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We propose a UV-complete extension of the Standard Model in which a gauge-singlet scalar S acquires a
vacuum expectation value, generates a Majorana mass for a sterile neutrino N, and mixes with the Higgs
field. This framework addresses neutrino masses via a seesaw mechanism and, for sufficiently large scalar
mixing, can also drive a strong first-order electroweak phase transition, producing gravitational-wave (GW)
signals potentially detectable by GW observatories. The Higgs—S mixing also enhances sterile-neutrino
pair production at colliders through s-channel exchange of the Higgs and S. Owing to the small active—
sterile mixing angle, N is generically long-lived, yielding characteristic displaced-vertex signatures. The
combination of GW observations and displaced-vertex searches at colliders provides complementary cross-

checks of the model parameter space.
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I. INTRODUCTION

As one of the most straightforward extensions to the
standard model (SM), the sterile neutrino, also known as
heavy righthanded neutrinos, receives tremendous attention
and investigation due to its natural solution to the neutrino
mass puzzle via the well-known seesaw mechanism [1-6].
The mechanism is named after a seesaw because the masses
of the light lefthanded neutrinos and the sterile neutrino
are inversely related. Building on this basic idea, several
variants of the seesaw mechanisms are developed, such
as the type-I, type-II, hybrid, inverse, and linear seesaw
mechanisms [7-10]. For the type-I seesaw, the mass m,_of
the sterile neutrino and the mixing angle 6 between the
active and sterile neutrino are fixed by 0~ \/m, , /m,,
where m,  is the SM neutrino mass. Given the upper
limits on the active neutrino mass, m, < 0.1 ¢V,
the mixing angle is constrained to be approximately

0~ /m,, [m, <1076 JIOCN 1] 12] This extremely
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tiny mixing angle makes the study of sterile neutrinos at
colliders challenging, especially when their masses are
heavier than those of the W and Z bosons.

In recent years, numerous searches have been imple-
mented to constrain the possible mass range and interaction
form of sterile neutrinos via collider, cosmology, dedicated
neutrino measurement, and other relevant experiments
[13-26], which greatly enriched and deepened people’s
understanding of sterile neutrinos. Among these experi-
ments, high-energy colliders, the most feasible and reliable
platform to explore sterile neutrinos, are a very active
research area in particle physics. Generally, in terms of the
experimental level, in order to probe the sterile neutrinos,
their mixing angles with active neutrinos and their masses
are usually taken to be independent. As a result, plenty of
model-independent searches are applied in a broad mass
range from eV to TeV. For the case below GeV, peak
searches in the energy spectra of charged pseudoscalar-
meson leptonic decays [27], lepton universality ratio
tests [28,29], and lepton number violation investigations
[30-33] have been explored. For masses above GeV and
lighter than SM gauge boson, many studies focus on its
long-lived signature searches at CMS and ATLAS [34-43],
where its long-lived feature usually comes from the three-
body decays. Their direct production is usually difficult for
masses above the Higgs boson due to the heavy mass and
tiny mixing angle. In Ref. [44], the authors discussed the
potential to directly probe this heavy sterile neutrino at
the future electron—proton (Ion) colliders, such as LHeC
and EIC. Moreover, over the past few years, due to the
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relatively small SM background and high effective center-
of-mass energy of muon colliders [45-50], some projected
predictions at muon colliders have been made regarding the
possibility of sterile neutrinos [51-58].

Apart from the collider searches, people also have
discussed the possible generating mechanism of the sterile
neutrino as the dark matter from first-order phase transition
(FOPT) in the early Universe [59,60], where the specific
generation mechanism from Q-ball decays formed from
FOPT, from the resonance with the help of lepton asym-
metry, or from the first-order QCD phase transitions, are
investigated. In these papers, since sterile neutrinos are
required to be dark matter, their masses can be typically
light to satisfy cosmological and astrophysical constraints.
They also discussed possible detection of gravitational
waves (GWs), formed during the phase transition, in future
observations. These studies offer new insights into the
generation mechanism of sterile neutrino dark matter and
provide potential exploration methods utilizing the present
and future gravitational-wave observations. Consequently,
it is reasonable to drill into the possible research of sterile
neutrinos not only at the ground-based operable colliders
but also in the GW experiments once there is an additional
scalar potential [61-64].

