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Outline

•    Surprising CDF II measurement of W mass 
     lies >7σ away from the Standard Model 
 

•    Many scenarios beyond the SM have been  
     deployed in the literature to explain this 
     measurement (over 300 publications so far!) 
 

•    A large class of BSM scenarios offering  
     such an explanation features the existence  
     of a new SU(2) adjoint (triplet) scalar which  
     provides a tree-level corrections to the  
     SM W mass value  
 

•    Existence of such scalars may impact 
     the Electro Weak phase transition in early  
     Universe, possibly rendering such models 
     testable in future gravitational-wave detectors

  

(2023)

(                                                              )

talk by Maarten Boonekamp
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EMEFT approach

1 Introduction

Electroweak precision observables have played a crucial role to firmly establish the Standard
Model (SM) as a quantum field theory and to constrain possible New Physics (NP) extensions.
Remarkably, electroweak precision observables were instrumental to indirectly infer the masses
of the top quark and the Higgs boson well before their direct detection at Tevatron and LHC,
respectively. Nowadays, the SM electroweak fit is performed using as input parameters the
fine structure constant ↵, the muon decay constant Gµ, the Z boson mass MZ , the strong
coupling ↵s(MZ), the top quark mass mt, the Higgs mass Mh, and the hadronic contribution
to the running of ↵, i.e. �↵

5
had(MZ). In terms of these parameters, all other observables can be

predicted. In particular, the resulting value of the W
± boson mass from the electroweak fit is

MW = 80354.5± 5.7MeV [1].
The CDF collaboration has recently published a high-precision measurement of MW =

80433.5± 9.4MeV [2], whose precision exceeds that of the current PDG world average, MW =
80379±12MeV [3], obtained from the combination of all previous measurements from LEP, D0,
CDF, and ATLAS. The new CDF value turns out to be considerably larger than the current
PDG world average as well as the value previously inferred from the SM electroweak fit [1].

Taking the new CDF result at face value, a few collaborations have already assessed its
impact in the global electroweak fit, in the attempt of highlighting the favoured NP scenario to
solve this anomaly (see e.g. [4–7]). In particular, it turned out that universal NP models, which
are fully described by the famous Ŝ, T̂ , U,W, andY parameters [8–10], provide an overall good
quality of the fit. The viable solutions prefer either T̂ ⇡ 10�3 and Ŝ = U = W = Y = 0 or
highly-correlated positive Ŝ and T̂ parameters of comparable size T̂ ⇠ Ŝ ⇠ 10�3 and U = W =
Y = 0. If Ŝ and T̂ are loop-induced, they are of order (g4NP/16⇡

2) ⇥M
2
W /M

2
NP and therefore,

weakly-interacting theories require MNP to lie at the electroweak scale to accommodate the
MW anomaly. Such a solution can be hardly reconciled with the direct-search bounds on new
particles. Instead, tree-level NP e↵ects –which are equivalent to the e↵ects stemming from a
strongly-coupled sector with gNP ⇠ 4⇡– can provide the desired values of Ŝ and T̂ even for
MNP ⇠ 10 TeV.

The primary goal of this work is to establish a connection between the NP e↵ects en-
tering MW and Higgs physics observables. Indeed, since within the SM E↵ective Field Theory
(SMEFT) Ŝ and T̂ receive contributions respectively from the d = 6 operators (H†

⌧
a
H)W a

µ⌫B
µ⌫

and (H†
DµH)((DµH)†H), it seems rather natural that NP e↵ects in MW need to be accom-

panied by modifications of the SM predictions for Higgs decay processes like h ! ��, Z� and
h ! ZZ,WW . In Sect. 2 we quantitatively assess this connection in the context of the SMEFT.
Another goal of the present analysis is to systematically classify explicit NP extensions of the
SM which can give a sizeable contribution to T̂ at the tree level. We provide this classification
in Sect. 3 and, for those simplified models predicting a positive shift in T̂ , we discuss accordingly
the correlated signals in Higgs physics. We conclude in Sect. 4 with a summary of our findings.

2 SMEFT approach to the MW anomaly and Higgs physics

Parametrizing the SMEFT Lagrangian as

LSMEFT = LSM +
X

i

ciOi , (2.1)

where we adopt the Warsaw basis [11] and focus in particular on the following subset of opera-
tors, which are relevant for electroweak and Higgs physics:

OHW = (H†
H)W a

µ⌫W
aµ⌫

, (2.2)

OHB = (H†
H)Bµ⌫B

µ⌫
, (2.3)

2

SMEFT Lagrangian (Warsaw):

OHWB = (H†
⌧
a
H)W a

µ⌫B
µ⌫

, (2.4)

OHD = (H†
DµH)((DµH)†H) , (2.5)

OH = (H†
H)3 , (2.6)

OH2 = (H†
H)2(H†

H) , (2.7)

OeH = (H†
H)`LeRH , (2.8)

OuH = (H†
H)qLuRH̃ , (2.9)

OdH = (H†
H)qLdRH , (2.10)

with the covariant derivative defined as Dµ = @µ+ ig2W
a

µ⌧
a+ ig1BµY . Employing the notation

of Refs. [6, 10], the leading electroweak oblique corrections are described by1

Ŝ ⌘
cW

sW

⇧0(0)W3B
=

cW

sW

v
2
cHWB , (2.11)

T̂ ⌘
1

M
2
W

(⇧W3W3
(0)�⇧

W
+
W

�(0)) = �
v
2

2
cHD , (2.12)

with v = 246 GeV and sW ⌘ sin ✓W (cW ⌘ cos ✓W ). We remark that in Eqs. (2.11)–(2.12) we
only included so-called “universal” bosonic operators. Upon applying the equations of motion
in a given basis, other fermionic operators can contribute as well to the Ŝ and T̂ parameters
(see e.g. [12, 13]). Concretely, in terms of the Warsaw basis these are four-fermion operators as

well as operators of the type (H
 !
D µH)( �µ ). These operators can also lead to contributions

to electroweak precision observables beyond the oblique parameters (with the exception of top-
quark operators2) and hence are neglected in the present analysis.

The MW anomaly could be due to a universal new physics correction to T̂ [6]

T̂ ' (0.84± 0.14)⇥ 10�3
, (2.13)

(cHD = �(0.17 ± 0.07/TeV)2) as well as a correlated contribution to Ŝ ⇠ 10�3 (cHWB ⇠

(0.07/TeV)2) of the same size of T̂ , but compatible with zero [6, 7]. The inclusion of higher-
order corrections in the momentum expansion of the inverse propagators (Y and W ) does not
alter significantly the fit [6], while a non-vanishing Û parameter can also explain by itself the
MW anomaly [7]. However, under the assumption of heavy NP, which is captured by the SMEFT
description, the Û parameter is usually neglected since it arises from d = 8 operators.

Since the Ŝ and T̂ parameters are obtained by condensing the Higgs fields in OHWB and
OHD, there is clearly a connection with Higgs physics, as highlighted schematically in Fig. 1.

Writing the SMEFT Lagrangian in the electroweak broken phase as

L
int
SMEFT 3 g

(1)
hWW

hW
+
µ W

�µ + g
(2)
hWW

hW
+
µ⌫W

�µ⌫ + g
(1)
hZZ

hZµZ
µ + g

(2)
hZZ

hZµ⌫Z
µ⌫ + gh��hFµ⌫F

µ⌫

+ gh�ZhFµ⌫Z
µ⌫ + ghhhh

3 + (gheheLeR + ghuhuLuR + ghdhdLdR + h.c.) + . . . , (2.14)

one finds at tree level (see e.g. [17])

g
(1)
hWW

=
2M2

W

v

 
1�

v
2

4
(cHD � 4cH2)

!
, (2.15)

g
(2)
hWW

= 2vcHW , (2.16)

1
In this notation the S and T parameters of Refs. [8, 9] read S = 4s2W Ŝ/↵ and T = T̂ /↵.

2
Top-quark operators can be (weakly) constrained by top-quark physics [14] and via their loop contributions

by electroweak observables [15] and Higgs physics [16].
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Leading EW oblique corrections:
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(0.07/TeV)2) of the same size of T̂ , but compatible with zero [6, 7]. The inclusion of higher-
order corrections in the momentum expansion of the inverse propagators (Y and W ) does not
alter significantly the fit [6], while a non-vanishing Û parameter can also explain by itself the
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v
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by electroweak observables [15] and Higgs physics [16].
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Universal “bosonic” operators:

L. Di Luzio, R. Gröber and P. Paradisi,  
"Higgs physics confronts the mW anomaly” Phys.Lett.B 832 (2022) 137250


W mass anomaly Anomaly in T-parameter  
(assuming U=0)
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which receives relatively large corrections due to Higgs
interactions with the scalar triplet.

II. MINIMAL SUL(2) TRIPLET EXTENSION:

MW -ANOMALY AND FOPT

The CDF-II measurement of the W boson mass MW sug-
gests 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 E↵ective Field
Theory (EFT) operator expressed by

cHDOHD = cHD(H†
DµH)((DµH)†

H) , (3)

and the T̂ -parameter by

T̂ = �v
2

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 La-
grangian term

LT = �k�H
†� · �H + h.c. , (5)

where � denotes the Pauli matrices. Integrating out the
massive state �, the interaction term (5) directly gener-
ates negative coupling in the EFT operator 3

cHD = �2
k

2

�

M
4

�

, (6)

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

T̂ =
k

2

�
v
2

M
4

�

= 0.84 ⇥ 10�3

✓
|k�|
M�

◆2 ✓8.5 TeV

M�

◆2

. (7)

This is a tree-level e↵ect suggesting that the SU(2)L
scalar triplet can be in a multi-TeV mass range. Nonethe-
less, saturating the perturbativity bound |k�|/M�  4⇡,
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 �bare hence receives a tree-
level correction, according to � = �bare + (k�/m�)2. In
what follows, we consider the full Higgs quartic coupling
� = m

2
/2v2 (with m

2 being the Higgs mass parameter
in the Lagrangian and v ' 246 GeV – the Higgs vacuum

expectation value) rather than �bare, 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 ⌘ (�·�)(�·�)(�·�). Integrating out �-states,
Eqs. (5) and (8) generate the following six-dimensional
operator



⇤2
(H†

H)3 + h.c. (9)

in terms of the cuto↵ scale ⇤, where



⇤2
=

µ�k
3

�

3M6

�

. (10)

The latter recasts as

⇤p


=

p
3M3

�

p
µ�k

3/2
�

, (11)

with  . 4⇡ as a perturbativity bound. Note, the six-
dimensional operator (9) appears to be a crucial contri-
bution 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/

p
2. The one-loop finite-temperature e↵ec-

tive potential then casts as

Ve↵(T, h) = Vtree(h) + V
(1)

T=0
(h) + �VT (h, T ) , (12)

where

Vtree(h) =
1

2
m

2
h

2 +
�

4
h

4 +


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 con-
tribution obtained through the daisy resummation tech-
nique [44, 45] and the use of dimensional reduction within
the context of EWPT thermodynamics [46–49].

At tree-level, the e↵ective Higgs potential acquires a
dominant thermal correction to the mass that reads as
CT

2
/2, where

C ' 1

16

⇣
g

02 + 3g2 + 4y2

t
+ 4

m
2

h

v2
+ 36

v
2

⇤2

⌘
, (14)

and where g
0
, 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 sector and mh is the Higgs boson mass which, at
tree-level, is given by m

2

h
= 2�v2+3v4

/⇤2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].

A. Strumia, JHEP 08 (2022) 248
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(0.07/TeV)2) of the same size of T̂ , but compatible with zero [6, 7]. The inclusion of higher-
order corrections in the momentum expansion of the inverse propagators (Y and W ) does not
alter significantly the fit [6], while a non-vanishing Û parameter can also explain by itself the
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compatible with zero

EFT d=6 operator generates  
W mass shift
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What can generate a positive shift in T?

