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Abstract We suggest an appealing strategy to probe a large
class of scenarios beyond the Standard Model simultaneously
explaining the recent CDF II measurement of the W boson
mass and predicting first-order phase transitions (FOPT)
testable in future gravitational-wave (GW) experiments. Our
analysis deploys measurements from the GW channels and
high energy particle colliders. We discuss this methodology
focusing on the specific example provided by an extension of
the Standard Model of particle physics that incorporates an
additional scalar SU(2)L triplet coupled to the Higgs boson.
We show that within this scenario a strong electroweak FOPT
is naturally realised consistently with the measured W boson
mass-shift. Potentially observable GW signatures imply the
triplet mass scale to be TeV-ish, consistently with the value
preferred by theW mass anomaly. This model can be tested in
future space-based interferometers such as LISA, DECIGO,
BBO, TianQin, TAIJI projects and in future colliders such as
FCC, ILC, CEPC.

1 Introduction

The CDF II Collaboration has recently reported a new and
quite unexpected result from the W boson mass measure-
ment [1], which lies 7.2σ away from theoretical predictions
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of the Standard Model (SM) of particle physics [2]. In order to
explain this anomaly, several scenarios beyond the SM have
been recently suggested in the literature. In particular, new
states have been incorporated including additional SU(2)L

Higgs doublets, vector-like fermion SU(2)L triplets, vector-
like top partners, leptoquarks, singlet-doublet fermion pairs,
scalar SU(2)L triplets and quadruplets, right-handed neutri-
nos, Z ′ and extra vector bosons, FIMP dark matter modes,
U (1)Lμ−Lτ modes, vectorlike quarks, canonical scotogenic
neutrino-dark matter modes, U (1)Lμ−Lτ vector-like leptons
– see e.g. Refs. [3–37]. Also a top-down motivated model
has been considered, in which extra states come from a D3-
brane [38]. Implications for electroweak baryogenesis and
Chameleon dark energy have been also considered [39,40],
while the relevance of hadronic uncertainty and electroweak
precision tests for the correct interpretation of the result and
the prospect on new physics has been delved in [41–43].

This large and statistically significant anomaly within the
Electro-Weak (EW) sector urges us to question what are its
possible implications for our understanding of the EW phase
transitions (EWPTs), and more in general whether it can be
related to a first-order phase transition (FOPT) in the early
Universe. At the first sight, a relation between the W mass
anomaly and the order of cosmological phase transitions may
appear not so direct and clear. Certainly, the answer would
be model-dependent.

In this short letter, we do not pretend to be exhaustive in
covering the wealth of phenomenologically allowed mod-
els that address this broad research topic. We rather seek
to answer questions related to the aforementioned relevant
issues, focusing on a specific simplified framework that
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relates the parameter space of EWPTs to a possible expla-
nation of the MW -anomaly. Specifically, the model we con-
sider is based on a minimal scalar-triplet extension of the SM
scalar sector providing a natural explanation of the anomaly
as suggested earlier in Ref. [6]. Even without providing here
a detailed scan of the parameter space of the considered min-
imal model, this simplified approach will nevertheless help
us gain intuition on the way our outlined strategy for new
physics search can be applied to other theoretical frameworks
invoked to explain the measured MW -anomaly.

We will show that, in a large subset of the parameter space
of the simplified model, we obtain gravitational-wave (GW)
stochastic background signals as echos of the strong EW
FOPT in the early Universe that can be tested in space-based
interferometers such as LISA, DECIGO, BBO, TianQing and
TAIJI to be deployed in foreseeable future. We also notice
that the considered parameter space of the model does not
violate the current LHC constraints. The model can also be
tested at future linear or circular lepton colliders such as the
FCC, ILC and CEPC, through a measurement of the trilinear
Higgs coupling, which receives relatively large corrections
due to Higgs interactions with the scalar triplet.