In terms of the typical type-I seesaw mechanism, a
Majorana mass term can naturally arise after the sponta-
neous symmetry breaking of a new scalar, so it comes very
natural to consider its own potential and mix with the
potential of the SM Higgs field. Therefore, a possible
electroweak FOPT of the Higgs and new scalar field may
occur in the early Universe, which could potentially leave
detectable GW signatures in the present Universe. In
addition to providing Majorana masses for sterile neutrinos,
introducing a new scalar field also offers a promising
channel for producing heavy sterile neutrinos in colliders
through mixing with the Higgs field. As a result, we
can cross-check this mechanism at colliders and GW
observations.

Contrary to previous studies [65—-72], in this work, we try
to investigate a UV-complete model featuring a sterile
neutrino N obtaining its Majorana mass after the sponta-
neous symmetry breaking of a new scalar S, where the new
scalar shares a mixing potential with the SM Higgs. The
symmetry of the mixing potential between the new scalar
field and the Higgs field will spontaneously break at the
electroweak energy scale as the Universe expands, which
may result in a first-order phase transition. Therefore, it is
possible to probe the associated GWs from the FOPT at
experiments such as LISA, Taiji, and TianQin. In addition,
the sterile neutrino will obtain a huge Majorana mass after
symmetry breaking which can, just like the traditional
type-I seesaw mechanism, generate a small mass for active
neutrinos. The sterile neutrino will be naturally long-lived
due to the suppression of the tiny mixing angle. And the
mixing between the scalar S and the Higgs field provides a

large production cross-section for the sterile neutrino via
the Higgs and the new scalar. Firstly, we will calculate and
simulate the phase-transition process, get its corresponding
gravitational-wave spectrum, and then examine its possible
detection on the GW platforms. Secondly, we explore the
potential to probe the long-lived sterile neutrino at the
future HL-LHC with center-of-energy /s = 14 TeV and
luminosity £ = 3 ab~! [73-75], concentrating on its pair
production via the s-channel processes mediated by Higgs
or new § particles. Then its subsequent long-lived decay
processes, such as N - Zy, N - ¢W, and N — hv, are
investigated and an inclusive search for displaced vertex
signatures is implemented at the future CMS detector
employing the high-resolution tracker and upgraded timing
layer systems. These cross-checked searches across two
different time scales and two different detection methods
can cover most of the parameter space of the model,
enhance the understanding of sterile neutrinos, and fill
gaps in previous research.

This paper is organized as follows. In Sec. 11, the specific
model of the sterile neutrino in the mixed new scalar and
Higgs field potential, as well as their relevant decay
processes, are described and calculated. In Sec. III, we
investigate the possible constraints on the new scalar and
sterile neutrino from the collider searches and muon g — 2.
In Sec. IV, the strong first-order phase transition in the early
Universe, as well as the gravitational waves generated by
this phase transition, are discussed. In Sec. V, we discuss
the long-lived signatures of sterile neutrinos and their
projected sensitivities at the HL-LHC. In Sec. VI, we
discuss the interplay between GW detections and collider
searches. In Sec. VII, we conclude.

II. THE MODEL

To generate a mass for SM neutrinos, we extend the SM
by introducing two new fields: a Majorana fermion & and a
real scalar S, both of which are singlets under the SM gauge
group. The relevant Lagrangian is

Lo = Right — <y/i AR

1 omn
50,808~ V(H.3).
- - - M Mg
V(H,S8) =~ | HP + ag| A 4438 + 78+ 28
Ag « R T
+ZSS4+*%|H|2S+§|H|252, (1)

where H is the SM Higgs doublet, L represents the SM
left-handed lepton doublet, and V(H, S) is the potential
of Higgs and the new scalar field. For concreteness,
and without loss of generality, we focus on the second-
generation lepton, where the active neutrino obtains its
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mass via the seesaw mechanism. This setup can be regarded
as an effective single-flavor description of a general 3 + 3
seesaw framework, where the complete neutrino Yukawa
sector can be consistently implemented via the Casas—
Ibarra parameterization [76]. This effective description
is sufficient for capturing the collider and gravitational-
wave phenomenology discussed in this work. In the
following, v (¢) refers to v, (1) unless stated otherwise.
After electroweak symmetry breaking, both the Higgs
doublet A and the new scalar § acquire vacuum expectation
values (vevs),