Field Spin SU(3)C SU(2)L U(1)Y sign( öT) öS
! 0 1 3 0 + !
! 1 0 1 3 1 " !
" 1 0 1 4 1/2 + !
" 3 0 1 4 3/2 " !
B 1 1 1 0 + !
B1 1 1 1 1 " !
W 1 1 3 0 " !
W1 1 1 3 1 + !
L 1 1 2 1/2 + / " !

Table 1: New physics states which can yield a tree-level contribution toöT via d # 4 interactions
with SM states. Highlighted in pink are the representations predicting a positive shift on öT.
The last column indicates whether a tree-level contribution to öS is generated (! ) or not ( ! ).

3.1 ! ! (1 , 3, 0)S

From the interaction Lagrangian

L int
! $ " ! ! H   ! a" aH "

#H !

2
(H   H )! a! a , (3.3)

one obtains

cHD = " 2
! 2

!

M 4
!

, (3.4)

and hence

öT =
! 2

! v2

M 4
!

= 0 .84! 10! 3
!

|! ! |
M !

" 2 !
8.5 TeV

M !

" 2

, (3.5)

which has the correct sign to explain theM W anomaly.
When the ! is not integrated out, the tree-level contribution to öT can be alternatively

understood to arise from the generation of a tree-level vacuum expectation value (VEV) for
! , that is %! & ' v! = ! ! v2/ (2M 2

! ). In general, the VEV of a scalar representationS (
(1, 2j + 1 , y) yields [26, 27]

öT ) 4
#

$[j (j + 1) " y2] " 2y2
$ %S&2

v2 , (3.6)

with %S&= %vS, where % = 1 ( % = 1 /
*

2) for a real (complex) representation andvS is the
VEV of the canonically normalized real scalar component ofS. In the caseS = ! this yields
öT ) ! 2

! v2/M 4
! , as in Eq. (3.5).

The connection between this scalar triplet and electroweak precision measurements was
previously considered e.g. in Refs. [28Ð30]. Note that the perturbativity range of the massive
! ! parameter can be obtained by requiring that Þnite loop corrections to the trilinear scalar
vertex ! H   H remain smaller than the tree-level value [31]. This yields |! ! |/M ! " 4& [32].
Hence, a scalar triplet well above the TeV scale and with perturbative couplings can explain
the value of öT while easily evading all direct collider searches. In particular, saturating the
perturbativity bound, it turns out that M ! " 100 TeV.

Other coe# cients which are unavoidably generated after integrating out ! are directly
correlated with öT via the coupling ! ! :

cH = " 4
! 2

!

M 4
!

!
#H !

8
" #

"
= " 4

öT

v2

!
#H !

8
" #

"
, (3.7)
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New Physics states generating tree-level contribution to T via 
renormalisable interactions with SM states:

our focus

Let us focus on a simplified framework that relates the characteristics of 
EW phase transitions to a possible explanation of the W mass anomaly
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2

which receives relatively large corrections due to Higgs
interactions with the scalar triplet.

II. MINIMAL SUL (2) TRIPLET EXTENSION:
M W -ANOMALY AND FOPT

The CDF-II measurement of theW boson massM W sug-
gests an anomaly in the öT-parameter [28] (in particular,
under an assumption of öU = 0), namely

öT ! (0.84± 0.14) " 10! 3 , (1)

cHD = # (0.17± 0.07/ TeV) 2 , (2)

with cHD being the coupling related to the E! ective Field
Theory (EFT) operator expressed by

cHD OHD = cHD (H   Dµ H )(( Dµ H )  H ) , (3)

and the öT-parameter by

öT = #
v2

2
cHD . (4)

A possible simple explanation that has been suggested
is to introduce a new state, " = (1 , 3, 0) of massM ! ,
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 La-
grangian term

L T = # k! H   " á! H + h .c. , (5)

where ! denotes the Pauli matrices. Integrating out the
massive state" , the interaction term (5) directly gener-
ates negative coupling in the EFT operator 3

cHD = # 2
k2

!

M 4
!

, (6)

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

öT =
k2

! v2

M 4
!

= 0 .84" 10! 3
!

|k! |
M !

" 2 !
8.5 TeV

M !

" 2

. (7)

This is a tree-level e! ect suggesting that the SU(2)L
scalar triplet can be in a multi-TeV mass range. Nonethe-
less, saturating the perturbativity bound |k! |/M ! $ 4" ,
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#bare hence receives a tree-
level correction, according to# = #bare + ( k! /m ! )2. In
what follows, we consider the full Higgs quartic coupling
# = m2/ 2v2 (with m2 being the Higgs mass parameter
in the Lagrangian and v ! 246 GeV Ð the Higgs vacuum

expectation value) rather than #bare , 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 % (" á! )( " á! )( " á! ). Integrating out " -states,
Eqs. (5) and (8) generate the following six-dimensional
operator

$
# 2 (H   H )3 + h .c. (9)

in terms of the cuto! scale# , where

$
# 2 =

µ! k3
!

3M 6
!

. (10)

The latter recasts as

#
&

$
=

&
3M 3

!
&

µ! k3/ 2
!

, (11)

with $ ! 4" as a perturbativity bound. Note, the six-
dimensional operator (9) appears to be a crucial contri-
bution 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 Þnite-temperature e! ec-

tive potential then casts as

Ve" (T, h) = Vtree (h) + V (1)
T =0 (h) + " VT (h, T ) , (12)

where

Vtree (h) =
1
2

m2h2 +
#
4

h4 +
$

8# 2 h6 (13)

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

Weinberg one-loop potential Þxed at the EW scale at
zero temperature, and " VT (h, T ) is the thermal con-
tribution obtained through the daisy resummation tech-
nique [44, 45] and the use of dimensional reduction within
the context of EWPT thermodynamics [46Ð49].

At tree-level, the e! ective Higgs potential acquires a
dominant thermal correction to the mass that reads as
CT2/ 2, where

C !
1
16

#
g"2 + 3g2 + 4y2

t + 4
m2

h

v2 + 36
$v2

# 2

$
, (14)

and whereg", 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 sector andmh is the Higgs boson mass which, at
tree-level, is given bym2

h = 2#v2+3v4$/ # 2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].

negative effective 
coupling!

A minimal scalar SU(2) triplet extension
Interaction Lagrangian with Higgs:

Field Spin SU(3)C SU(2)L U(1)Y sign( öT) öS
! 0 1 3 0 + !
! 1 0 1 3 1 " !
" 1 0 1 4 1/2 + !
" 3 0 1 4 3/2 " !
B 1 1 1 0 + !
B1 1 1 1 1 " !
W 1 1 3 0 " !
W1 1 1 3 1 + !
L 1 1 2 1/2 + / " !

Table 1: New physics states which can yield a tree-level contribution toöT via d # 4 interactions
with SM states. Highlighted in pink are the representations predicting a positive shift on öT.
The last column indicates whether a tree-level contribution to öS is generated (! ) or not ( ! ).

3.1 ! ! (1 , 3, 0)S

From the interaction Lagrangian

L int
! $ " ! ! H   ! a" aH "

#H !

2
(H   H )! a! a , (3.3)

one obtains
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! 2
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M 4
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, (3.4)

and hence

öT =
! 2

! v2

M 4
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= 0 .84! 10! 3
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" 2 !
8.5 TeV
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" 2

, (3.5)

which has the correct sign to explain theM W anomaly.
When the ! is not integrated out, the tree-level contribution to öT can be alternatively

understood to arise from the generation of a tree-level vacuum expectation value (VEV) for
! , that is %! & ' v! = ! ! v2/ (2M 2

! ). In general, the VEV of a scalar representationS (
(1, 2j + 1 , y) yields [26, 27]

öT ) 4
#

$[j (j + 1) " y2] " 2y2
$ %S&2

v2 , (3.6)

with %S&= %vS, where % = 1 ( % = 1 /
*

2) for a real (complex) representation andvS is the
VEV of the canonically normalized real scalar component ofS. In the caseS = ! this yields
öT ) ! 2

! v2/M 4
! , as in Eq. (3.5).

The connection between this scalar triplet and electroweak precision measurements was
previously considered e.g. in Refs. [28Ð30]. Note that the perturbativity range of the massive
! ! parameter can be obtained by requiring that Þnite loop corrections to the trilinear scalar
vertex ! H   H remain smaller than the tree-level value [31]. This yields |! ! |/M ! " 4& [32].
Hence, a scalar triplet well above the TeV scale and with perturbative couplings can explain
the value of öT while easily evading all direct collider searches. In particular, saturating the
perturbativity bound, it turns out that M ! " 100 TeV.

Other coe# cients which are unavoidably generated after integrating out ! are directly
correlated with öT via the coupling ! ! :

cH = " 4
! 2

!

M 4
!

!
#H !

8
" #

"
= " 4

öT

v2

!
#H !

8
" #

"
, (3.7)

6

Field Spin SU(3)C SU(2)L U(1)Y sign( öT) öS
! 0 1 3 0 + !
! 1 0 1 3 1 " !
" 1 0 1 4 1/2 + !
" 3 0 1 4 3/2 " !
B 1 1 1 0 + !
B1 1 1 1 1 " !
W 1 1 3 0 " !
W1 1 1 3 1 + !
L 1 1 2 1/2 + / " !

Table 1: New physics states which can yield a tree-level contribution toöT via d # 4 interactions
with SM states. Highlighted in pink are the representations predicting a positive shift on öT.
The last column indicates whether a tree-level contribution to öS is generated (! ) or not ( ! ).

3.1 ! ! (1 , 3, 0)S

From the interaction Lagrangian

L int
! $ " ! ! H   ! a" aH "

#H !

2
(H   H )! a! a , (3.3)

one obtains

cHD = " 2
! 2

!

M 4
!

, (3.4)

and hence

öT =
! 2

! v2

M 4
!

= 0 .84! 10! 3
!

|! ! |
M !

" 2 !
8.5 TeV

M !

" 2

, (3.5)

which has the correct sign to explain theM W anomaly.
When the ! is not integrated out, the tree-level contribution to öT can be alternatively

understood to arise from the generation of a tree-level vacuum expectation value (VEV) for
! , that is %! & ' v! = ! ! v2/ (2M 2

! ). In general, the VEV of a scalar representationS (
(1, 2j + 1 , y) yields [26, 27]

öT ) 4
#

$[j (j + 1) " y2] " 2y2
$ %S&2

v2 , (3.6)

with %S&= %vS, where % = 1 ( % = 1 /
*

2) for a real (complex) representation andvS is the
VEV of the canonically normalized real scalar component ofS. In the caseS = ! this yields
öT ) ! 2

! v2/M 4
! , as in Eq. (3.5).

The connection between this scalar triplet and electroweak precision measurements was
previously considered e.g. in Refs. [28Ð30]. Note that the perturbativity range of the massive
! ! parameter can be obtained by requiring that Þnite loop corrections to the trilinear scalar
vertex ! H   H remain smaller than the tree-level value [31]. This yields |! ! |/M ! " 4& [32].
Hence, a scalar triplet well above the TeV scale and with perturbative couplings can explain
the value of öT while easily evading all direct collider searches. In particular, saturating the
perturbativity bound, it turns out that M ! " 100 TeV.

Other coe# cients which are unavoidably generated after integrating out ! are directly
correlated with öT via the coupling ! ! :

cH = " 4
! 2

!

M 4
!

!
#H !

8
" #

"
= " 4

öT

v2

!
#H !

8
" #

"
, (3.7)

6

Field Spin SU(3)C SU(2)L U(1)Y sign( öT) öS
! 0 1 3 0 + !
! 1 0 1 3 1 " !
" 1 0 1 4 1/2 + !
" 3 0 1 4 3/2 " !
B 1 1 1 0 + !
B1 1 1 1 1 " !
W 1 1 3 0 " !
W1 1 1 3 1 + !
L 1 1 2 1/2 + / " !

Table 1: New physics states which can yield a tree-level contribution toöT via d # 4 interactions
with SM states. Highlighted in pink are the representations predicting a positive shift on öT.
The last column indicates whether a tree-level contribution to öS is generated (! ) or not ( ! ).

