range of the SM prediction of about 7σ , which is given by [4,5] as follows:

mSM
W = 80.357 ± 0.006 GeV. (2)

Such a large deviation strongly indicates the existence of an emerging field of novel physics related to Spontaneous Symmetry Breaking 
(SSB), such as models with extended Higgs sectors.

In this paper, we focus on the 123-model to investigate the possibility of predicting mW according to the new CDF measurement. 
The model can provide a stable candidate for dark matter and explain the tiny neutrino mass. Its scalar sector contains three CP-even 
Higgs bosons, h1, h2 and h3, one CP-odd Higgs boson, A, a pair of charged Higgs bosons, H± , and a pair of double-charged Higgs 
bosons, H±± . Recently, several novel physics models, including the: two-Higgs doublet model [6–20], Higgs Triplet Model (HTM) [21–25], 
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Supersymmetry [26–30], Leptoquark Model [31–33], Seesaw mechanism [34–38], Vector-Like Leptons and/or Vector-Like Quarks [39–44]
and other SM extensions [45–58] are proposed to explain the W boson mass anomaly.

The correction of the 123-model to W boson mass can be parameterized by the S , T , and U formalism as follows: [59]:

�m2
W = (

m123
W

)2 − (
mSM

W

)2 = α0c2
W m2

Z

c2
W − s2

W

[
−1

2
S + c2

W T + c2
w − s2

w

4s2
W

U

]
, (3)

where α0 is the fine structure constant at the Thomson limit, θw is the Weinberg angle, mZ is the Z gauge boson mass, and sx (cx) stands 
for sin x (cos x).
The same formalism can, moreover, be used to study the effective weak mixing angle, sin2 θeff, using the following relation:

� sin2 θeff = sin2 θeff

∣∣∣
123

− sin2 θ

∣∣∣
SM

= α0

c2
W − s2

W

[
1

4
S − s2

W c2
W T

]
, (4)

wherein the SM values used are listed in Ref. [4]. The rest of the paper is organized as follows. In Sec. 2, we describe in great length 
the 123-model, and then explain the theoretical investigations applied to its parameter space in Sec. 3. In Sec. 4, we highlight the new 
physics contribution to S and T oblique parameters. Based on these considerations, our main results are discussed in Sec. 5 and finally, 
we summarize our conclusions in Sec. 6.

2. The 123-model

Firstly adapted in [60], the 123-model has been the focus of many studies in the past dozen years [61], the results of which provide 
considerable information and open up a window for new physics beyond the standard model. Nevertheless, the importance of theoretical 
discussions cannot be underestimated. This section sets out a brief overview of the general 123-model, including the involved multiplets, 
minimization conditions, and a whole discussion on Higgs bosons, gauge bosons, and neutrino mass generation in the framework of 
123-mechanism.

2.1. The scalar potential

In addition to the usual SM scalar doublet, namely φ, a singlet σ , and a triplet � have been added together to fundamentally build 
blocks for the 123-model. Bearing in mind its representations under the SU (3)c × SU (2)L × U (1)Y SM gauge group, one could explicitly 
write

σ(1,1,+0) = 1√
2
(vσ + Rσ + i Iσ ),

φ(1,2,+1

2
) =

(
1√
2
(vφ + Rφ + i Iφ)

φ−

)
,

�(1,3,+1) =
(

1√
2
(v� + R� + i I�) �+/

√
2

�+/
√

2 �++

)
, (5)

with corresponding leptonic numbers Lσ = 2, Lφ = 0 and L� = −2, respectively.
The most general renormalizable and gauge-invariant Lagrangian of the 123-scalar sector is given by