. 1 0 .
H=— ~ |, S=wv,+58, 2
\fz(v+h> : )

where v and v, denote the vevs of the A and S field,
respectively, with v = 246 GeV being the SM Higgs vev.
Here, i denotes the neutral Higgs excitation and § denotes
the scalar excitation of :S‘, both in the interaction basis. In
the following subsections, we first diagonalize the scalar
and neutrino mass matrices to obtain the physical states,
and then analyze the relevant decay channels of the new
particles.

U'M?%,U = diag(m?, m?), with U= <

The mixing angle, 6,,, between h and s can be deter-
mined by

tan29hs = mi (6)

After diagonalizing the scalar mass matrix, the interactions
of the SM Higgs and the new scalar with SM particles are
modified by the mixing angle ), such that

9nxx = COS ehs ) QZ¥X7 Isxx = sin ghs . g%\gp (7)
where 92¥X denotes the SM Higgs couplings to SM
particles X (leptons, quarks, and gauge bosons). Conse-
quently, the mixing angle 6,, can be constrained by
precision measurements of Higgs production and decay.
With m,= 125 GeV and v = 246 GeV fixed, the scalar
sector has five remaining free parameters:

{msv 9h_yvﬂ3’ iHSv/IS} or {ms’ahs’ UA";LHS’j’S}' (8)

Thus, we have the effective Lagrangian as

A. Scalar part
After spontaneous symmetry breaking, the interaction
terms |H[2S and |H|*8? in the scalar potential generate
mass mixing between the Higgs field / and the new scalar
5. The mass term in the Lagrangian can be written as

A~

1 . my mig h 1 . h
ﬁscalar — /’l, A — h, A M2
mass 2( S)<m%15 m% ><§> 2( S) HS<§>
1 h
- E(h,s)UTM%,SU(s) (3)

where £ is the SM Higgs boson with m;, = 125 GeV, and s
is the new scalar. The explicit form of the mass matrix
elements can be given by

o’V
2 2
my —W— ZlHU s
2y v
2 =5 = 21 -
My 52 (ums + HSUS)Z’
PV w UpsV?
mi=——rs =Ly, 4 24502 — BS— (4
s EYPER v, H3 S 4v, ( )

and U is the unitary matrix that diagonalizes M%:

cosf,, —sinf,
. : (5)
sin@,, cosf,
1 1 |
Eziéﬂhé“h—ﬁ—idﬂsd"s—imhh —Emss
- lshhShh - Velse (S’ h)’ (9)
where

2
+ (2250 — 6A5v) sin 6,,,c08%0,,,

1
Ashn = (‘ﬂﬂs + ﬂHs”s)Cosmhs

+ (6),5 Vg + 2//13 - 2],[_15' Vg — /,LHS)siHZQhS COS ghs
—/1H51}Sin36hs. (10)
In the mass eigenbasis, the SM-like Higgs & has its
production cross-section and decay width modified by
the mixing angle 0),:
6}, = c08%0,, - M,
[, = cos?0),, - M, (11)

where o3 and I'}M denote the SM Higgs production cross-
section and decay width. For the new scalar s, we consider
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the mass region where mg > 2m,,. In this regime, s can
always decay into a pair of SM Higgs bosons. Conse-
quently, we can ignore the three-body decay; the produc-
tion cross-section and decay width are given by

o, = sin®0,, - ohM(my),

Fs = Sinzehs : FEM (ms) + Fs—>hh + Fs—>NNv (12)
where o3M(m,) and T3M(m,) represent the SM Higgs
production cross-section and decay width evaluated at
the mass of s. The additional decay channels from the
mixing, s — hh and s — NN, contribute to the total width,
which can be derived as

/,{Shh 4m%
R My )
= 30 m, m?2

m, m> 4m3 )\ 3/2
r =L V(=X 20,5 1
s—=>NN 167 U% ( mg ) Cos Hhs ( 3)

B. Neutrino part

The mass terms for the neutrino after the symmetry
breaking can be written as

1-
L%ass = — 5 ﬁcMNﬁ + H.C.