3.1 ! ! (1 , 3, 0)S

From the interaction Lagrangian

L int
! $ " ! ! H   ! a" aH "

#H !

2
(H   H )! a! a , (3.3)

one obtains

cHD = " 2
! 2

!

M 4
!

, (3.4)

and hence

öT =
! 2

! v2

M 4
!

= 0 .84! 10! 3
!

|! ! |
M !

" 2 !
8.5 TeV

M !

" 2

, (3.5)

which has the correct sign to explain theM W anomaly.
When the ! is not integrated out, the tree-level contribution to öT can be alternatively

understood to arise from the generation of a tree-level vacuum expectation value (VEV) for
! , that is %! & ' v! = ! ! v2/ (2M 2

! ). In general, the VEV of a scalar representationS (
(1, 2j + 1 , y) yields [26, 27]

öT ) 4
#

$[j (j + 1) " y2] " 2y2
$ %S&2

v2 , (3.6)

with %S&= %vS, where % = 1 ( % = 1 /
*

2) for a real (complex) representation andvS is the
VEV of the canonically normalized real scalar component ofS. In the caseS = ! this yields
öT ) ! 2

! v2/M 4
! , as in Eq. (3.5).

The connection between this scalar triplet and electroweak precision measurements was
previously considered e.g. in Refs. [28Ð30]. Note that the perturbativity range of the massive
! ! parameter can be obtained by requiring that Þnite loop corrections to the trilinear scalar
vertex ! H   H remain smaller than the tree-level value [31]. This yields |! ! |/M ! " 4& [32].
Hence, a scalar triplet well above the TeV scale and with perturbative couplings can explain
the value of öT while easily evading all direct collider searches. In particular, saturating the
perturbativity bound, it turns out that M ! " 100 TeV.

Other coe# cients which are unavoidably generated after integrating out ! are directly
correlated with öT via the coupling ! ! :

cH = " 4
! 2

!

M 4
!

!
#H !

8
" #

"
= " 4

öT

v2

!
#H !

8
" #

"
, (3.7)

6

Integrating out heavy triplet:

the same effect in T can be recast in

terms of the adjoint VEV
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with SM states. Highlighted in pink are the representations predicting a positive shift on öT.
The last column indicates whether a tree-level contribution to öS is generated (! ) or not ( ! ).
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W +

W +

W +

! ++ , ! +

! # , ! 0

a)

b)

FIG. 1: Example Feynman diagrams for the a) tree-level con-
tribution of the triplet ! to the W -boson mass from the triplet
vacuum expectation value; b) loop-level contribution induced
by non-degenerate triplet components. Similar diagrams exist
for the Z boson.

from Ref. [4] in the following and map them onto param-
eters of the triplet model.

At tree-level, the triplet seesaw model contributes only
to T, usually expressed through the! parameter [50] via
! = 1 + " EM T,

T ! "
2

" EM

v2
!

v2 ! " 4 # 10! 3
! v!

GeV

" 2
, (7)

illustrated in Fig. 1 (a) [40]. This has the wrong sign,
making the tension with the CDF result even worse.
Luckily, at one-loop level (Fig. 1 (b)) we can obtain pos-
itive contributions to T that dominate over the tree-level
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The combination
#
#(M  

! M ! )eµ
#
#2

only depends on known
neutrino oscillation parameters [57] and is limited from
below by (0.016 eV)4, using the 2%range from Ref. [58].
The current limit BR( µ & e&) < 4.2 # 10! 13 [59] then
yields a conservative boundv! > 10 eV in the preferred
parameter space of Fig.2. A similar bound was derived
in Ref. [60]. µ & 3e [61] naively gives stronger con-
straints on v! up to keV, but only assuming that all
entries in M ! are of similar order; if nature has picked
e.g. |(M ! )ee| $ |(M ! )µe | instead Ð thus suppressing neu-
trinoless double-beta decay beyond testability Ðµ & 3e

1 Negative values for S and ! 4 are only allowed at 2 " in this Þt [ 4]
and require rather large |! 4 | " 5; see Ref. [53] for a discussion of
the triplet model in this parameter region.
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which receives relatively large corrections due to Higgs
interactions with the scalar triplet.

II. MINIMAL SUL (2) TRIPLET EXTENSION:
M W -ANOMALY AND FOPT

The CDF-II measurement of theW boson massM W sug-
gests an anomaly in the öT-parameter [28] (in particular,
under an assumption of öU = 0), namely

öT ! (0.84± 0.14) " 10! 3 , (1)

cHD = # (0.17± 0.07/ TeV) 2 , (2)

with cHD being the coupling related to the E! ective Field
Theory (EFT) operator expressed by

cHD OHD = cHD (H   Dµ H )(( Dµ H )  H ) , (3)

and the öT-parameter by

öT = #
v2

2
cHD . (4)

A possible simple explanation that has been suggested
is to introduce a new state, " = (1 , 3, 0) of massM ! ,
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 La-
grangian term

L T = # k! H   " á! H + h .c. , (5)

where ! denotes the Pauli matrices. Integrating out the
massive state" , the interaction term (5) directly gener-
ates negative coupling in the EFT operator 3

cHD = # 2
k2

!

M 4
!

, (6)

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

öT =
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! v2

M 4
!

= 0 .84" 10! 3
!

|k! |
M !

" 2 !
8.5 TeV

M !

" 2

. (7)

This is a tree-level e! ect suggesting that the SU(2)L
scalar triplet can be in a multi-TeV mass range. Nonethe-
less, saturating the perturbativity bound |k! |/M ! $ 4" ,
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#bare hence receives a tree-
level correction, according to# = #bare + ( k! /m ! )2. In
what follows, we consider the full Higgs quartic coupling
# = m2/ 2v2 (with m2 being the Higgs mass parameter
in the Lagrangian and v ! 246 GeV Ð the Higgs vacuum

expectation value) rather than #bare , 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 % (" á! )( " á! )( " á! ). Integrating out " -states,
Eqs. (5) and (8) generate the following six-dimensional
operator

$
# 2 (H   H )3 + h .c. (9)

in terms of the cuto! scale# , where

$
# 2 =

µ! k3
!

3M 6
!

. (10)

The latter recasts as

#
&

$
=

&
3M 3

!
&

µ! k3/ 2
!

, (11)

with $ ! 4" as a perturbativity bound. Note, the six-
dimensional operator (9) appears to be a crucial contri-
bution 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 Þnite-temperature e! ec-

tive potential then casts as

Ve" (T, h) = Vtree (h) + V (1)
T =0 (h) + " VT (h, T ) , (12)

where

Vtree (h) =
1
2

m2h2 +
#
4

h4 +
$

8# 2 h6 (13)

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

Weinberg one-loop potential Þxed at the EW scale at
zero temperature, and " VT (h, T ) is the thermal con-
tribution obtained through the daisy resummation tech-
nique [44, 45] and the use of dimensional reduction within
the context of EWPT thermodynamics [46Ð49].

At tree-level, the e! ective Higgs potential acquires a
dominant thermal correction to the mass that reads as
CT2/ 2, where

C !
1
16

#
g"2 + 3g2 + 4y2

t + 4
m2

h

v2 + 36
$v2

# 2

$
, (14)

and whereg", 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 sector andmh is the Higgs boson mass which, at
tree-level, is given bym2

h = 2#v2+3v4$/ # 2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].
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d=6 Higgs self-interaction term:

effective operator below the cutoff scale:

d=6 contribution to the Higgs potential is important for 
the nature and the strength of the EW phase transition

due to an adjoint VEV, we have
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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
Þrst-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 speciÞc 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 the W 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.

I. INTRODUCTION

The CDF II Collaboration has recently reported a new
and quite unexpected result from the W boson mass
measurement [1], which lies 7.2! away from theoreti-
cal predictions of the Standard Model (SM) of particle
physics [2]. In order to explain this anomaly, several sce-
narios beyond the SM have been recently suggested in
the literature. In particular, new states have been in-
corporated including additional SU(2)L Higgs doublets,
vector-like fermion SU(2)L triplets, vector-like top part-
ners, leptoquarks, singlet-doublet fermion pairs, scalar
SU(2)L triplets and quadruplets, right-handed neutrinos,
Z " and extra vector bosons, FIMP dark matter modes,
U(1)L µ # L ! modes, vectorlike quarks, canonical scoto-
genic neutrino-dark matter modes,U(1)L µ # L ! vector-like
leptons Ñ see e.g. Refs. [3Ð37]. Also a top-down moti-
vated 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 uncer-
tainty and electroweak precision tests for the correct in-
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terpretation of the result and the prospect on new physics
has been delved in [41Ð43].

" ! Tr[ !   !!   ! ] !
µ!

3
! 3 µ! " " ! v! (1)

This large and statistically signiÞcant 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 Þrst-order phase transi-
tion (FOPT) in the early Universe. At the Þrst sight,
a relation between the W mass anomaly and the order
of cosmological phase transitions may appear not so di-
rect and clear. Certainly, the answer would be model-
dependent.

In this short letter, we do not pretend to be exhaus-
tive in covering the wealth of phenomenologically allowed
models that address this broad research topic. We rather
seek to answer questions related to the aforementioned
relevant issues, focusing on a speciÞc simpliÞed frame-
work that relates the parameter space of EWPTs to a
possible explanation of theM W -anomaly. SpeciÞcally,
the model we consider is based on a minimal scalar-triplet
extension of the SM scalar sector providing a natural ex-
planation of the anomaly as suggested earlier in Ref. [6].
Even without providing here a detailed scan of the pa-
rameter space of the considered minimal model, this sim-
pliÞed approach will nevertheless help us gain intuition

Other contributions to this operator
come from quartics:
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This large and statistically signiÞcant 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 Þrst-order phase transi-
tion (FOPT) in the early Universe. At the Þrst sight,
a relation between the W mass anomaly and the order
of cosmological phase transitions may appear not so di-
rect and clear. Certainly, the answer would be model-
dependent.

In this short letter, we do not pretend to be exhaus-
tive in covering the wealth of phenomenologically allowed
models that address this broad research topic. We rather
seek to answer questions related to the aforementioned
relevant issues, focusing on a speciÞc simpliÞed frame-
work that relates the parameter space of EWPTs to a

Field Spin SU(3)C SU(2)L U(1)Y sign( öT) öS
! 0 1 3 0 + !
! 1 0 1 3 1 " !
" 1 0 1 4 1/2 + !
" 3 0 1 4 3/2 " !
B 1 1 1 0 + !
B1 1 1 1 1 " !
W 1 1 3 0 " !
W1 1 1 3 1 + !
L 1 1 2 1/2 + / " !

Table 1: New physics states which can yield a tree-level contribution toöT via d # 4 interactions
with SM states. Highlighted in pink are the representations predicting a positive shift on öT.
The last column indicates whether a tree-level contribution to öS is generated (! ) or not ( ! ).
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which has the correct sign to explain theM W anomaly.
When the ! is not integrated out, the tree-level contribution to öT can be alternatively

understood to arise from the generation of a tree-level vacuum expectation value (VEV) for
! , that is %! & ' v! = ! ! v2/ (2M 2

! ). In general, the VEV of a scalar representationS (
(1, 2j + 1 , y) yields [26, 27]
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#
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$ %S&2

v2 , (3.6)

with %S&= %vS, where % = 1 ( % = 1 /
*

2) for a real (complex) representation andvS is the
VEV of the canonically normalized real scalar component ofS. In the caseS = ! this yields
öT ) ! 2

! v2/M 4
! , as in Eq. (3.5).

The connection between this scalar triplet and electroweak precision measurements was
previously considered e.g. in Refs. [28Ð30]. Note that the perturbativity range of the massive
! ! parameter can be obtained by requiring that Þnite loop corrections to the trilinear scalar
vertex ! H   H remain smaller than the tree-level value [31]. This yields |! ! |/M ! " 4& [32].
Hence, a scalar triplet well above the TeV scale and with perturbative couplings can explain
the value of öT while easily evading all direct collider searches. In particular, saturating the
perturbativity bound, it turns out that M ! " 100 TeV.