L = (Dμφ)†(Dμφ) + T r(Dμ�)†(Dμ�) + (∂μσ )†(∂μσ ) − V (H,�) +LYukawa, (6)

with the covariant derivatives in the kinetic terms are

Dμφ = ∂μφ + igT a W a
μφ + i

1

2
g′Bμφ,

Dμ� = ∂μ� + ig[T a W a
μ,�] + ig′ Y�

2
Bμ�, (7)

where W a
μ and Bμ stand for SU (2)L and U (1)Y gauge fields, respectively. Y� is the hypercharge operator of the triplet �, while T a is 

related to the Pauli matrices via T a = σ a/2. LYukawa refer to the Yukawa part to be subsequently considered in detail.
The scalar potential V (σ , φ, �), invariant under SU (2)L × U (1)Y , reads [62,63]

V (σ ,φ,�) = μ2
σ σ †σ + μ2

φφ†φ + μ2
�Tr(�†�) + λ1(φ

†φ)2 + λ2
[
Tr(�†�)

]2 + λ3(φ
†φ)Tr(�†�)

+ λ4Tr(�†��†�) + λ5(φ
†�†�φ) + β1(σ

†σ)2 + β2(φ
†φ)(σ †σ) + β3Tr(�†�)(σ †σ) − κ(φT �φσ + h.c.), (8)

where all quartic couplings are considered to be real. μ2
i (i = σ , φ, �) are squared mass parameters of the singlet, doublet, and triplet 

fields, respectively. These parameters can be eliminated by imposing the following vacuum conditions:

2vσμ2
σ = κv�v2

φ − 2β1 v3
σ − β2 vσ v2

φ − β3 vσ v2
�,

2μ2
φ = 2κvσ v� − β2 v2

σ − 2λ1 v2
φ − λ3 v2

� − λ5 v2
�,

2v�μ2
� = κvσ v2

φ − β3 v2
σ v� − 2λ2 v3

� − λ3 v�v2
φ − 2λ4 v3

� − λ5 v�v2
φ, (9)

thereby reducing the set of free parameters down by three degree-of-freedom.
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2.2. The field composition of the model

The next stage is to extract from the Lagrangian basis the usual mass matrices for the 123-model. The bilinear part of the Higgs 
potential in Eq. (8) is given by

V (σ ,φ,�) ⊃ (
δ−− )

M2
δ±±

(
δ++ )+ (

φ−, δ− )
M2

φ±δ±

(
φ+
δ+

)
+ 1

2

(
Rσ , Rφ, R�

)
M2

R

⎛
⎝ Rσ

Rφ

R�

⎞
⎠

+ 1

2

(
Iσ , Iφ, I�

)
M2

I

⎛
⎝ Iσ

Iφ
I�

⎞
⎠+ · · · (10)

where M2
δ±± , M2

φ±δ± , M2
R and M2

I are 1 × 1, 2 × 2, 3 × 3 and 3 × 3 mass matrices of the doubly charged, simply charged, CP-even sector 
and CP-odd sector, respectively.

At tree-level and without any assumption except Eq. (9), the three entries of the scalar and pseudo-scalar Higgs sector matrices are 
given by [63]

(MR)2
11 = 2β1 v2

σ + 1

2
κv2

φ

v�

vσ
, (MI )

2
11 = 1

2
κv2

φ

v�

vσ
,

(MR)2
22 = 2λ1 v2

φ, (MI )
2
22 = 2κv�vσ ,

(MR)2
33 = 2(λ2 + λ4)v2

� + 1

2
κv2

φ

vσ

v�

, (MI )
2
33 = 1

2
κv2

φ

vσ

v�

,

(MR)2
12 = β2 vφ vσ − κvφ v� = (MR)2

21 , (MI )
2
12 = κvφ v� = (MI )

2
21 ,

(MR)2
13 = β3 v�vσ − 1

2
κv2

φ = (MR)2
31 , (MI )

2
13 = 1

2
κv2

φ = (MI )
2
31 ,

(MR)2
23 = (λ3 + λ5)vφ v� − κvφ vσ = (MR)2

32 , (MI )
2
23 = κvφ vσ = (MI )

2
32 ,

(11)

while for the charged sectors read as [63],(
M2

δ±±
)

= −λ4 v2
� − 1

2
λ5 v2

φ + 1

2
κv2

φ

vσ

v�

,

(
Mφ±δ±

)2
11 = −1

2
λ5 v2

� + κv�vσ ,

(
Mφ±δ±

)2
22 = −1

4
λ5 v2

φ + 1

2
κv2

φ vσ /v�,

(
Mφ±δ±

)2
12 = 1

2
√

2
λ5 v�vφ − 1√

2
κvφ vσ = (

Mφ±δ±
)2

21 .