2 Minimal SUL(2) triplet extension: MW -anomaly and
FOPT

The CDF-II measurement of the W boson mass MW suggests
an anomaly in the T̂ -parameter [28] (in particular, under an
assumption of Û = 0), namely

T̂ � (0.84 ± 0.14) × 10−3, (1)

cHD = −(0.17 ± 0.07/TeV)2, (2)

with cHD being the coupling related to the Effective Field
Theory (EFT) operator expressed by

cHDOHD = cHD(H†DμH)((DμH)†H), (3)

and the T̂ -parameter by

T̂ = − v2

2 cHD. (4)

A possible simple explanation that has been suggested is
to introduce a new state, � = (1, 3, 0) of mass M�, with
charges given w.r.t. the SM gauge group SU(3)c ×SU(2)L ×
U(1)Y, i.e. a real scalar triplet of SU(2)L that is a color singlet
and has no hypercharge [6]. This state is coupled to the Higgs
doublet via the interaction Lagrangian term

LT = −k�H†� · σH + h.c., (5)

where σ denotes the Pauli matrices. Integrating out the mas-
sive state �, the interaction term (5) directly generates neg-

ative coupling in the EFT operator (3)

cHD = −2
k2
�

M4
�

, (6)

and hence leading to a positive T̂ contribution consistent with
the observed shift in the W mass,

T̂ = k2
�v2

M4
�

= 0.84 × 10−3
( |k�|

M�

)2 (
8.5 TeV
M�

)2
. (7)

This is a tree-level effect suggesting that the SU(2)L scalar
triplet can be in a multi-TeV mass range. Nonetheless, sat-
urating the perturbativity bound |k�|/M� ≤ 4π , the triplet
cannot exceed 100 TeV [6].

It is worth to notice that, after integrating out �, Eq. (5)
generates an additional contribution to the quartic Higgs self-
interaction term of the form (k�/m�)2(H†H)2. The Higgs
bare coupling constant λbare hence receives a tree-level cor-
rection, according to λ = λbare+(k�/m�)2. In what follows,
we consider the full Higgs quartic coupling λ = m2/2v2

(with m2 being the Higgs mass parameter in the Lagrangian
and v � 246 GeV – the Higgs vacuum expectation value)
rather than λbare, which appears in the SM framework.

We may now focus on a Lagrangian term of the form

μ�

3 �3 + h.c., (8)

where �3 ≡ (� · σ)(� · σ)(� · σ). Integrating out �-states,
Eqs. (5) and (8) generate the following six-dimensional oper-
ator

κ
�2 (H†H)3 + h.c. (9)

in terms of the cutoff scale �, where

κ

�2 = μ�k3
�

3M6
�

. (10)

The latter recasts as

�√
κ

=
√

3M3
�√

μ�k
3/2
�

, (11)

with κ � 4π as a perturbativity bound. Note, the six-
dimensional operator (9) appears to be a crucial contribution
to determine the nature and the strength of the EWPT.

In order to develop a consistent analysis of the EW
FOPT, it is convenient to choose the unitary gauge, such
that H = h/

√
2. The one-loop finite-temperature effective

potential then casts as

Veff(T, h) = Vtree(h) + V (1)
T=0(h) + �VT (h, T ), (12)

where

Vtree(h) = 1
2m

2h2 + λ
4h

4 + κ
8�2 h

6 (13)

is the tree-level Higgs potential, V (1)
T=0(h) is the Coleman–

Weinberg one-loop potential fixed at the EW scale at zero
temperature, and �VT (h, T ) is the thermal contribution
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obtained through the daisy resummation technique [44,45]
and the use of dimensional reduction within the context of
EWPT thermodynamics [46–49].

At tree-level, the effective Higgs potential acquires a dom-
inant thermal correction to the mass that reads as CT 2/2,
where

C � 1
16

(
g′2 + 3g2 + 4y2

t + 4
m2

h
v2 + 36 κv2

�2

)
, (14)

and where g′, g are, respectively, the U(1)Y and SU(2)L

gauge couplings, yt is the Yukawa coupling of the top quark
providing a leading contribution from the SM fermion sec-
tor and mh is the Higgs boson mass which, at tree-level, is
given by m2

h = 2λv2 + 3v4κ/�2. In this work, we com-
pute the Coleman–Weinberg contribution and perform the
bounce action calculations and the search for FOPTs using
the CosmoTransitions package [50].

As it was previously found in [44,45,51], the required
condition to induce strong FOPTs in effective extensions of
the Higgs sector with dimension-6 operators implies that the
�/

√
κ energy scale is limited in the range 480 ÷ 840 GeV.

In this article a concrete UV realization is considered such
that, using relation (11), one can recast this range in terms of
the �-sector parameters as

480 GeV �
√

3M3
�√

μ�k3/2
�

� 840 GeV, (15)

which will be used as input in our numerical analysis. The
FOPT conditions that must be satisfied are Tc > 0 and
v(Tc)/Tc > 1, in terms of the critical temperature of the
phase transition, Tc. These lead to the range in the cutoff scale
�m ≤ � ≤ �M, which in turn corresponds to the observed
Higgs mass mh = 125 GeV. This is found employing the
following relations for λ, m parameters in the Higgs sector:
m2 = m2

SM(1 − �2
M/2�2) and λ = λSM(1 − �2

M/�2), with
�M = √

3�m = √
3κv2/m2, and m2

SM, λSM being the SM
counterparts.