Other coe# cients which are unavoidably generated after integrating out ! are directly
correlated with öT via the coupling ! ! :
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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
Þrst-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 speciÞc 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 the W 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.

I. INTRODUCTION

The CDF II Collaboration has recently reported a new
and quite unexpected result from the W boson mass
measurement [1], which lies 7.2! away from theoreti-
cal predictions of the Standard Model (SM) of particle
physics [2]. In order to explain this anomaly, several sce-
narios beyond the SM have been recently suggested in
the literature. In particular, new states have been in-
corporated including additional SU(2)L Higgs doublets,
vector-like fermion SU(2)L triplets, vector-like top part-
ners, leptoquarks, singlet-doublet fermion pairs, scalar
SU(2)L triplets and quadruplets, right-handed neutrinos,
Z " and extra vector bosons, FIMP dark matter modes,
U(1)L µ # L ! modes, vectorlike quarks, canonical scoto-
genic neutrino-dark matter modes,U(1)L µ # L ! vector-like
leptons Ñ see e.g. Refs. [3Ð37]. Also a top-down moti-
vated 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 uncer-
tainty and electroweak precision tests for the correct in-
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EW phase transitions10.1. Order of Phase Transition 221

Fig. 10.3 Shapes of the e! ective potential Ve! (! ) at various temperatures: upper darker curves
correspond to higher temperatures. Left and right panels describe systems with 1st and 2nd order
phase transition, respectively. Black circles show the expectation value ! ! "T .

change of ! ! "T . The right part of Fig. 10.3 corresponds to the 2nd order phase
transition: the expectation value ! ! "T is a smooth function of temperature.

The famous example of the 1st order phase transition is boiling of liquid.
Examples of the 2nd order phase transition are transitions in ferromagnets, order-
disorder transitions in alloys of metals, transitions into superconducting and super-
ßuid states.

The notion of di! erent phases and respective phase transition is particularly
well-deÞned in the cases where the phases di! er by symmetry and/or there is a
parameter (called the order parameter) equal to zero in one phase and di! erent
from zero in the other. The above examples of the 2nd order phase transitions
belong to this category (the order parameter in ferromagnet is spontaneous mag-
netization, in superconductor it is the density of the Cooper pair condensate, etc.).
Another example is the chiral phase transition of QCD with massless quarks, the
order parameter here is quark condensate. If the system is such that there is no
order parameter, then phase transitions are also possible, but their existence or
absence may depend on internal or external parameters. A well-known example is
the water-vapor transition, which is of the 1st order at low pressure, and is not a
phase transition at all at high pressure. In the latter case, the substance properties
(e.g., density) change with temperature continuously, albeit rather quickly, so the
system exhibits a phenomenon called smooth crossover, rather than phase tran-
sition proper. The same situation occurs in the electroweak sector of the Standard
Model of particle physics: if gauge and Yukawa couplings are Þxed, then at small

220 Phase Transitions in the Early Universe

(a) (b)

Fig. 10.1 The e! ective Higgs potential at zero (a) and high (b) temperatures.

As the Universe cools down, the transition from!! "T = 0 to ! ! "T #= 0 occurs at a
certain temperature Tc, the temperature of the phase transition. Depending on the
parameters of the theory, the transition can be quite long or nearly instantaneous,
occur at once throughout the entire system, or proceed in its individual parts.

Two types of phase transitions are mostcommon; these are phase transitions
of the 1st and 2nd order. From the standpoint of the general formalism, 1st order
phase transition is accompanied by a jump in heat capacity; in Þeld theory this
corresponds to a jump in the expectation value! ! "T as a function of temper-
ature, see Fig. 10.2(a). On the contrary, 2nd order phase transition is characterized
by continuous behavior of the heat capacity and the expectation value! ! "T , see
Fig. 10.2(b). This di ! erence is illustrated in Fig. 10.3 where the families of e! ective
potentials Ve! (! , T ) as functions of! at various temperaturesT are shown. The left
panel of Fig. 10.3 shows the 1st order phase transition, culminating in an abrupt

(a) (b)

Fig. 10.2 The expectation value ! ! "T as a function of temperature for the systems with 1st order
(a) and 2nd order (b) phase transition.

1st order 2nd order
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High T ! classical motion in Euclidean space described by action öS3
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Effective potential: loop and thermal corrections
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T4
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$

%
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,

ö" ! solution of the e.o.m. found by the path that minimizes the energy.
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The choice of the RG scale! in the Þxed-order e! ective potential becomes particularly
relevant when a given mass is very di! erent from the EW VEV vh. In order to reduce the
dependence on the RG scale choice, in this case one typically employs the so-called RG-
improved e! ective potential where the couplings and masses are replaced by their running
values evaluated at the RG scale! . In our current analysis of EWPTs, we consider the
scalar boson masses and nucleation temperatures that are typically not very far from the EW
scale, vh ! 246 GeV, such that all the relevant potential parameters can be considered as
(approximately) Þxed at the RG scale and equal to the EW scale, i.e.! = vh in what follows.

The thermal correction term " V (T) at one loop is given by [76]:

" V (T) =
T4

2! 2

!
"

#

$

b

nbJB

%
m2

i (" ! )
T2

&
"

$

f

nf JF

%
m2

i (" ! )
T2

&
'
(

)
, (3.3)

where JB and JF are the thermal integrals for bosons and fermions, respectively, given by

JB/F (y2) =
* !

0
dx x2 log

+
1 # exp["

,
x2 + y2]

-
. (3.4)

In the Þrst non-trivial order of thermal expansion $ (m/T )2, the thermal corrections
can be represented as follows

" V (1) (T)|L.O. =
T2

24

!
"

#
Tr

.
M 2

!" (" ! )
/

+
$

i = W,Z, #

ni m2
i (" ! ) +

$

i = t,b,$

ni

2
m2

i (" ! )

'
(

)
, (3.5)

where all the Þeld-independent terms are dropped out. Here,M !" is the Þeld-dependent scalar
Hessian matrix, andni are the numbers of d.o.fÕs for a given particlei . In particular, for the
SM vector bosons (W, Z and transversely polarised photonAT % #), (øt, øb) t, b (anti)quarks
and $-lepton we have

nW = 6 , nZ = 3 , n# = 2 , nt,b = 12, n$ = 4 . (3.6)

while for longitudinally polarised photon (AL ) and the scalar sector

ns = 10, nA L = 1 . (3.7)

Appearance ofT2-terms in " V (1) (T) signals a symmetry restoration at high temperatures.
At the same time, the emergence of higher-order terms with possibly alternating signs in the
e! ective potential are responsible for building an important barrier between the high- and
low-T phases. Such a barrier a! ects, in particular, the character of the corresponding phase
transition capable of turning a second-order transition to a Þrst-order one.

Since the trace of the Hessian in Eq. (3.5) is basis invariant, in practical calculations in
the leading-orderO((m/T )2) it is particularly convenient to use the gauge basis considering
only diagonal elements of the scalar mass form. Therefore, the leading thermal corrections
of order T2 would a! ect only quadratic (in mean-Þelds) terms of the tree-level potentialV0

given by Eq. (2.5). In this way, they preserve the shape ofV0 and a! ect only the masses of
the scalar Þelds.

The symmetry restoration due to T2-terms in the e! ective potential usually signals
the breakdown of perturbation theory in a close vicinity of the critical temperature. This
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Relative latent heat (PT strength):

Inverse time-scale of the PTs:

The strength of the phase transition conventionally denoted as! , is related to the latent
heat released in the FOPT at the bubble percolation temperatureT! . It is deÞned via the trace
anomaly [29,30] as follows

! =
1
" !

!
Vi ! Vf !

T!

4

" #Vi

#T
!

#Vf

#T

#$
, (33)

where

" ! = g!
$2

30
T4

! (34)

is the energy density of the radiation medium at the bubble percolation epoch written as a
function of the e! ective number of relativistic degrees of freedom,g! " 108.75 for scenario 1 and
2, and g! = 114 for scenario 3 [31Ð34]. The values of the e! ective scalar potential before and
after the transition takes place, that is, in the symmetric and broken phases, respectively, are
written as Vi # Ve! (%i

h,S ; T! ) and Vf # Ve! (%f
h,S ; T! ). For an in-depth study about the strength

of the phase transition and the respective GW signal, see Ref. [35].
The second important characteristic of the FOPT is the inverse time-scale of the phase

transition denoted as & found in units of the Hubble parameter H , such that

&
H

= T!
#

#T

%
öS3

T

& '
'
'
'
'
T!

, (35)

where öS3 is the Euclidean action

öS3( ö%, T) = 4 $
( "

0
dr r 2

)
*

+
1
2

%
dö%
dr

& 2

+ Ve! ( ö%, T)

,
-

.
, (36)

given in terms of a solution of the equation of motion ö%which is usually found by calculating
the path that minimizes the energy of the Þeld (for more details, see e.g. Refs. [36, 37]). Here,
Ve! ( ö%, T) is the e! ective potential at a Þnite temperature T that can be computed for a given
particle physics model.

In this work, we consider only the case of non-runaway nucleated bubbles,i.e. infra-luminal
wall expansion velocitiesvb < 1, following the formalism of Ref. [34] in order to estimate the
spectrum of primordial GWs. In the considered scenario the intensity of the GW radiation grows
with the ratio " v" /T ! , where

" v" = |vf
" ! vi

" | , %= h, ' (37)

is the di! erence between the VEVs of the initial (metastable) and Þnal (stable) phases at the
percolation temperature T! . The quantity " v" /T ! is another commonly used measure of the
strength of the phase transition, particularly relevant for EW baryogenesis. A phase transition
is said to be strongly Þrst-order if the order parametervc/T c > O(1), where vc is the value
of the Higgs VEV calculated at the critical temperature Tc. This is the sphaleron suppression
criterion that is one of the most important conditions for successful EW baryogenesis. In this
work, we consider" v" /T ! as the order parameter instead. This is not only because we have
phases with non-zero EW-singlet VEV which contribute to the sphaleron suppression but also
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" h"# R
, ! µ2
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There are three temperatures relevant to the phase transition. First the critical temperature
at which the e! ective potential has two degenerate minima. Second the nucleation temperature
Tn. Below the critical temperature the global minimum, that is, the true vacuum emerges and
the FOPT becomes e" cient if the transition probability is of order one per unit Hubble time
and Hubble volume. Hence, at the bubble nucleation temperature,Tn , the probability of one
transition per cosmological horizon volume is [24],

! tn

0
# VH (t) dt =

! !

Tn

dT
T

" 2%M Pl

T

#4
e" öS3/T = O(1) , (29)

where VH (t) is the volume of the cosmological horizon,%" 3 á10" 3, M Pl is the Planck scale,
and

# " A(T)e" öS3/T , A(T) = O(T4) , (30)

is the tunneling rate per unit time per unit volume [ 25, 26]. The condition (29) numerically
translates to the following equation [16,24,27]

öS3(Tn)
Tn

" 140, (31)

which can then be numerically solved with respect toTn.
Finally, another important temperature for the phase transition is the percolation tempera-

ture, deÞned as the temperature at which at least 34% of the false vacuum has tunnelled into
the true vacuum [28] or the probability of Þnding a point that is still in the false vacuum is 70%.
This condition forces the existence of a large connected structure of true vacuum that spans the
whole Universe, at the percolation temperature, such that it cannot collapse back into the false
vacuum. This large structure is designated as percolating cluster. The probability of Þnding a
point in the false vacuum is [28]

P(T) = e" I (T ) , I (T) =
4&v3

b

3

! Tc

T

#(T#)dT#

T#4H (T#)

$ ! T !