(12)

By applying a unitary transformation in the non-physical fields basis, one can get the mass eigenstates in the lowest order as follows:⎛
⎝h1

h2
h3

⎞
⎠ = U H ·

⎛
⎝ Rσ

Rφ

R�

⎞
⎠ ,

⎛
⎝G

J
A

⎞
⎠ = U A ·

⎛
⎝ Iσ

Iφ
I�

⎞
⎠ and

(
G±
H±

)
= U C ·

(
φ±
�±

)
. (13)

The two 3 × 3 matrices U H and U A transform the neutral CP-even and CP-odd Higgs fields, respectively. They take the following form 
[63,64]:

U H =
⎛
⎝ cα1 cα2 sα1 cα2 sα2−(cα1 sα2 sα3 + sα1 cα3) cα1 cα3 − sα1 sα2 sα3 cα2 sα3−cα1 sα2 cα3 + sα1 sα3 −(cα1 sα3 + sα1 sα2 cα3) cα2 cα3

⎞
⎠ = V PMNS, (14)

U A =

⎛
⎜⎜⎝

0 1
NG

− 2
NG

v�

vφ

N2
G

N J
− 2

N J

v2
�

vφ vσ
− 1

N J

v�

vσ

1
N A

v�

vσ

2
N A

v�

vφ

1
N A

⎞
⎟⎟⎠ . (15)

The mixing angles α1,2,3 could lie within the range [−π/2, +π/2], and NG, J ,A are defined as follows

NG =
√√√√1 + 4

v2
�

v2
φ

, N J =
√√√√N4

G + 4
v4

�

v2
φ v2

σ

+ v2
�

v2
σ

and N A =
√√√√1 + 4

v2
�

v2
φ

+ v2
�

v2
σ

, (16)

whereas U C is the matrix that transforms the charged Higgs field which is given by its 2 × 2 representation {{−cβ, sβ}, {sβ, cβ}}. sβ (cβ)

stands for sin β (cosβ) satisfying tβ = tan β = √
2v�/vφ .
3
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Based on the foregoing, the Higgs sector of 123-model is made up of nine scalar bosons, five of them being electrically neutral (denoted 
usually as h1, h2, h3, A and the Majoron J ) and the other four charged (H± and H±±). Their masses can be written as

diag(m2
h1

,m2
h2

,m2
h3

) = U HMR U H T
, (17)

m2
A = 1

2
κ

( vσ v2
φ

v�

+ v�v2
φ

vσ
+ 4vσ v�

)
, (18)

m2
J = 0, (19)

m2
H± = 1

2

(
κ

vσ

v�

− 1

2
λ5

)(
v2

φ + 2v2
�

)
, (20)

m2
H±± = −λ4 v2

� − 1

2
λ5 v2

φ + 1

2
κv2

φ

vσ

v�

. (21)

Here the Majoron J is the second massless physical Higgs in the CP-odd sector to be predominantly singlet, matching the consistency of 
the 123-model with the LEP measurements of the invisible Z decay width [65,66]. Furthermore, it is worth to mention that a different 
hierarchy between H±± , H± and A masses can occur, and mainly depends on λ5 sign, resulting in splitting that is described by (assuming 
v� � vφ )

�m2 ≈ m2
H±± − m2

H± ≈ m2
H± − m2

A ≈ 1

2
(m2

H±± − m2
A). (22)

2.3. The model parameters

Let’s begin by setting two redefinitions of VEV’s as follows:

v2 = v2
φ + 2v2

� and v4
0 = 4v2

σ v2
� + v2

φ(v2
σ + v2

�), (23)

in terms of the physical basis parameters, the dimensionless quartic couplings, λi , of the 123-potential, which read