1—
= —EnCU"LMNU'n—i—H.C., (14)

where 71 = (A’;() represents the interaction eigenstate, and
n = (y.) denotes the mass eigenstate. The mass matrix of

active and sterile neutrinos is
0 m
M N — ( P > ’ (15 )
my - myy
with

/
o YV 0
mp =, my =
D \/§ N
The mass matrix is diagonalized by the unitary matrix U’,
according to U'"MyU' = diag(m,,my). U’ can be
|

YNUs- (16)

parameterized as a simple rotation:

cosf,y —sinb,
U = ( o N)- (17)
sinf,y cosO,y

In the seesaw limit my > my, to leading order in mp/my,
the mass eigenvalues and mixing angle are approximately

012 02
m m
m,/:(m%) ~m%602y, mN:m?\,—i—(m%) ~mb,

N N
0
m

Oun ﬁm—oD, (18)

N

with 0,y representing a small mixing angle between active
and sterile neutrinos. Thus, the mass of the heavy sterile
neutrino is approximately equal to m?\,. The free parameters
for neutrino mass and interaction are

{my.0,n}. (19)

The measured upper bound on the active neutrino mass
{m, < 0.45 eV[77]} puts a stringent constraint on the
mixing angle for a given sterile neutrino mass, which
reads as

m, 0.1evV  [100 GeV
O =\ [22 5 :
my ~ V100 GeV My
100 GeV

= 10_6 TN, (20)

where we conservatively take m, < 0.1 eV. For instance, if
my = 100 GeV, we have 6,y < 107, From a naturalness
perspective, the Dirac mass term of the neutrino is

m, my

0 — iy = 1074 : v. (21
mp = ymymy = 10 \/0.1 eV 100 Gev °° 21)

Therefore, in the following discussions, we focus on the
region with my > 100 GeV and 6,y < 107°. After per-
forming the rotation and specifying the free parameters, to
the leading order, the effective interaction Lagrangian for
the sterile neutrino can be expressed as

ne o 9w N 9w _ c
Eéé —ﬁey}v . Wﬂ(N ]/”fL + HC) + 2 cos HW ebN . Z#(I/L]/”N + HC)
0 _
+ VTN (608 0, — s'5in By ) (7 N + OnDp0 — O,y NN + H.c.) (22)
v
+ Ty (5cos @, + hsin@) (NN + 0,yNVS + 0,50, N). (23)
US
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The interactions involving the Higgs mass eigenstates i
and s arise from the mixing between the SM Higgs and the
new scalar. These terms encode the couplings ; N and NN
mediated by & and s, with coefficients modified by the
scalar-mixing angle 6, and the active—sterile mixing 6,y .

The terms proportional to my /v, originate from the
Majorana mass generation mechanism. They provide the

For our sterile neutrinos of interest, mass region my >
100 GeV and mg 2 my, the sterile neutrino can decay to
‘W, vZ, and vh. Thus, the total decay width of N can be
written as

Ty =20(N > £~W*) + T(N = v,Z) + T(N - vh).

scalar fermion interactions associated with the new singlet (24)
scalar field. By contrast, the terms proportional to my /v
arise from Yukawa interaction with Higgs doublet H. where
|
T(N—> W) =T(N - W) = Oongiy (my — miy)* (my + 2miy)
64n myms, |
‘ 1287 myms, '
(N = uh) ~ (vsin Oy, + v, €08 0,5)20%y g3, (Mm% — m3)? (25)
‘ 128702 myms,
|
In the limit my > my, mz, my,, and 0,, < 1, the decay 1 L3 1073\ 2 /500 GeV)\ 3 26
width of N is proportional to 6%m3/v*. The branching N IR, My . (20)

ratios of N are illustrated in the left panel of Fig. 1. The
label Z*W¥ denotes the sum over charge-conjugated
channels, N - "W~ and N — ¢#~W™'. When my is
considerably larger than the Higgs mass, the branching
ratios of N are approximately N — £*WT at 66%, N — vh
at 17%, and N — vZ at 17%. This illustrates that the width
of N is constrained by the tiny neutrino sterile neutrino
mixing angle.