T

d ÷T

H ( ÷T)

%3

, (32)

and therefore, to Þnd the percolation temperature, one has to solveI (T$) = 0 .34 or, equivalently,
P(T$) = 0 .7.
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Characteristics of phase transitions

4 Primordial gravitational waves

Such violent processes in the early Universe as phase transitions are expected to leave a
stochastic background of primordial GWs as a signature. In the Þrst approximation, the
primordial stochastic GW background is statistically isotropic, stationary and Gaussian. Its
power spectrum is given by the energy-density of the GW radiation per logarithmic frequency

h2! GW (f ) !
h2

! c

"! GW

" log f
, (4.1)

where ! c is the critical energy density today. The production of GWs in the early Universe is
usually considered to be driven by three di! erent sources [96],

h2! GW " h2! coll + h2! SW + h2! MHD , (4.2)

due to collisions between the bubble walls [36], ! coll , the sound wave (SW) echoes gener-
ated after the phase transitions [38], ! SW, and the associated magnetohydrodynamic (MHD)
turbulences in the plasma [97], ! turb , respectively. Following the discussion in Ref. [98, 99],
we notice that the bubble wall collisions typically do not contribute to the GWs production
processes in the class of multi-scalar extensions of the SM under consideration. Only in a
hypothetical case of runaway bubbles corresponding to the situation when the bubble wall
undergoes unbounded acceleration, i.e.vb # 1, as# increases, the bubble wall collisions may
become relevant. However, we do not consider this limit in our analysis and hence we no
longer discuss the runaway bubbles and the bubble-wall collisions e! ect.

In a recent study [100] the most recent understanding of GW production from cosmo-
logical phase transitions is discussed, updating the formalism in [96]. Note that the state of
the art expressions derived in [100] do not account for MHD-turbulence e! ects due to large
theoretical uncertainties. Therefore, we will only consider SW contributions in the remainder
of this study.

The key quantities needed for the computation of the GWs power spectrum are the
inverse time-scale$ of the phase transition (in units of the Hubble parameterH ),

$
H

= Tn
"

" T

!
öS3

T

" #
#
#
#
#
Tn

, (4.3)

and the strength of the phase transition,#, typically deÞned through the trace anomaly as
[39, 98]

# =
1
! !

$
Vi $ Vf $

T
4

%" Vi

" T
$

" Vf

" T

&'
, (4.4)

where Tn is the nucleation temperature, öS3 is the Euclidean action introduced above,Vi

and Vf the values of the potential in the initial (metastable) and Þnal (stable) phases of the
e! ective potential, and

! ! = g!
%2

30
T4

n , g! " 106.75, (4.5)

is the energy density of the radiation medium at the bubble nucleation epoch found in terms
of the number of relativistic d.o.f.Õs.g! . For a more detailed discussion, see e.g. Refs. [17,
96, 100, 101]. Both quantities $/H and # require a comprehensive knowledge of the e! ective
potential Ve! (&" ; T) and are numerically computed using theCosmoTransitions package [85]
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Dynamics of phase transitions

Nucleation temperature

Nucleation temperature Tn ! the PT does effectively occur !
vacuum bubble nucleation processes

SatisÞesTn < Tc, where Tc is the critical temperature !
degenerate minima

Corresponds to probability to realize one transition per cosmological
horizon volume equal one

!
H4 ! 1 "

öS3

Tn
! 140

The phase transition rate

! ! T4

!
öS3

2" T

" 3/ 2

exp
#

! öS3/ T
$

.

This formalism is implemented in CosmoTransitions package
(WainwrightÕ12)
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is the energy density of the radiation medium at the bubble percolation epoch written as a
function of the e! ective number of relativistic degrees of freedom,g! " 108.75 for scenario 1 and
2, and g! = 114 for scenario 3 [31Ð34]. The values of the e! ective scalar potential before and
after the transition takes place, that is, in the symmetric and broken phases, respectively, are
written as Vi # Ve! (%i

h,S ; T! ) and Vf # Ve! (%f
h,S ; T! ). For an in-depth study about the strength

of the phase transition and the respective GW signal, see Ref. [35].
The second important characteristic of the FOPT is the inverse time-scale of the phase

transition denoted as & found in units of the Hubble parameter H , such that

&
H

= T!
#

#T

%
öS3

T

& '
'
'
'
'
T!

, (35)

where öS3 is the Euclidean action

öS3( ö%, T) = 4 $
( "

0
dr r 2

)
*

+
1
2

%
dö%
dr

& 2

+ Ve! ( ö%, T)

,
-

.
, (36)

given in terms of a solution of the equation of motion ö%which is usually found by calculating
the path that minimizes the energy of the Þeld (for more details, see e.g. Refs. [36, 37]). Here,
Ve! ( ö%, T) is the e! ective potential at a Þnite temperature T that can be computed for a given
particle physics model.

In this work, we consider only the case of non-runaway nucleated bubbles,i.e. infra-luminal
wall expansion velocitiesvb < 1, following the formalism of Ref. [34] in order to estimate the
spectrum of primordial GWs. In the considered scenario the intensity of the GW radiation grows
with the ratio " v" /T ! , where

" v" = |vf
" ! vi

" | , %= h, ' (37)

is the di! erence between the VEVs of the initial (metastable) and Þnal (stable) phases at the
percolation temperature T! . The quantity " v" /T ! is another commonly used measure of the
strength of the phase transition, particularly relevant for EW baryogenesis. A phase transition
is said to be strongly Þrst-order if the order parametervc/T c > O(1), where vc is the value
of the Higgs VEV calculated at the critical temperature Tc. This is the sphaleron suppression
criterion that is one of the most important conditions for successful EW baryogenesis. In this
work, we consider" v" /T ! as the order parameter instead. This is not only because we have
phases with non-zero EW-singlet VEV which contribute to the sphaleron suppression but also

8



11

Gravitational-wave power spectrum
GW power spectrum

GW power spectrum

GW energy density per logarithmic frequency (CapriniÕ09,Õ16; GrojeanÕ07;
HindmarshÕ14; JinnoÕ17; LeitaoÕ16 etc)

h2! GW ! h2

! c

d! GW
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in the 2HDSM extension of the SM under consideration. The corresponding GW signals for
each of the contributions in Eq. (4.2), are found schematically as

signal ! amplitude " spectral shape (f /f peak) , (4.6)

where f is the GW frequency, andf peak is the peak-frequency containing the redshift associ-
ated to the expansion of the Universe. In particular, the peak frequency expression that we
use reads

f peak = 26 " 10! 6
!

1
HR

" !
Tn

100

" # g"

100 GeV

$ 1
6 Hz (4.7)

where

HR =
H
!

(8" )
1
3 max (vb, cs) (4.8)

with R the mean bubble separation andcs = 1 /
#

3 the speed of sound in the plasma. The
quantity HR is typically determined at the percolation temperatureTp, however, and provided
that a large supercooling does not occur as in our numerical analysis,Tp $ Tn and both
Eqs. (4.7) and (4.8) can be calculated atTn. Let us also introduce the fraction of the kinetic
energy in the ßuid to the total bubble energy as

K =
#$

1 + $
(4.9)

where Þts to the e! ciency factor# were taken from [102] and can be consulted in AppendixA
for an easy reference. Another important quantity is the shock formation time-scale which
quantiÞes the time that the source of GW lasted. Using [99, 100] this can be written as

H %sh =
2

#
3

HR
K 1/ 2

. (4.10)

If the source lasted less than the Hubble time, that isH %sh < 1, then the peak energy density
today reads

h2! peak
GW = 1 .159" 10! 7

!
100
g"

" !
HR
#

cs

" 2

K
3
2 , (4.11)

while for the case of a source lasting approximately the Hubble time the amplitude of GW
gets enhanced taking the form

h2! peak
GW = 1 .159" 10! 7

!
100
g"

" !
HR
cs

" 2

K 2 , (4.12)

with the numerical factor on the r.h.s of both Eqs. (4.11) and (4.12) can be taken from [100].
Finally, the GW spectrum for various frequenciesf can be taken by multiplying the peak
amplitude by the spectral function and reads

h2! GW = h2! peak
GW

!
4
7

" ! 7
2

!
f

f peak

" 3 %
1 +

3
4

!
f

f peak

"& ! 7
2

. (4.13)

Note that Eqs. (4.11) to ( 4.13) are valid for deßagrations with bubble wall velocities below
the Chapman-Jouguet speedvb < v J = cs or for detonations with wall velocities above the
Chapman-Jouguet speedvb > v J with vJ given in Eq. (A.4). In what follows we will study
supersonic detonations withvb > v J.
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Finite-T effective potential & EW FOPTs

In unitary gauge, one-loop
effective Higgs potential:

2

which receives relatively large corrections due to Higgs
interactions with the scalar triplet.

II. MINIMAL SUL (2) TRIPLET EXTENSION:
M W -ANOMALY AND FOPT

The CDF-II measurement of theW boson massM W sug-
gests an anomaly in the öT-parameter [28] (in particular,
under an assumption of öU = 0), namely

öT ! (0.84± 0.14) " 10! 3 , (1)

cHD = # (0.17± 0.07/ TeV) 2 , (2)

with cHD being the coupling related to the E! ective Field
Theory (EFT) operator expressed by

cHD OHD = cHD (H   Dµ H )(( Dµ H )  H ) , (3)

and the öT-parameter by

öT = #
v2

2
cHD . (4)

A possible simple explanation that has been suggested
is to introduce a new state, " = (1 , 3, 0) of massM ! ,
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 La-
grangian term

L T = # k! H   " á! H + h .c. , (5)

where ! denotes the Pauli matrices. Integrating out the
massive state" , the interaction term (5) directly gener-
ates negative coupling in the EFT operator 3

cHD = # 2
k2

!

M 4
!

, (6)

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

öT =
k2

! v2

M 4
!

= 0 .84" 10! 3
!

|k! |
M !

" 2 !
8.5 TeV

M !

" 2

. (7)

This is a tree-level e! ect suggesting that the SU(2)L
scalar triplet can be in a multi-TeV mass range. Nonethe-
less, saturating the perturbativity bound |k! |/M ! $ 4" ,
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#bare hence receives a tree-
level correction, according to# = #bare + ( k! /m ! )2. In
what follows, we consider the full Higgs quartic coupling
# = m2/ 2v2 (with m2 being the Higgs mass parameter
in the Lagrangian and v ! 246 GeV Ð the Higgs vacuum

expectation value) rather than #bare , 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 % (" á! )( " á! )( " á! ). Integrating out " -states,
Eqs. (5) and (8) generate the following six-dimensional
operator

$
# 2 (H   H )3 + h .c. (9)

in terms of the cuto! scale# , where

$
# 2 =

µ! k3
!

3M 6
!

. (10)

The latter recasts as

#
&

$
=

&
3M 3

!
&

µ! k3/ 2
!

, (11)

with $ ! 4" as a perturbativity bound. Note, the six-
dimensional operator (9) appears to be a crucial contri-
bution 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 Þnite-temperature e! ec-

tive potential then casts as

Ve" (T, h) = Vtree (h) + V (1)
T =0 (h) + " VT (h, T ) , (12)

where

Vtree (h) =
1
2

m2h2 +
#
4

h4 +
$

8# 2 h6 (13)

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

Weinberg one-loop potential Þxed at the EW scale at
zero temperature, and " VT (h, T ) is the thermal con-
tribution obtained through the daisy resummation tech-
nique [44, 45] and the use of dimensional reduction within
the context of EWPT thermodynamics [46Ð49].

At tree-level, the e! ective Higgs potential acquires a
dominant thermal correction to the mass that reads as
CT2/ 2, where

C !
1
16

#
g"2 + 3g2 + 4y2

t + 4
m2

h

v2 + 36
$v2

# 2

$
, (14)

and whereg", 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 sector andmh is the Higgs boson mass which, at
tree-level, is given bym2

h = 2#v2+3v4$/ # 2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].
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Limit on the d=6 operator imposed by  
the strongly 1st order EW phase 

transition requirement yields:
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The ! /
!