κ = 2vσ v�

v4
0

m2
A (24)

λ1 = 1

2v2
φ

3∑
i=1

(U H
i2)

2m2
hi

(25)

λ2 = 1

2v2
�

(
3∑

i=1

(U H
i3)

2m2
hi

− 4
v2

φ

v2
m2

H± + 2m2
H±± + v2

φ v2
σ

v4
0

m2
A

)
(26)

λ3 = 1

vφ v�

3∑
i=1

U H
i2U H

i3m2
hi

+ 4

v2
m2

H± − 2v2
σ

v4
0

m2
A (27)

λ4 = 1

v2
�

(
2

v2
φ

v2
m2

H± − m2
H±± − v2

σ v2
φ

v4
0

m2
A

)
(28)

λ5 = 4

(
v2
σ

v4
0

m2
A − 1

v2
m2

H±

)
(29)

β1 = 1

2v2
σ

(
3∑

i=1

(U H
i1)

2m2
hi

− v2
φ v2

�

v4
0

m2
A

)
(30)

β2 = 1

vσ vφ

(
3∑

i=1

U H
i1U H

i2m2
hi

+ 2vσ vφ v2
�

v4
0

m2
A

)
(31)

β3 = 1

vσ v�

(
3∑

i=1

U H
i1U H

i3m2
hi

+ vσ v2
φ v�

v4
0

m2
A

)
(32)

To end with this part, the 123-model, in total, is described by 12 independent real degrees of freedom. By considering the further 
constraint v =

√
v2

φ + 4v2
� arising from the correct electroweak scale requirements, and using the previous Eq. (9) to trade the three 

multiplet masses for the SM Vacuum Expectation Value (VEV) v , tβ and v S . Thus, we use the following hybrid set of input parameters:

mh , mA , λ j (i = 2,4,5) , mH± , β3 , αi (i=1,2,3) , vσ , v�. (33)
1
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Table 1
Basis states and eigenvalues of the complete set of 2-body scalar scattering processes matrix M, cate-
gorized based on the overall charge Q of the initial and final states.

Q Basis states Eigenvalues

0 B1 = {
φ+δ−, δ+φ−, Rφ I�, Rφ Iσ , R� Iφ, R� Iσ , Rσ Iφ , a+

1 , a−
1 , b1, b2, b3

Rσ I�, Rσ R�, Rσ Rφ, Rφ R�, Iσ I�, Iσ Iφ, Iφ I�
}

b4

0 B2 = {
φ+φ−, δ+δ−, δ++δ−−, Rφ Rφ/

√
2, R� R�/

√
2, a+

2 , a−
2 , b5, b6, b7

Rσ Rσ /
√

2, Iφ Iφ/
√

2, I� I�/
√

2, Iσ Iσ /
√

2
}

b8, b9...11

0 B3 = {
Rφ Iφ, R� I�, Rσ Iσ

}
b5, b6, b8

1 B4 = {
Rφφ+, R�φ+, Rσ φ+, Iφφ+, I�φ+, Iσ φ+, Rφδ+ , a+

1 , a−
1 , a+

2 , a−
2 , a+

3 , a−
3

R�δ+, Rσ δ+, Iφδ+, I�δ+, Iσ δ+, δ++φ−, δ++δ−}
b1, b2, b3, b4, b7, b8, b12

2 B5 = {
φ+φ+/

√
2, δ+δ+/

√
2, φ+δ+, δ++ Rφ, δ++ R� , a+

3 , a−
3 , b2, b3, b4

δ++ Rσ , δ++ Iφ, δ++ I�, δ++ Iσ
}

b7, b8, b12, b13

3 B6 = {
δ++φ+, δ++δ+}

b3, b8

4 B7 = {
δ++δ++/

√
2
}

b8

3. Theoretical constraints on Lagrangian parameters

Before proceeding with a complete scan over the whole space parameters, it may be recalled that the 123-model has been and 
continues to be a matter of many theoretical and experimental investigations. The first one relates mainly to: boundedness from below of 
the scalar potential, perturbative unitarity, and the global minimum that the potential must preserve.