When my > my, mz, my,, and 6, < 1, all decay chan-
nels of N are open, and the sterile neutrino’s proper decay
length czy can be directly obtained from the total decay
width of N:

1.0

Ors=0.1
o-swfvﬁ W)

0.6r

Br(N)

0.4r

0.2f Br(N- Z v) Br(N- hv)

0.0
102

108
mN[GeV]

FIG. 1.

where we fixed gy = 0.65, my = 80.4 GeV, and c is the
speed of light. The dependence of the lifetime on my is
illustrated in the right panel of Fig. 1, using the complete
formula of I'y from Eq. (24). In the relevant parameter
space, for example, with 6,y = 1078 and my = 100 GeV,
the sterile neutrino N has a proper decay length of approxi-
mately 9.4 meters because the decay channel N — hv is
forbidden and must be excluded from the calculation.
This long-lived signature could potentially be observed
at future HL-LHC.

10°
my [GeV]

Branching ratios of sterile neutrino N decay (left) and its proper decay length (right) as a function of sterile neutrino mass my

with ), = 0.1. The three main decay branching ratios are shown in different colors with red corresponding to N — #*WT¥, orange

corresponding to N — vZ, and blue corresponding to N — vh.
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In summary, we have systematically analyzed the model,
focusing on the mass mixing of scalars and fermions. After
diagonalizing the mass matrices, we derived the corre-
sponding interaction Lagrangians and studied the decay
widths and branching ratios of the heavy scalar s and sterile
neutrino N. The independent parameters of the model are

{ms79hs’UsleSVA‘S’mN’QI/N}' (27)

III. EXISTING CONSTRAINTS

Introducing the new scalar S and sterile neutrino N has
brought about a series of constraints in perturbation theory
and collider searches. Due to the heavy mass of the sterile
neutrino and its tiny mixing angle with the active neutrino,
the sterile neutrino-related parts are subject to almost no
constraints. The limitations arising from the interactions
between the Higgs boson and the new scalar are the most
significant ones. Therefore, we will mainly explore the new
scalar-related constraints in this section.

From a theoretical perspective, tree-level perturbative
unitarity [78,79] imposes a constraint on the mass and vev
of the new scalar through a relation involving the partial
wave amplitudes a;(s) for all possible 2 — 2 scattering
processes, which requires

Re(a, ()] <3 28)

with the most stringent constraint coming from the q
partial wave. In the limit of a heavy new scalar, pertur-
bative unitarity places a straightforward and robust upper
limit on tan(i) due to the tiny s — 4 mixing angle, which

reads as [80]
16
tan’ <£> <20 for ay(ss = ss) <0.5.  (29)

For v,= 500 GeV, this implies that the new scalar mass m,
must be smaller than 1878 GeV. Furthermore, perturba-
tivity typically demands that the couplings, including Ag,
Ups, and Ay, remain below 4.

In our model, the couplings of i to SM particles are
reduced by the mixing angle &, which modifies the Higgs
boson production cross-sections while leaving its decay
branching ratios unaffected, provided that m, > 2m;,.
Consequently, such parameters are stringently restricted
by experimental measurements of SM Higgs signal
strengths p,

= (1=sin0y) - psu- (30)

The global analysis of Higgs couplings conducted by CMS
Run-2 provides the following constraint [81]:

#/usm > 0.89, (31)

at 95% C.L. to account for the observed Higgs signal
strengths, which requires | sin 6| < 0.33.

Further constraints come from electroweak precision
observables, particularly the high-precision measure-
ment of the W boson mass. The mass of W boson, my,
must align within 26 of the experimental value mj,” =
80.385 £ 0.015 GeV. One-loop corrections are dependent
on m, and 6,,. These can be easily satisfied by requiring
sin@,, < 0.18 [82].