! energy scale is limited in the range 480Ö
840 GeV [51], yielding the following bound for the " -
sector:

480 GeV!

!
3M 3

!
!

µ! k3/ 2
!

! 840 GeV. (15)

The FOPT conditions that must be satisÞed areTc > 0
and v(Tc)/T c > 1, in terms of the critical temperature of
the phase transition, Tc. These lead to the range in the
cuto# scale ! m " ! " ! M , which in turn corresponds
to the observed Higgs massmh = 125 GeV. This is
found employing the following relations for " , m param-
eters in the Higgs sector:m2 = m2

SM (1 # ! 2
M / 2! 2) and

" = " SM (1 # ! 2
M / ! 2), with ! M =

!
3! m =

!
3! v2/m 2,

and m2
SM , " SM being the SM counterparts.

The bounds imposed by the FOPT conditions allow
for a scalar triplet to be in a multi-TeV mass range. Sat-
urating the perturbative bounds for the triplet mass M !
as |k! |/M ! $ 4# and |µ! |/M ! $ 4#, the FOPT bounds
in Eq. (15) correspond to M ! $ 5 Ö 10 TeV.

A strong EW FOPT sources bubble nucleation via
quantum tunneling and thermal ßuctuations from a
metastable false vacuum to the true vacuum. The dy-
namics of phase transitions are characterized byT! , $, %
parameters. Here, T! stands for the percolation tem-
perature, at which the probability of Þnding a point in
the false vacuum is 0.7 [60]. The$ parameter reads
$ % &(T! )/ ' rad (T! ), with &(T) being the latent heat and
' rad (T) Ð the primordial plasma thermal energy. The%
parameter is the characteristic time scale of the EWPT,
and is related to the sized of the bubble as d $ vb/ %,
with vb being bubble wall expansion velocity. The key
parameters are all controlled by the e#ective scalar po-
tential according to the following relations:

$ =
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#g! (T! )T4
!

! T
4

d" V min
e" (T, h)
dT

# " V min
e" (T, h)

"

T = T!

,

(16)

%= #
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 " V min

e" (T, h) represents the
di#erence of the e#ective potential before and after the
transition takes place at T! .

The T! , $, %parameters introduced above character-
ize the GW energy spectrum, which receives three main
contributions 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 speciÞc Þeld theory provide an input for the semi-
analytical formulas, 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 Ñ see
e.g. Ref. [56, 57]).

FIG. 1: 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.

FIG. 2: Parametric scan realized by varying ! ! 1/ 2 ! the range
[480, 840] GeV.

We have performed a parametric scan by varying
! " 1/ 2! in the range [480, 840] GeV using a numerical
routine based on CosmoTransitions [62] to calculate
the phase transition parameters$ and %, as well as the
GWÕs peak amplitude (h2$ peak

GW ) and frequency (f peak ).
As shown in Fig. 2 one can notice that strong FOPTs
associated to the production of potentially visible GWs
at LISA and future interferometers restricts ! " 1/ 2! to
a narrow region of approximately [500, 510] GeV. Such
a result is rather tantalizing, not only because it cor-
responds to a TeV scale triplet, but, above all, this is
indeed the preferred region favoured by the CDF II W
mass anomaly.

Varying ! " 1/ 2! within the same range [480, 840] GeV,
we can show in Fig. 3 the signal-to-noise (SNR) ratio that
corresponds to points detectable by LISA. In particular,
for SNR greater than 10, one obtains! " 1/ 2! & 500GeV
or slightly smaller as, e.g. the Þrst point in Tab. I.

In Table I, 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. 4). As
we expected, for the three cases corresponding to the
benchmarks in Table I, we Þnd that non-runaway bubble
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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
Þrst-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 speciÞc 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 the W 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.

I. INTRODUCTION

The CDF II Collaboration has recently reported a new
and quite unexpected result from the W boson mass
measurement [1], which lies 7.2! away from theoreti-
cal predictions of the Standard Model (SM) of particle
physics [2]. In order to explain this anomaly, several sce-
narios beyond the SM have been recently suggested in
the literature. In particular, new states have been in-
corporated including additional SU(2)L Higgs doublets,
vector-like fermion SU(2)L triplets, vector-like top part-
ners, leptoquarks, singlet-doublet fermion pairs, scalar
SU(2)L triplets and quadruplets, right-handed neutrinos,
Z " and extra vector bosons, FIMP dark matter modes,
U(1)L µ # L ! modes, vectorlike quarks, canonical scoto-
genic neutrino-dark matter modes,U(1)L µ # L ! vector-like
leptons Ñ see e.g. Refs. [3Ð37]. Also a top-down moti-
vated 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 uncer-
tainty and electroweak precision tests for the correct in-
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terpretation of the result and the prospect on new physics
has been delved in [41Ð43].

" ! Tr[ !   !!   ! ] !
µ!

3
! 3 µ! " " ! v! (1)

cH (H   H )3 cH #
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!

M 4
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" " ! cH " " # 4" $
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480 GeV!
1

!
|cH |

! 840 GeV, (4)

This large and statistically signiÞcant 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 Þrst-order phase transi-
tion (FOPT) in the early Universe. At the Þrst sight,
a relation between the W mass anomaly and the order
of cosmological phase transitions may appear not so di-
rect and clear. Certainly, the answer would be model-
dependent.

In this short letter, we do not pretend to be exhaus-
tive in covering the wealth of phenomenologically allowed
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Vtree (h) =
1
2
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!
4

h4 +
"

8! 2 h6 (18)

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

Weinberg one-loop potential Þxed at the EW scale at
zero temperature, and " VT (h, T ) is the thermal con-
tribution obtained through the daisy resummation tech-
nique [44, 45] and the use of dimensional reduction within
the context of EWPT thermodynamics [46Ð49].

At tree-level, the e#ective Higgs potential acquires a
dominant thermal correction to the mass that reads as
CT2/ 2, where
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and whereg!, 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 sector andmh is the Higgs boson mass which, at
tree-level, is given bym2

h = 2 ! v2+3v4" / ! 2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].

As it was previously found in [44, 45, 51], the re-
quired condition to induce strong FOPTs in e#ective ex-
tensions of the Higgs sector with dimension-6 operators
implies that the ! /

"
" energy scale is limited in the range

480Ö840 GeV. In this article a concrete UV realization is
considered such that, using relation (16), one can recast
this range in terms of the " -sector parameters as
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! 840 GeV, (20)

which will be used as input in our numerical analysis.
The FOPT conditions that must be satisÞed areTc > 0
and v(Tc)/T c > 1, in terms of the critical temperature of
the phase transition, Tc. These lead to the range in the
cuto# scale ! m # ! # ! M , which in turn corresponds
to the observed Higgs massmh = 125 GeV. This is
found employing the following relations for ! , m param-
eters in the Higgs sector:m2 = m2

SM (1 $ ! 2
M / 2! 2) and

! = ! SM (1 $ ! 2
M / ! 2), with ! M =
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and m2
SM , ! SM being the SM counterparts.

The bounds imposed by the FOPT conditions allow for
a scalar triplet to be in a multi-TeV mass range. Saturat-
ing the perturbative bounds for the triplet mass M ! as
|k! |/M ! ! 4#, the FOPT bounds in Eq. (20) correspond
to M ! ! 5 Ö 10 TeV.
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parameter is the characteristic time scale of the EWPT,
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with vb being bubble wall expansion velocity. The key
parameters are all controlled by the e#ective scalar po-
tential according to the following relations:
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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 " V min

e" (T, h) represents the
di#erence of the e#ective potential before and after the
transition takes place at T" .

The T" , $, %parameters introduced above character-
ize the GW energy spectrum, which receives three main
contributions 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 speciÞc Þeld theory provide an input for the semi-
analytical formulas, 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 Ñ see
e.g. Ref. [56, 57]).

We have performed a parametric scan by varying! /
"

"
in the range [480, 840] GeV using a numerical routine
based onCosmoTransitions [62] to calculate the phase
transition parameters $ and %, as well as the GWÕs peak
amplitude (h2$ peak

GW ) and frequency (f peak ). As shown
in Fig. 1 one can notice that strong FOPTs associated
to the production of potentially visible GWs at LISA
and future interferometers restricts ! /

"
" 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 pre-
ferred region favoured by the CDF II W mass anomaly.
In particular, expressing the parametric scan in term of
öT, which is related to ! /

"
" through Eq. (13), we have

found that higher values of the parameter öT, related to
lower values of the energy range of! /

"
" , correspond to

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

Varying öT 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 öT = 0 .844& 10# 3, e.g. the Þrst point in
Tab. I, which corresponds to ! /

"
" ' 500 GeV.
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and whereg!, 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 sector andmh is the Higgs boson mass which, at
tree-level, is given bym2

h = 2 ! v2+3v4" / ! 2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].
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tensions of the Higgs sector with dimension-6 operators
implies that the ! /
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which will be used as input in our numerical analysis.
The FOPT conditions that must be satisÞed areTc > 0
and v(Tc)/T c > 1, in terms of the critical temperature of
the phase transition, Tc. These lead to the range in the
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to the observed Higgs massmh = 125 GeV. This is
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|k! |/M ! ! 4#, the FOPT bounds in Eq. (20) correspond
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quantum tunneling and thermal ßuctuations from a
metastable false vacuum to the true vacuum. The dy-
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parameters. Here, T" stands for the percolation tem-
perature, at which the probability of Þnding a point in
the false vacuum is 0.7 [60]. The$ parameter reads

$ % &(T" )/ ' rad (T" ), with &(T) being the latent heat and
' rad (T) Ð the primordial plasma thermal energy. The%
parameter is the characteristic time scale of the EWPT,
and is related to the sized of the bubble as d ! vb/ %,
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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 " V min

e" (T, h) represents the
di#erence of the e#ective potential before and after the
transition takes place at T" .

The T" , $, %parameters introduced above character-
ize the GW energy spectrum, which receives three main
contributions 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 speciÞc Þeld theory provide an input for the semi-
analytical formulas, 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 Ñ see
e.g. Ref. [56, 57]).

We have performed a parametric scan by varying! /
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in the range [480, 840] GeV using a numerical routine
based onCosmoTransitions [62] to calculate the phase
transition parameters $ and %, as well as the GWÕs peak
amplitude (h2$ peak

GW ) and frequency (f peak ). As shown
in Fig. 1 one can notice that strong FOPTs associated
to the production of potentially visible GWs at LISA
and future interferometers restricts ! /
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" 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 pre-
ferred region favoured by the CDF II W mass anomaly.
In particular, expressing the parametric scan in term of
öT, which is related to ! /

"
" through Eq. (13), we have

found that higher values of the parameter öT, related to
lower values of the energy range of! /
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" , correspond to

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

Varying öT 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 öT = 0 .844& 10# 3, e.g. the Þrst point in
Tab. I, which corresponds to ! /
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3

where

Vtree (h) =
1
2

m2h2 +
!
4

h4 +
"

8! 2 h6 (18)

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

Weinberg one-loop potential Þxed at the EW scale at
zero temperature, and " VT (h, T ) is the thermal con-
tribution obtained through the daisy resummation tech-
nique [44, 45] and the use of dimensional reduction within
the context of EWPT thermodynamics [46Ð49].

At tree-level, the e#ective Higgs potential acquires a
dominant thermal correction to the mass that reads as
CT2/ 2, where

C !
1
16

!
g!2 + 3g2 + 4y2

t + 4
m2

h

v2 + 36
" v2

! 2

"
, (19)

and whereg!, 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 sector andmh is the Higgs boson mass which, at
tree-level, is given bym2

h = 2 ! v2+3v4" / ! 2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].

As it was previously found in [44, 45, 51], the re-
quired condition to induce strong FOPTs in e#ective ex-
tensions of the Higgs sector with dimension-6 operators
implies that the ! /
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which will be used as input in our numerical analysis.
The FOPT conditions that must be satisÞed areTc > 0
and v(Tc)/T c > 1, in terms of the critical temperature of
the phase transition, Tc. These lead to the range in the
cuto# scale ! m # ! # ! M , which in turn corresponds
to the observed Higgs massmh = 125 GeV. This is
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M / ! 2), with ! M =
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and m2
SM , ! SM being the SM counterparts.