3.1. Vacuum stability

A prerequisite was to ensure that scalar potential of the 123-model is bounded from below, where the quartic terms assert itself at 
large field strength (V > −∞). Following the same methodology as in [67–70], the authors in [71] have derived the constraints ensuring 
BFB and the corresponding whole set read:

λ1 > 0, β1 > 0,

λ2 + λ4 > 0, β2 + 2κ + 2
√

β1λ1 > 0,

λ2 + λ4/2 > 0, β2 − 2κ + 2
√

β1λ1 > 0,

λ3 + 2κ + 2
√

λ1(λ2 + λ4) > 0, β3 + 2κ + 2
√

β1(λ2 + λ4) > 0,

λ3 + 2κ + 2
√

λ1(λ2 + λ4/2) > 0, β3 + 2κ + 2
√

β1(λ2 + λ4/2) > 0,

λ3 + λ5 + 2κ + 2
√

λ1(λ2 + λ4/2) > 0, β3 − 2κ + 2
√

β1(λ2 + λ4/2) > 0,

λ3 + λ5 + 2κ + 2
√

λ1(λ2 + λ4) > 0, β3 − 2κ + 2
√

β1(λ2 + λ4/2) > 0,

λ3 − 2κ + 2
√

λ1(λ2 + λ4/2) > 0, β3 − 2κ + 2
√

β1(λ2 + λ4) > 0,

λ3 − 2κ + 2
√

λ1(λ2 + λ4) > 0,

λ3 + λ5 − 2κ + 2
√

λ1(λ2 + λ4/2) > 0,

λ3 + λ5 − 2κ + 2
√

λ1(λ2 + λ4) > 0, (34)

3.2. S−matrix unitarity

A closer look reveals that the entire set of 2-body scalar scattering processes results in a 52 × 52 S-matrix that can be split up into 
7 block submatrices representing mutually unmixed groups of channels with definite charge and CP states, organized in a database Bi
in terms of net electric charge in the initial/final states: B1(14 × 14), B2(9 × 9) and B3(3 × 3), corresponding to 0-charge channels, 
B4(14 × 14) corresponding to the 1-charge channels, B5(9 × 9) corresponding to the 2-charge channels, B6(2 × 2) corresponding to the 
3-charge channels, and finally B7(1 × 1) corresponding to the 4-charge channels. The following Table 1 highlights an illustration of the 
framework described above.

The complete set of eigenvalues electromagnetism, described as combinations of λ′s couplings are given by:

b1 = β2, a±
1 = 1

4

(
2β2 + 2λ3 + 3λ5 ±

√
(2β2 − 2λ3 − 3λ5)

2 + 96κ2
)

b2 = λ3, a±
2 = λ1 + λ2 + 2λ4 ±

√
(λ1 − λ2 − 2λ4)

2 + λ2
5,

b3 = λ3 + λ5, a±
3 = 1

2

(
β3 + 2λ1 ±

√
(β3 − 2λ1)

2 + 8κ2
)
,

b4 = β3, b8 = 2
(
λ2 + λ4

)
,

b5 = 2β1, b12 = λ3 − 1
λ5,
2
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b6 = 2λ1, b13 = 2λ2 − λ4,

b7 = 2λ2. (35)

whereas the remaining b9...11 eigenvalues are the roots of a third-order equation given by

x3 − 8
[

3λ1 + 3λ4 + 4λ2 + 2β1

]
x2 + 8

[
8
(
3λ1(4λ2 + 3λ4) + β1(6λ1 + 8λ2 + 6λ4)

)−

3(2λ3 + λ5)
2 − 4β2

2 − 6β2
3

]
x − 128

[
− 9λ1β

2
3 − 2(4λ2 + 3λ4)β

2
2 + 3(2λ3 + λ5)β2β3 +

3β1
(
8λ1(4λ2 + 3λ4) − (2λ3 + λ5)

2)] (36)