IV. FIRST-ORDER ELECTROWEAK
PHASE TRANSITION AND THE
GRAVITATIONAL WAVES

In this section, we will focus on the entire electroweak
phase-transition process and its associated GWs. We will
then explore the potential for detecting GWs in future
GW observations. Specifically, the viable parameters that
can result in a strong FOPT will be carefully investigated,
closely related to the detection sensitivity at future
colliders.

The scalar potential V(H, S) in Eq. (1) refers to the zero
temperature potential, which will acquire the thermal
correction of finite temperature 7" in the early Universe.
Up to T2, the gauge-invariant thermally corrected effective
potential takes the form [83-86]:

Vi = (—p% + cyTHHP + Ay HI* + (1} + m T?)S

2 2

W tesT o H3gs | Asiu

S5+ =85 +-—=S
2 +3 +4

HHS | prpe , MHS | fpee

+ - IHPS + == [HPS, (32)

_I_

with

‘AT "16 Tat2 T
7/1113 As | YN
=% ta Ty
m :#Hsl‘zf' b (33)

where g and ¢ represent the electroweak gauge couplings,
and y, denotes the top Yukawa coupling. Contributions
from other quarks or leptons are considered negligible. As
discussed in Ref. [87], it is generally a good approximation
to neglect small terms, such as the y,zv term in cg, since it is
much smaller than 15 and Ag. As highlighted in Ref. [85],
the presence of a nonzero ,u?, known as the tadpole term,
has a significant impact on the first-order electroweak
phase transition (FOEWPT) pattern. Consequently, this
tadpole term is generally retained.
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In our numerical analysis, we go beyond the high-
temperature expansion and utilize the full one-loop
finite-temperature effective potential. The complete poten-
tial is defined as:

Veff(h, S, T) = Vo(h, S) + Vcw(l’l, S)
+ Ver(h,s) + Vy(h,s,T).  (34)
Here, Vw is the Coleman-Weinberg potential representing

zero-temperature quantum corrections, given in the MS
scheme by:

Vew(hs) =Y 2 mb(h.s) [m(%)-a}, (35)

- 6472

where the sum runs over all bosonic and fermionic
degrees of freedom with field-dependent masses n1;(h, s).
To maintain the tree-level vacuum structure (v, v,) and
the scalar mass spectrum at 7 = 0, we include a counter-
term potential Ver. We adopt an on-shell renormali-
zation scheme where the counterterm parameters
(8%, 83, Sp3, S, Spps) are uniquely fixed by requiring
that the first and second derivatives of (Vw + Ver) vanish
at the tree-level vacuum. The thermal contribution V7 is
incorporated using the full thermal functions Jp r without
truncation:

Vio(h, s, T) = ZT—,; [anf 8 (mZ(Th2 s>>
+> il <m2(T}; s>>] : (36)

To improve perturbative convergence and account for the
resummation of infrared-sensitive bosonic zero modes,
we replace the tree-level masses with thermally Debye-
corrected masses [88,89], m?(h,s) — m?(h,s) + IL;(T).
By minimizing this full potential in the two-dimensional
(h, s) field space, we accurately capture the tunneling dyna-
mics and the resulting GW signatures without restricting
the phase transition to a single-field direction. Specifically
speaking, the total scalar potential can experience a diverse
and complex array of phase-transition processes with the
thermal corrections. The FOEWPT requires the existence
of two degenerate vacua, one with electroweak sym-
metric (h) = 0, the other with the broken one (h) # 0 at
some critical temperature 7. In the early Universe, with
extremely high temperature 7 > T ., the Universe falls into
the symmetric phase. Then, as the Universe expands and
cools, when the temperature drops below T, the symmetric
vacuum (h) = 0 is no longer the global minimum; instead,
the broken vacuum (h) # 0 becomes the much deeper
minimum, and the Universe will gradually decay to the
broken phase (/) # 0. Together with the singlet field s, due
to the presence of singlet odd terms, the electroweak

phase transition generally proceeds from a temperature-
dependent symmetric vacuum (h =0,s = 5¢(T)) to the
broken vacuum (v(7T'), v,(T)), often through a genuinely
two-field and possibly multistep transition [90-92], which
is fully simulated using cosmoTransitions [93]. The decay rate
per unit volume is [94]