The bounds imposed by the FOPT conditions allow for
a scalar triplet to be in a multi-TeV mass range. Saturat-
ing the perturbative bounds for the triplet mass M ! as
|k! |/M ! ! 4#, the FOPT bounds in Eq. (20) correspond
to M ! ! 5 Ö 10 TeV.

A strong EW FOPT sources bubble nucleation via
quantum tunneling and thermal ßuctuations from a
metastable false vacuum to the true vacuum. The dy-
namics of phase transitions are characterized byT" , $, %
parameters. Here, T" stands for the percolation tem-
perature, at which the probability of Þnding a point in
the false vacuum is 0.7 [60]. The$ parameter reads

$ % &(T" )/ ' rad (T" ), with &(T) being the latent heat and
' rad (T) Ð the primordial plasma thermal energy. The%
parameter is the characteristic time scale of the EWPT,
and is related to the sized of the bubble as d ! vb/ %,
with vb being bubble wall expansion velocity. The key
parameters are all controlled by the e#ective scalar po-
tential according to the following relations:
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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 " V min

e" (T, h) represents the
di#erence of the e#ective potential before and after the
transition takes place at T" .

The T" , $, %parameters introduced above character-
ize the GW energy spectrum, which receives three main
contributions 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 speciÞc Þeld theory provide an input for the semi-
analytical formulas, 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 Ñ see
e.g. Ref. [56, 57]).

We have performed a parametric scan by varying! /
"

"
in the range [480, 840] GeV using a numerical routine
based onCosmoTransitions [62] to calculate the phase
transition parameters $ and %, as well as the GWÕs peak
amplitude (h2$ peak

GW ) and frequency (f peak ). As shown
in Fig. 1 one can notice that strong FOPTs associated
to the production of potentially visible GWs at LISA
and future interferometers restricts ! /

"
" 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 pre-
ferred region favoured by the CDF II W mass anomaly.
In particular, expressing the parametric scan in term of
öT, which is related to ! /

"
" through Eq. (13), we have

found that higher values of the parameter öT, related to
lower values of the energy range of! /

"
" , correspond to

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

Varying öT 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 öT = 0 .844& 10# 3, e.g. the Þrst point in
Tab. I, which corresponds to ! /

"
" ' 500 GeV.
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and whereg!, 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 sector andmh is the Higgs boson mass which, at
tree-level, is given bym2

h = 2 ! v2+3v4" / ! 2. In this work,
we compute the Coleman-Weinberg contribution and per-
form the bounce action calculations and the search for
FOPTs using the CosmoTransitions package [62].

As it was previously found in [44, 45, 51], the re-
quired condition to induce strong FOPTs in e#ective ex-
tensions of the Higgs sector with dimension-6 operators
implies that the ! /
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which will be used as input in our numerical analysis.
The FOPT conditions that must be satisÞed areTc > 0
and v(Tc)/T c > 1, in terms of the critical temperature of
the phase transition, Tc. These lead to the range in the
cuto# scale ! m # ! # ! M , which in turn corresponds
to the observed Higgs massmh = 125 GeV. This is
found employing the following relations for ! , m param-
eters in the Higgs sector:m2 = m2

SM (1 $ ! 2
M / 2! 2) and

! = ! SM (1 $ ! 2
M / ! 2), with ! M =
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and m2
SM , ! SM being the SM counterparts.

The bounds imposed by the FOPT conditions allow for
a scalar triplet to be in a multi-TeV mass range. Saturat-
ing the perturbative bounds for the triplet mass M ! as
|k! |/M ! ! 4#, the FOPT bounds in Eq. (20) correspond
to M ! ! 5 Ö 10 TeV.

A strong EW FOPT sources bubble nucleation via
quantum tunneling and thermal ßuctuations from a
metastable false vacuum to the true vacuum. The dy-
namics of phase transitions are characterized byT" , $, %
parameters. Here, T" stands for the percolation tem-
perature, at which the probability of Þnding a point in
the false vacuum is 0.7 [60]. The$ parameter reads

$ % &(T" )/ ' rad (T" ), with &(T) being the latent heat and
' rad (T) Ð the primordial plasma thermal energy. The%
parameter is the characteristic time scale of the EWPT,
and is related to the sized of the bubble as d ! vb/ %,
with vb being bubble wall expansion velocity. The key
parameters are all controlled by the e#ective scalar po-
tential according to the following relations:
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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 " V min

e" (T, h) represents the
di#erence of the e#ective potential before and after the
transition takes place at T" .

The T" , $, %parameters introduced above character-
ize the GW energy spectrum, which receives three main
contributions 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 speciÞc Þeld theory provide an input for the semi-
analytical formulas, 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 Ñ see
e.g. Ref. [56, 57]).

We have performed a parametric scan by varying! /
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in the range [480, 840] GeV using a numerical routine
based onCosmoTransitions [62] to calculate the phase
transition parameters $ and %, as well as the GWÕs peak
amplitude (h2$ peak

GW ) and frequency (f peak ). As shown
in Fig. 1 one can notice that strong FOPTs associated
to the production of potentially visible GWs at LISA
and future interferometers restricts ! /

"
" 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 pre-
ferred region favoured by the CDF II W mass anomaly.
In particular, expressing the parametric scan in term of
öT, which is related to ! /

"
" through Eq. (13), we have

found that higher values of the parameter öT, related to
lower values of the energy range of! /

"
" , correspond to

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

Varying öT 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 öT = 0 .844& 10# 3, e.g. the Þrst point in
Tab. I, which corresponds to ! /

"
" ' 500 GeV.
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The ! /
!

! energy scale is limited in the range 480Ö
840 GeV [51], yielding the following bound for the " -
sector:
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3M 3

!
!

µ! k3/ 2
!

! 840 GeV. (15)

The FOPT conditions that must be satisÞed areTc > 0
and v(Tc)/T c > 1, in terms of the critical temperature of
the phase transition, Tc. These lead to the range in the
cuto# scale ! m " ! " ! M , which in turn corresponds
to the observed Higgs massmh = 125 GeV. This is
found employing the following relations for " , m param-
eters in the Higgs sector:m2 = m2

SM (1 # ! 2
M / 2! 2) and

" = " SM (1 # ! 2
M / ! 2), with ! M =

!
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3! v2/m 2,

and m2
SM , " SM being the SM counterparts.

The bounds imposed by the FOPT conditions allow
for a scalar triplet to be in a multi-TeV mass range. Sat-
urating the perturbative bounds for the triplet mass M !
as |k! |/M ! $ 4# and |µ! |/M ! $ 4#, the FOPT bounds
in Eq. (15) correspond to M ! $ 5 Ö 10 TeV.

A strong EW FOPT sources bubble nucleation via
quantum tunneling and thermal ßuctuations from a
metastable false vacuum to the true vacuum. The dy-
namics of phase transitions are characterized byT! , $, %
parameters. Here, T! stands for the percolation tem-
perature, at which the probability of Þnding a point in
the false vacuum is 0.7 [60]. The$ parameter reads
$ % &(T! )/ ' rad (T! ), with &(T) being the latent heat and
' rad (T) Ð the primordial plasma thermal energy. The%
parameter is the characteristic time scale of the EWPT,
and is related to the sized of the bubble as d $ vb/ %,
with vb being bubble wall expansion velocity. The key
parameters are all controlled by the e#ective scalar po-
tential according to the following relations:
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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 " V min

e" (T, h) represents the
di#erence of the e#ective potential before and after the
transition takes place at T! .

The T! , $, %parameters introduced above character-
ize the GW energy spectrum, which receives three main
contributions 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 speciÞc Þeld theory provide an input for the semi-
analytical formulas, 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 Ñ see
e.g. Ref. [56, 57]).
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FIG. 1: 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.

FIG. 2: Parametric scan realized by varying ! ! 1/ 2 ! the range
[480, 840] GeV.

We have performed a parametric scan by varying
! " 1/ 2! in the range [480, 840] GeV using a numerical
routine based on CosmoTransitions [62] to calculate
the phase transition parameters$ and %, as well as the
GWÕs peak amplitude (h2$ peak

GW ) and frequency (f peak ).
As shown in Fig. 2 one can notice that strong FOPTs
associated to the production of potentially visible GWs
at LISA and future interferometers restricts ! " 1/ 2! to
a narrow region of approximately [500, 510] GeV. Such
a result is rather tantalizing, not only because it cor-
responds to a TeV scale triplet, but, above all, this is
indeed the preferred region favoured by the CDF II W
mass anomaly.

Varying ! " 1/ 2! within the same range [480, 840] GeV,
we can show in Fig. 3 the signal-to-noise (SNR) ratio that
corresponds to points detectable by LISA. In particular,
for SNR greater than 10, one obtains! " 1/ 2! & 500GeV
or slightly smaller as, e.g. the Þrst point in Tab. I.

In Table I, 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. 4). As
we expected, for the three cases corresponding to the
benchmarks in Table I, we Þnd that non-runaway bubble

4

FIG. 3: Scatter plots displaying the signal-to-noise (SNR) ratio
for the points detectable by LISA. The color bar denotes the

intensity of GW signals.

T! (GeV) ! " /H ! #" 1/ 2 ! (GeV) $! hz (%)
43.8 0.30 36.37 498.12 1.8
55.6 0.12 180.94 502.40 2.1
64.2 0.07 394.14 508.38 2.2

TABLE I: Benchmark FOPT solutions that can be
detected in future GW space/based interferometers.

solutions and sound shock wave and turbulence contribu-
tions are predominant with respect to bubblesÕ 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 considering the Higgs
trilinear coupling ! 3h is expressed by

! 3h = ! (1 + "h )
Ah3

6
, (18)

where A = 3m2
h /v and "h = 2 ! m / ! . Here "h varies

within the range 0.66 Ö 2, the values of which can be
compared with the hZ cross section data#hZ , with pre-
cision "! hZ = "#hZ / #hZ . CEPC can achieve the pre-
cision "! hZ " 1.6% at

#
s = 240 GeV collision energy,

corresponding to "h ($ = 1) = 0 .25 for integrated lumi-
nosity of 10ab! 1 Ñ see e.g. Refs.[51, 58]. Thus CEPC
can directly probe the model we considered testing both
EWPT and M W -anomaly from heavy scalar triplet Ñ
see Fig. 1 and Fig. 2.

Note that the measurement of the triple Higgs coupling
can achieve the statistical signiÞcance of 4.5# at a poten-
tial high-energy 27 TeV LHC (HE-LHC) upgrade [59].
This, together with the observed W -mass anomaly and a
possible primordial GWs detection, o" ers a striking op-
portunity for probing the considered triplet extension of
the SM in a not too distant future.

FIG. 4: Parametric regions of the mass of the triplet M ! [TeV]

and ! [T eV ] = ( µD )1/ 3k2/ 3
D / (3) 1/ 3 allowing FOPT (Green) and

GW detectable in LISA, u-DECIGO, BBO (Blue), in comparison
with CEPC test capability (orange). The exclusion region from

the perturbativity bound for ! -couplings is displayed (Red).

III. CONCLUSION

In this Letter, we have explored an interplay between the
recently observed anomaly detected in theW -mass mea-
surement by the CDF-II Collaboration and the dynamics
of the strong Þrst-order Electro-Weak (EW) phase transi-
tions. 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 trilinear self-coupling as well as a tri-
linear coupling to the Higgs boson. We have found that
even in this simpliÞed framework one can naturally ex-
plain the observed new physics correction to theW mass
while sourcing a strong Þrst-order EW phase transition
that potentially generates observable primordial gravita-
tional wave (GW) signatures in cosmology. The consid-
ered minimal extension of the SM shares common fea-
tures with a large class of more elaborate Beyond SM
scenarios that realise Þrst-order phase transitions in the
EW sector and, simultaneously, enables to describe the
CDF-II W mass anomaly. Our analysis shows that the
existence of potentially observable GW signatures implies
the triplet mass scale to be TeV-ish, which in turn is close
to the value preferred by theW mass anomaly. With this
example, our analysis explicitly demonstrates that such
a class of models can be probed by future GWs inter-
ferometers such as LISA, DECIGO, TianQin and TAIJI,
around the mHZ frequency scale, as well as from mea-
surements of the trilinear Higgs coupling in future linear
or circular colliders.
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The ! /
!