3.3. Electroweak minimum

By use of the three minimization equations in (9), one should therefore find a configuration from all the (σ , φ, �) space values such 
that the scalar potential is in a minimum situation. For such purpose, we redefine the fields in equation (5) by assuming that electroweak 
symmetry breaking is taking place; in this way, the structure of the potential would be energetically favored for 〈V 〉EWSB < 0. Thereby, the 
naive bound on κ

κ < κmax ≡ v3
σ

2v2
φ v�

β1 + vσ

2v�

β2 + vσ v�

2v2
φ

β3 + v2
φ

2vσ v�

λ1 + v3
�

2v2
φ vσ

λ+
24 + v�

2vσ
λ+

35 (37)

where λ+
i j = λi + λ j , is a necessary and sufficient one to ensure 〈V 〉EWSB < 0, and hence the minimum to be unique.

4. Bounds from the electroweak precision tests

To provide high precision for the 123–space parameter as an electroweak theory, additional precision has to be studied, which could 
impose severe bounds on the new physics. Accordingly, we highlight the Peskin-Takeuchi parameters S , T , and U [59] in the 123-model. 
Where the S parameter measures the deviation from the SM prediction for the electroweak (EW) radiative correction, which describes the 
breaking of the weak isospin symmetry, however, the T parameter measures the deviation from the SM prediction for the weak isospin 
symmetry breaking in the heavy sector, which is related to the difference between the masses of the W and Z bosons. In the 123-model 
with vt = 1 or less, there is a decoupling between the doublet field and singlet field on one side and the triplet field on the other side. 
This decoupling is done only in the doubly charged, simply charged, and CP-odd sectors. That is to say that the major contribution of 
physical fields H± , A and H±± comes from triplet fields, and the major contribution of physical fields h1, h2, h3 and J comes from 
doublet and singlet fields. We use the general expressions presented in [72–75]. Approximative contributions of new scalar fields to S and 
T parameters in the 123-model are then given by:

S = 1
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, (38)

and

T = 1

16πm2
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with

UH
11 = U A

11U H
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13 (40)
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33 (42)

whilst mhref stands for the SM reference represented by mhref = 125.09 GeV, and the functions F , ξ and Ĝ can be found in Refs [72,73]. 
Note that, the precise measurements of the electroweak precision observables, such as the W and Z boson masses and the electroweak 
mixing angle, are used to determine the values of the S and T parameters. The experimental values of the S and T parameters can be 
used to constrain models of new physics.
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Table 2
123-parameter space scan (all 
masses and vev’s are in GeV).

mh1 125
λ2 [-6,8π ]
λ4 [-9,8π ]
λ5 [-15,14]
β3 [-8π ,8π ]
κ [0,0.1]
v� [0,1]
vs [10,1000]
α1 [-π /2,π /2]
α2 [-0.5,0.5]
α3 [-π /2,π /2]

Fig. 1. Left panels: The mW estimation in the 123-model as a function of T , where the color coding represents the size of the parameter S . The light pink bands indicate the 
SM prediction, while the green bands indicate the new CDF measurement for mW , within the 1σ uncertainty. Right panels: The sin2 θeff prediction in the 123-model as a 
function of mW , with the color coding indicating the size of T . The light blue band shows the world average value for sin2 θeff with the associated 1σ uncertainty while the 
brown region illustrates the result from SLD collaboration at the 1σ level. The upper (lower) panels are for the PDG (CDF) fit result.

5. Results and discussion

In order to examine whether the CDF mW mass measurement is consistent with the 123-model’s theoretical framework, we randomly 
scan over its parameter space as indicated in Table 2.

As previously mentioned, we assume that the CP-even h1 plays the role of the SM-like Higgs boson with a mass near 125 GeV, which 
characteristics match the LHC measurements. In addition, to obtain a viable model, we require all 123-parameter points to satisfy the 
following theoretical and experimental constraints:

• Unitarity,1 perturbativity, and vacuum stability requirements.