T 3/2
(T)~T* <¥> e=Ss(D/T (37)
JT

where S;3(T) represents the classical action of the
O(3)-symmetric bounce solution. A phase transition takes
place when the decay rate per Hubble volume reaches the
O(1). The nucleation temperature 7', is determined using
the cosmological Kibble-Zurek criterion: ['(T,) = H*(T,),
where H(T) is the Hubble constant at temperature 7. In a
Universe dominated by radiation, where a FOPT occurs
near the EW scale, the temperature 7', can be determined
using the following approximate relation [95]:

S3(T11)/Tn ~ 1407 (38)

which serves as the criterion for an FOEWPT. For each
parameter input in Eq. (27), after substituting into Eq. (34),
the nucleation temperature 7, and the other phase-
transition-relevant quantities can be calculated using the
PYTHON package cosmoTransitions.

Figure 2 shows the branching ratio for the decay of the
scalar s into a pair of sterile neutrinos, evaluated at para-
meter points that satisfy the FOEWPT. Without loss of
generality, we set the my = 0.5v,. The left panel of Fig. 2
illustrates the branching ratio in the m,—my plane, in which
orange, cyan, and blue colors represent BR < 1/3,
1/3 <BR < 2/3, and BR = 2/3. In the right panel of
Fig. 2, we show the branching ratio in the m,-6,, plane.

Stochastic GWs are generated by FOEWPT mainly
through three processes: bubble collisions [96—100], sound
waves in the plasma [101,102], and magnetohydrodynam-
ics turbulence [101,102]. The present-day GW spectrum
can be calculated as the spectrum sum of the three sources,
that is, Qgwh? = Qu h? + Qg h? + Qunh?, which can be
well expressed as functions of a series of parameters, such
as the energy budget of FOEWPT normalized by the
radiation energy density (), the inverse time duration of
the FOEWPT (f3), the bubble wall velocity »,,, and other
relevant parameters [98,102-105] { see Ref. [106] for a
summary of the specific computational details }. Among
these parameters, two crucial parameters for the GW are the
energy budget of FOEWPT (a) normalized by the radiation
energy density and the inverse time duration of the
FOEWPT (p), which are given by

1 (. 0AV
a=—(T—=L—-AvV,
PR or

T
: ﬁ/H:Tnd(SS/ ) ’
Trl dT T”

(39)

095006-7



BI, GUO, LIAO, LIU, and WANG

PHYS. REV. D 113, 095006 (2026)

500

myN=_""Vyg

s+ FOPT BR(sSNN)<1/3 & = ..
400

200+ :
- 1/3<BR<2/3

BR>2/3

s

100L¥aEEs
300 400 500

600 700
m,[GeV]

800 900 1000

0.2r—

BR<1/3

- 1/3<BR<2/3

1% FOPT
N 1
. L BRESNN)=2/3 VTR

O I A I
400 500 600 700 800 900 1000

mg[GeV]

FIG. 2. Left: Scanned results for the branching ratio of s — NN in the mg-my plane. Right: Scanned results for the branching ratios of
s = NN in the m;—0,, plane. The points denote parameter space regions satisfying the FOPT, with orange, cyan, and blue colors
indicating BR < 1/3, 1/3 < BR < 2/3, and BR > 2/3, respectively. We choose my = § vs.

where pp = g,22T%/30 is the radiation energy density of
the thermal bath, AV is the effective potential difference
between the true and false vacua, and g, ~ 100 is the
number of relativistic degrees of freedom.

Once the total GW spectrum for each parameter input is
calculated, the signal-to-noise ratio (SNR) [107] provides a
common method to estimate the detectability of the GW
signal at an interferometer. Several interferometers, such as
the LISA [108], BBO/DECIGO [109,110], TianQin [111],
and Taiji [112] programs, serve as excellent platforms for
GW observation. Taking LISA as an example, the SNR can
be expressed as [107]

where €54 represents the power spectrum density of the
LISA detector [107], and = 9.46 x 107 s signifies a typical
operational duration (approximately four years) [113].