! energy scale is limited in the range 480Ö
840 GeV [51], yielding the following bound for the " -
sector:

480 GeV!

!
3M 3

!
!

µ! k3/ 2
!

! 840 GeV. (15)

The FOPT conditions that must be satisÞed areTc > 0
and v(Tc)/T c > 1, in terms of the critical temperature of
the phase transition, Tc. These lead to the range in the
cuto# scale ! m " ! " ! M , which in turn corresponds
to the observed Higgs massmh = 125 GeV. This is
found employing the following relations for " , m param-
eters in the Higgs sector:m2 = m2

SM (1 # ! 2
M / 2! 2) and

" = " SM (1 # ! 2
M / ! 2), with ! M =

!
3! m =

!
3! v2/m 2,

and m2
SM , " SM being the SM counterparts.

The bounds imposed by the FOPT conditions allow
for a scalar triplet to be in a multi-TeV mass range. Sat-
urating the perturbative bounds for the triplet mass M !
as |k! |/M ! $ 4# and |µ! |/M ! $ 4#, the FOPT bounds
in Eq. (15) correspond to M ! $ 5 Ö 10 TeV.

A strong EW FOPT sources bubble nucleation via
quantum tunneling and thermal ßuctuations from a
metastable false vacuum to the true vacuum. The dy-
namics of phase transitions are characterized byT! , $, %
parameters. Here, T! stands for the percolation tem-
perature, at which the probability of Þnding a point in
the false vacuum is 0.7 [60]. The$ parameter reads
$ % &(T! )/ ' rad (T! ), with &(T) being the latent heat and
' rad (T) Ð the primordial plasma thermal energy. The%
parameter is the characteristic time scale of the EWPT,
and is related to the sized of the bubble as d $ vb/ %,
with vb being bubble wall expansion velocity. The key
parameters are all controlled by the e#ective scalar po-
tential according to the following relations:

$ =
30

#g! (T! )T4
!

! T
4

d" V min
e" (T, h)
dT

# " V min
e" (T, h)

"

T = T!

,

(16)

%= #
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 " V min

e" (T, h) represents the
di#erence of the e#ective potential before and after the
transition takes place at T! .

The T! , $, %parameters introduced above character-
ize the GW energy spectrum, which receives three main
contributions 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 speciÞc Þeld theory provide an input for the semi-
analytical formulas, 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 Ñ see
e.g. Ref. [56, 57]).

FIG. 1: 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. 2: Parametric scan realized by varying ! ! 1/ 2 ! the range
[480, 840] GeV.

We have performed a parametric scan by varying
! " 1/ 2! in the range [480, 840] GeV using a numerical
routine based on CosmoTransitions [62] to calculate
the phase transition parameters$ and %, as well as the
GWÕs peak amplitude (h2$ peak

GW ) and frequency (f peak ).
As shown in Fig. 2 one can notice that strong FOPTs
associated to the production of potentially visible GWs
at LISA and future interferometers restricts ! " 1/ 2! to
a narrow region of approximately [500, 510] GeV. Such
a result is rather tantalizing, not only because it cor-
responds to a TeV scale triplet, but, above all, this is
indeed the preferred region favoured by the CDF II W
mass anomaly.

Varying ! " 1/ 2! within the same range [480, 840] GeV,
we can show in Fig. 3 the signal-to-noise (SNR) ratio that
corresponds to points detectable by LISA. In particular,
for SNR greater than 10, one obtains! " 1/ 2! & 500GeV
or slightly smaller as, e.g. the Þrst point in Tab. I.

In Table I, 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. 4). As
we expected, for the three cases corresponding to the
benchmarks in Table I, we Þnd that non-runaway bubble
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FIG. 3: Scatter plots displaying the signal-to-noise (SNR) ratio
for the points detectable by LISA. The color bar denotes the

intensity of GW signals.
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detected in future GW space/based interferometers.

solutions and sound shock wave and turbulence contribu-
tions are predominant with respect to bubblesÕ 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 considering the Higgs
trilinear coupling ! 3h is expressed by

! 3h = ! (1 + "h )
Ah3

6
, (18)

where A = 3m2
h /v and "h = 2 ! m / ! . Here "h varies

within the range 0.66 Ö 2, the values of which can be
compared with the hZ cross section data#hZ , with pre-
cision "! hZ = "#hZ / #hZ . CEPC can achieve the pre-
cision "! hZ " 1.6% at

#
s = 240 GeV collision energy,

corresponding to "h ($ = 1) = 0 .25 for integrated lumi-
nosity of 10ab! 1 Ñ see e.g. Refs.[51, 58]. Thus CEPC
can directly probe the model we considered testing both
EWPT and M W -anomaly from heavy scalar triplet Ñ
see Fig. 1 and Fig. 2.

Note that the measurement of the triple Higgs coupling
can achieve the statistical signiÞcance of 4.5# at a poten-
tial high-energy 27 TeV LHC (HE-LHC) upgrade [59].
This, together with the observed W -mass anomaly and a
possible primordial GWs detection, o" ers a striking op-
portunity for probing the considered triplet extension of
the SM in a not too distant future.

FIG. 4: Parametric regions of the mass of the triplet M ! [TeV]

and ! [T eV ] = ( µD )1/ 3k2/ 3
D / (3) 1/ 3 allowing FOPT (Green) and

GW detectable in LISA, u-DECIGO, BBO (Blue), in comparison
with CEPC test capability (orange). The exclusion region from

the perturbativity bound for ! -couplings is displayed (Red).

III. CONCLUSION

In this Letter, we have explored an interplay between the
recently observed anomaly detected in theW -mass mea-
surement by the CDF-II Collaboration and the dynamics
of the strong Þrst-order Electro-Weak (EW) phase transi-
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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 trilinear self-coupling as well as a tri-
linear coupling to the Higgs boson. We have found that
even in this simpliÞed framework one can naturally ex-
plain the observed new physics correction to theW mass
while sourcing a strong Þrst-order EW phase transition
that potentially generates observable primordial gravita-
tional wave (GW) signatures in cosmology. The consid-
ered minimal extension of the SM shares common fea-
tures with a large class of more elaborate Beyond SM
scenarios that realise Þrst-order phase transitions in the
EW sector and, simultaneously, enables to describe the
CDF-II W mass anomaly. Our analysis shows that the
existence of potentially observable GW signatures implies
the triplet mass scale to be TeV-ish, which in turn is close
to the value preferred by theW mass anomaly. With this
example, our analysis explicitly demonstrates that such
a class of models can be probed by future GWs inter-
ferometers such as LISA, DECIGO, TianQin and TAIJI,
around the mHZ frequency scale, as well as from mea-
surements of the trilinear Higgs coupling in future linear
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FIG. 1: Parametric scan displayed in öT , which varies within the
range [0.76, 0.84] ! 10! 3 .

FIG. 2: Scatter plots displaying the SNR for the points
detectable by LISA. The color bar denotes the value of öT . Higher

values of the range of öT correspond to higher intensities of the
GW signals.

In Tab. I, 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 Tab. I, we Þnd that non-runaway bubble
solutions and sound shock wave and turbulence contribu-
tions are predominant with respect to bubblesÕ 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 considering the Higgs
trilinear coupling ! 3h is expressed by
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Ah3
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where A = 3m2
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cision "! hZ = "#hZ / #hZ . CEPC can achieve the pre-
cision "! hZ " 1.6% at

#
s = 240 GeV collision energy,

corresponding to "h ($ = 1) = 0 .25 for integrated lumi-
nosity of 10ab! 1 Ñ see e.g. Refs.[51, 58]. Thus CEPC

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.

T" (GeV) ! " /H " öT #! hz (%)
43.8 0.30 36.37 0.844! 10! 3 3.02
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TABLE I: Benchmark FOPT solutions that can be
detected in future GW space-based interferometers.

can directly probe the model we considered testing both
EWPT and M W -anomaly from heavy scalar triplet Ñ
see Fig. 3 and Fig. 4.

Note that the measurement of the triple Higgs coupling
can achieve the statistical signiÞcance of 4.5# at a poten-
tial high-energy 27 TeV LHC (HE-LHC) upgrade [59].
This, together with the observed W -mass anomaly and a
possible primordial GWs detection, o" ers a striking op-
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could come from renormalizable extensions of the SM,
namely, models with vector-like quarks and a triplet
Higgs [20] or with additional scalar Þelds [7, 8]. Note
that, the last operator is able to realize a SFOPT and
the Þrst two can induce a sizable CP violation.

To investigate the EWPT, it is convenient to work with
the unitary gauge ! = h/

!
2. Accordingly, the tree-level

Higgs potential becomes:

Vtree (h) =
1
2

µ2h2 +
"
4

h4 +
#

8! 2 h6, (1)

and the one-loop Þnite-temperature e" ective potential
can be written as Ve! (h, T ) = Vtree (h) + V T =0

1 (h) +
# V T !=0

1 (h, T ), with V T =0
1 (h) being the one-loop Coleman-

Weinberg potential at T = 0, and # V T !=0
1 (h) the thermal

contribution with the daisy resummation [ 26]. In this
type of model the dominant contribution for the EWPT
is from the tree-level barrier, and hence, the e" ective
potential with Þnite temperature e" ects approximately
takes Ve! (h, T ) " !

8" 2 h6 + "
4 h4 + 1

2 (µ2 + c T2)h2, with

c = 1
16 (# 12! v2

" 2 + g"2 + 3g2 + 4y2
t + 4 m 2

h
v2 ), where the

coe$ cients g" and g are the U(1)Y and SU(2)L gauge
couplings, respectively, andyt is the top quark Yukawa
coupling in the SM. From the standard analysis of the
EW baryogenesis, the critical temperatureTc > 0 and the
washout factor v(Tc)/T c > 1 give the constraints on the
cuto" scale! min < ! < ! max , with ! max $

!
3#v2/m h

and ! min $ ! max /
!

3 =
!

#v2/m h . To Þx the observed
Higgs massmh = 125 GeV and the vacuum expecta-
tion value v, the parameters " and µ2 satisfy the rela-
tions: " = " SM

!
1 # " 2

max
" 2

"
and µ2 = µ2

SM

!
1 # " 2

max
2" 2

"
,

with ! max $
!

3#v2/m h . In addition, the perturbativity
requires that # < 4$. If one chooses a larger#, how-
ever, a larger bound for ! max may be achieved. For
mh = 125 GeV, there is 480 GeV< ! /

!
# < 840 GeV,

as required by the SFOPT.
A novel consequence of this e" ective theory is that
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model %h varies from 2/ 3 to 2. It turns out that one can
test the EW baryogenesis by probing the deviation of
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s =

240 GeV, the one-loop contribution to hZ cross section
(&hZ ) beyond the SM will be dominated by the modiÞed
trilinear Higgs coupling [20]. Therefore, a deviation of
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25%. In our scenario, %h ' (2/ 3, 2), and hence, the
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Summary

¥ A simple model with heavy scalar triplet provides potentially 
observable new signatures (W mass correction, triple-Higgs 
coupling, FOPTs & GWs) and addresses some of the 
fundamental questions (e.g. neutrino mass)  

¥ Primordial gravitational waves represent a complimentary 
source of information to the collider measurements (such as 
HE-LHC and Circular e+e- Collider)  

¥ Combining W mass, future measurements of triple  
Higgs coupling and primordial GWs would provide  
strong case of probing such a class of models BSM