1 We notice that such constraints were generated for the first time within this framework.
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Fig. 2. Dependence of the S (left) and T (right) oblique parameters on the mass splittings mH± − mA and mH±± − mH± with the color code indicating the λ5 coupling. The 
colored regions correspond to the CDF measurement at 95%, in full consistency with theoretical and experimental constraints.

• The consistency with the 95% Bounds imposed by the LHC is checked via the public program HiggsBounds-5.10.2 [76].

• The criterion that the CP-even h1 Higgs boson need to match the characteristics of the detected SM-like Higgs boson is enforced using 
the public code HiggsSignal-2.6.2 [77].

• Electro-weak precision observable (EWPO) through the oblique parameters S and T (fixing U = 0) using both PDG [4] and CDF [3]
fit results. We applied, indeed, the test χ2

S T before to and following the new mCDF
W measurement, indicated by “PDG” and “CDF”, 

respectively,

PDG : S = 0.05 ± 0.08, T = 0.09 ± 0.07, ρST = 0.92 (43)

CDF : S = 0.15 ± 0.08, T = 0.27 ± 0.06, ρST = 0.93, (44)

where ρS T represents the correlation between S and T .

The initial summary results are exhibited in Fig. 1 that qualitatively shows the 123-model loop contributions required by mW mea-
surement in view of the above PDG and CDF assessment for the oblique parameters. Firstly, by considering the PDG values, we illustrate 
in Fig. 1-(a) the 123-prediction for mW as a function of T mapped over the S parameter, where the two light pink and green bands show 
the SM prediction and the new CDF measurement for mW within the 1σ uncertainty. At first sight, it seems clear that the mW value 
predicted by the 123-model (while passing all theoretical and experimental constraints discussed briefly above) is in line with the SM 
prediction, requiring T ∈ [0.02, 0.10] and S ∈[0, 0.15], while are so far from the new CDF region at the 1σ level. However, the CDF bands, 
if χ2

S T U (PDG) is switched to χ2
S T U (CDF) in the global χ2, can be construed within the 123-model, thereby enabling the Peskin parameters 

T and S to slightly lie in the ranges 0.15 − 0.42 and 0 − 0.35 respectively as can be seen in Fig. 1-(c).
On the other side, the right panel in Fig. 1 exhibits the model prediction for mW with respect to sin2 θeff. In such illustration, the 

light brown and cyan regions show respectively the SLD and world average measurement of sin2 θeff at the 1σ uncertainty. As depicted 
in Fig. 1-(d), after considering the CDF S , T result, the parameter points are in good compliance with only SLD measurement for sin2 θeff
within the 1–1.5 σ level which is not the case when using the PDG values, where the measured value matches well both experiment 
predictions.
8
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Fig. 3. Dependence of the Higgs bosons masses on each other on the light of the recent CDF (green points) measurement. The black line indicates the region of the full 
degenerate masses. The green bands indicate the region excluded by the H±± → W ±W ± .

Thereafter, we will examine how broadly the new CDF mW , and the corresponding S and T parameters would largely affect the mass 
splitting between the 123-scalars, which is further illustrated in Fig. 2, where CDF S and T measurements were considered for the sake of 
investigation. Clearly, then, it is evident that a consistent prediction of the W boson mass in the range measured by the CDF Collaboration 
requires sizable mass splittings mH± − mA and mH±± − mH± suggesting that such a mW anomaly can be explained when there is a non-
zero mass splitting among the H±± , H± , A. Though, in order to peer into these splittings, we have rewrite Eq. (22) into simple form 
as,

�m2 ≈ m2
H±± − m2

H± ≈ m2
H± − m2

A ≈ 1

2
(m2

H±± − m2
A) ≈ −λ5

4
v2

φ. (45)

from which it is fairly evident that such splittings rely mainly on the λ5 sign. Hence, for λ5 < 0 the mass difference either between H±
and A or H±± and H± shows the same positive sign, and predict the following hierarchy: mH± −mA > mH±± −mH± with a mass splitting 
ranging from 40 up to 90 GeV among the triplet components, while for λ5 > 0, both splittings are negative, lying between -100 and -66 
GeV. Also, it’s worth mentioning that at 2σ of CDF measurement, the values of −0.82 � λ5 � 2.41 are excluded, which therefore explains 
the not allowed mass splittings between roughly -75 GeV and 50 GeV.