The bounds imposed by the FOPT conditions allow for
a scalar triplet to be in a multi-TeV mass range. Satu-
rating the perturbative bounds for the triplet mass M� as
|k�|/M� � 4π and |μ�|/M� � 4π , the FOPT bounds in
Eq. (15) correspond to M� � 5 ÷ 10 TeV.

A strong EW FOPT sources bubble nucleation via quan-
tum tunneling and thermal fluctuations from a metastable
false vacuum to the true vacuum. The dynamics of phase
transitions are characterized by T∗, α, β parameters. Here,
T∗ stands for the percolation temperature, at which the prob-
ability of finding a point in the false vacuum is 0.7 [60].
The α parameter reads α ≡ ε(T∗)/ρrad(T∗), with ε(T ) being
the latent heat and ρrad(T ) – the primordial plasma ther-
mal energy. The β parameter is the characteristic time scale
of the EWPT, and is related to the size d of the bubble as
d � vb/β, with vb being bubble wall expansion velocity.
The key parameters are all controlled by the effective scalar

potential according to the following relations:

α = 30
πg∗(T∗)T 4∗

[
T
4
d�Vmin

eff (T,h)

dT − �Vmin
eff (T, h)

]
T=T∗

, (16)

β = − dSE
dt

∣∣∣
t=t∗

, (17)

where SE(T ) denotes the bubble 3D Euclidean action divided
by the temperature and t∗ is the cosmological time at which
T = T∗, g∗(T∗) are the relativistic degrees of freedom at
T = T∗ and �Vmin

eff (T, h) represents the difference of the
effective potential before and after the transition takes place
at T∗.

The T∗, α, β parameters introduced above characterize
the GW energy spectrum, which receives three main contri-
butions from bubble collisions [52], sound shock waves [53]
and turbulence [54,55], all described by well-known semi-
analytical formulas. Simulations of FOPTs from a specific
field theory provide an input for the semi-analytical formu-
las, which in turn generate the related characteristics of GW
spectra as output. Within this analysis we deploy standard
methods in accounting for collision, turbulence and sound-
wave contributions – see e.g. Refs. [56,57]).

We have performed a parametric scan by varying �/
√

κ

in the range [480, 840] GeV using a numerical routine based
on CosmoTransitions [50] to calculate the phase transi-
tion parameters α and β, as well as the GW’s peak amplitude
(h2

peak
GW ) and frequency ( fpeak). As shown in Fig. 1 one

can notice that strong FOPTs associated to the production
of potentially visible GWs at LISA and future interferom-
eters restricts �/

√
κ to a narrow region of approximately

[500, 510] GeV. Such a result is rather tantalizing, not only
because it corresponds to a TeV scale triplet, but, above all,
this is indeed the preferred region favoured by the CDF II W
mass anomaly. In particular, expressing the parametric scan
in term of T̂ , which is related1 to �/

√
κ through Eq. (7),

we have found that higher values of the parameter T̂ , related
to lower values of the energy range of �/

√
κ , correspond

to higher intensities of the GWs stochastic background that
would be originated, as Figs. 1 and 2 clearly depict. There-
fore, to higher values of the parameter T̂ measured by CDF II
correspond higher values of the amplitude of the GWs signal
and of the related signal-to-noise ratio (SNR).

Varying T̂ within the same range [0.76, 0.84] × 10−3,
we can show in Fig. 2 the SNR that corresponds to points
detectable by LISA. In particular, for SNR greater than 20,
one obtains T̂ = 0.844×10−3, e.g. the first point in Table 1,
which corresponds to �/

√
κ ∼ 500 GeV.

1 We have fixed μ� = 7.33 PeV, which corresponds to the value
�/

√
κ = 500 GeV that maximizes the amplitude of the GWs and for

which the related SNR is greater than 20, having used the experimental
result for T̂ specified by Eq. (1).
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Fig. 1 Parametric scan displayed in T̂ , which varies within the range
[0.76, 0.84] × 10−3
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Fig. 2 Scatter plots displaying the SNR for the points detectable by
LISA. The color bar denotes the value of T̂ . Higher values of the range
of T̂ correspond to higher intensities of the GW signals

Table 1 Benchmark FOPT solutions that can be detected in future GW
space-based interferometers

T∗(GeV) α β/H∗ T̂ δσhz (%)

43.8 0.30 36.37 0.844 × 10−3 3.02

55.6 0.12 180.94 0.835 × 10−3 2.97

64.2 0.07 394.14 0.822 × 10−3 2.90

In Table 1, we have listed three scenarios corresponding
to the generation of EWPT in the model under scrutiny. We
show that these FOPT branches can be promisingly tested in
space-based interferometers (see Fig. 3). As we expected, for
the three cases corresponding to the benchmarks in Table 1,
we find that non-runaway bubble solutions and sound shock
wave and turbulence contributions are predominant with
respect to bubbles’ collision ones. We decided to focus on
these three examples, since not only they evade LHC bounds
on direct searches and trilinear Higgs coupling, but they can
also be tested at CEPC. Indeed, in the model we are consid-
ering the Higgs trilinear coupling λ3h is expressed by

λ3h = −(1 + δh)
Ah3

6 , (18)

where A = 3m2
h/v and δh = 2�m/�. Here δh varies

within the range 0.66 ÷ 2, the values of which can be
compared with the hZ cross section data σhZ , with preci-

10−5 10−4 10−3 10−2 10−1 100

f [Hz]

10−21

10−18

10−15

10−12

10−9

h
2 Ω

G
W

LISA
BBO
u-DECIGO
BM1
BM2
BM3

Fig. 3 The GW spectra for the three benchmark FOPTS solution listed
in Table I have been plotted in a frequency domain that allows to make
comparisons with the sensitivity curves of LISA, BBO and u-DECIGO
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Fig. 4 Parametric regions of the mass of the triplet M�[TeV] and
ζ [TeV] = (μ�/3)1/3k2/3

� allowing FOPT (green) and GW detectable
in LISA, u-DECIGO, BBO (blue), in comparison with CEPC test capa-
bility (orange). The exclusion region from the perturbativity bound for
�-couplings is displayed (red)

sion δσhZ = δσhZ/σhZ . CEPC can achieve the precision
δσhZ � 1.6% at

√
s = 240 GeV collision energy, corre-

sponding to δh(κ = 1) = 0.25 for integrated luminosity of
10 ab−1 – see e.g. Refs. [51,58]. Thus CEPC can directly
probe the model we considered testing both EWPT and MW -
anomaly from heavy scalar triplet – see Figs. 3 and 4.

Note that the measurement of the triple Higgs coupling can
achieve the statistical significance of 4.5σ at a potential high-
energy 27 TeV LHC (HE-LHC) upgrade [59]. This, together
with the observedW -mass anomaly and a possible primordial
GWs detection, offers a striking opportunity for probing the
considered triplet extension of the SM in a not too distant
future.

3 Conclusions

In this Letter, we have explored an interplay between the
recently observed anomaly detected in the W -mass measure-
ment by the CDF-II Collaboration and the dynamics of the
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strong first-order Electro-Weak (EW) phase transitions. For
this purpose, we have considered an insightful example of
a model for new physics containing a scalar SU(2)L triplet
with only three adjustable free parameters on top of those of
the Standard Model (SM): a triplet mass term and its trilin-
ear self-coupling as well as a trilinear coupling to the Higgs
boson. We have found that even in this simplified framework
one can naturally explain the observed new physics correc-
tion to the W mass while sourcing a strong first-order EW
phase transition that potentially generates observable primor-
dial gravitational wave (GW) signatures in cosmology.

The considered minimal SU(2)L triplet extension of the
SM is an important example of more extended Beyond SM
scenarios that predict a sizeable dimension-6 (HH†)3 oper-
ator in the Higgs sector above the EW scale leading to first-
order phase transitions in the EW sector. Such a heavy triplet
emerges, for instance, in the context of SU(5) Grand-unified
field theory [28,62–64], as a scalar adjoint representation of
dimension 24. Our analysis shows that the existence of poten-
tially observable GW signatures implies the triplet mass scale
to be TeV-ish, which in turn is close to the value preferred by
the W mass anomaly. With this example, our analysis explic-
itly demonstrates that a class of models featuring a SU(2)L

triplet scalar state can be probed by future GWs interferome-
ters such as LISA, DECIGO, TianQin and TAIJI, around the
mHZ frequency scale, as well as from measurements of the
trilinear Higgs coupling in future linear or circular colliders.
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