To expand a little further on this point, we exhibit in Fig. 3 the correlation between the Higgs boson masses within two standard 
deviations of the CDF measurement. Off hand, one could notice how the diagonal for equal masses splits the allowed region in two, which 
can be expounded by the favored non-zero mass splitting as shown in Fig. 2. And more importantly, in the 123-model, as it can be seen 
from Fig. 3-(c) and (d), the embedded Higgs bosons are allowed to be as wide below TeV scale, whether it is for H± , H±± , A, and also h2,3, 
which distinguishes the 123–model compared to other extensions. By way of example, these large contributions are severely constrained 
in HTM. Thus despite the latter is crucial, in imposing also non-zero mass splitting among new particles to express the anomaly in the 
W boson mass, so long as v� of order GeV, the neutral heavy Higgs H and single charged Higgs H+ masses are required to be low (450 
GeV), even 350 GeV for the doubly charged scalar H++ [23].

Additionally, it is crucial to consider the requirements arising from collider searches. Thus, to cater to the newly measured mW within 
the 123–model, we consider that v� � 1 GeV, such that H±± could either contribute to Lepton Favor Violation [78], dominantly decay 
into same-sign lepton pairs, or two same-sign W bosons. We summarize below the experimental relevant assessments:
9
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◦ For the doubly charged Higgs boson, H±± , the latest case constitutes the main decay channel [79]

�(H±± → W ±W ±) = g2 v2
�m3

H±±

16πm2
W

(
1

4
− m2

W

m2
H±±

+ 3m4
W

m4
H±±

)√
1 − 4

m2
W

m2
H±±

(46)

and a lower bound has been revised [80,81] to be mH±± ≥ 84 GeV, while studying H±± in the 4W final state rules out the mH±±
(in GeV) from 200 up to 350 [82], as signaled in Fig. 2-(c) and (d). However, in the remaining mass window between 84 and 200 (in 
GeV), the H±± is the lightest compared to all the 123–model Higgs bosons; i.e., mA/h2,3 ≥ mH± ≥ mH±± , so that the l±l± di-lepton 
decay could have gotten close to the same sign di-boson one, W ±∗W ±∗ .

◦ For the remaining Higgs bosons, it is also very important to note that situation of degenerate H± with either h2 or h3 is slightly 
unfavorite by the CDF measurement. More so, only the case were mH± − mh2 > 0 and mH± − mh3 < 0 is allowed. It is noteworthy that 
CDF measurement has also imposed stringent restrictions on CP odd Higgs boson mA , thus avoiding a possible degeneration of mass 
with the simply charged Higgs boson H± , by preferring a positive splitting: mH± − mA > 0.

6. Conclusion

The CDF II experiment has reported a significant anomaly for the W boson mass. And, with remarkable precision, it reveals a slightly 
higher value compared to the SM value. This intriguing deviation continues to be actively investigated, as it could potentially signify the 
presence of new physics BSM. It is also plausible that such discrepancy stems from systematic uncertainties or other contributing factors 
rather than new physics. Further in-depth studies are necessary to fully comprehend the origin of this deviation and its implications in 
the realm of particle physics.

In this paper, we have discussed the consistency of the aforementioned anomaly within the 123-model, while considering the theo-
retical and experimental constraints. Accordingly, as the provided Higgs spectrum is phenomenologically diverse, the impacts of the fields 
involved VEVs vσ and v� at the tree level could affect on S and T oblique parameters, and thus can dramatically change the W -boson 
mass from what the SM predicts. We found that, the new mW measured at CDF-II experiments favorite non-zero mass splitting among 
the h2, h3, A, H± and H±± .

All the above, it is noteworthy that the precise measurements of the W boson mass made by CDF, and many other experiments, 
continue to play a crucial part in putting the SM to the test and in the quest for novel physics outside of the SM.
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