In the left panel of Fig. 3, we illustrate the impact of
various a and #/H distributions on the SNR results. We
find that the SNR progressively increases with higher a
values while it decreases with lower f/H values. This can
be attributed to the necessity for a more rapid and vigorous
phase transition in the presence of a stronger FOPT. To
achieve a sufficiently large SNR that GW detectors can
detect, the parameter space is predominantly concentrated
in the region where a > 0.01 and /H < 10°. The pre-
dicted GW spectra, Qgwh?, of the FOEWPT, as a function

SNR — \/t / : af < gg:LCI}:Z ( (ff))> 2’ (40) ?}frizegléilz;}rln ﬁ;kar;()isrlzt(;\x;% Il)r;)fhe right panel of Fig. 3 for
|

BP1: m; =570 GeV, 0,, =0.2, vy = 807 GeV, Aus = 4.9, Ay = 0.6,
which gives T = 62.4 GeV, T,=413 GeV, a=0.1, B/H =209.9,

BP2: m,; = 600 GeV, 0, = 0.1, vy = 500 GeV, Auys = 8.13, A = 1.0,
which gives T = 81.4 GeV, T, =659 GeV, a = 0.04, p/H = 193,

BP3: m,; = 600 GeV, 0, =0.1, vy, = 40 GeV, Aus = 8.4, Ay =0.9,
which gives T = 92.9 GeV, T,=715 GeV, a = 0.03, p/H = T746.6. (41)

Furthermore, the sensitivity curves of several GW experi-
ments, such as LISA, TianQin, Taiji, and BBO, are also
plotted in this figure. It can be seen that the GW signal from
BP3 is roughly 3 orders of magnitude weaker than that
from BP1 and BP2, primarily because agp; gp» > app; and

I

f/Hygp| gpa < B/Hpgps. Returning to the physical parame-
ters, for sufficiently large values of v, and my, the resulting
GW strength surpasses the sensitivity curves of detectors
over large frequency ranges, producing potentially observ-
able signals. By contrast, small v, and m, substantially
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Left: Scanned results in @ — f/H plane for three different SNR regions, where red dots refer to SNR < 10, blue ones represent

10 < SNR < 50, and orange ones characterize SNR > 50. Right: The gravitational-wave energy abundance, Qgwh>, as a function of
the GW frequency, where the green, red, blue, and orange shaded regions represent the projected sensitivity of LISA, TianQin, Taiji, and
BBO, respectively. The blue, red, and purple solid lines refer to the possible GW spectrum from three benchmark points.

suppress the spectrum so that only a portion lies within
BBO’s sensitivity, which makes detection challenging.
Therefore, in the parameter space, we focus on
(my > 100 GeV, which means v, 2 my ~ 100 GeV). Cur-
rent and next-generation GW detectors can provide sig-
nificant constraints on the model, and improved detector

sensitivity would further tighten these limits.

V. STERILE NEUTRINO SEARCHES
AT THE HL-LHC

As demonstrated in the last section, the frequency and
strength of the GWs from the FOPT are strongly relevant to
the mixing strength Ayg, which can result in a moderate
interaction strength between the s and SM particles
after rotation to the mass eigenstates, as derived in Eq. (7).
This interaction enables the production and detection of s
particles at colliders. The interactions of sterile neutrino to
active neutrino and s make probing sterile neutrino at
colliders promising, where the sterile neutrino can be
substantially produced through s particle decays. Due to
suppression by the tiny mixing angle 6,y, the sterile
neutrino will subsequently decay with a long lifetime,
leaving a displaced signature at the colliders. This signature
will be explored in this section.

Although it has been discussed at the beginning of
Sec. III that the sterile-neutrino-related parts are subject to
almost no constraints due to the tiny mixing angle with the
active neutrino, we can temporarily set aside the explan-
ation of the active neutrino mass issue. This allows a
model-independent exploration of sterile neutrinos at col-
liders. In the model-independent perspective, the mixing
element V5 (same as ,y) and the sterile neutrino mass

my are generally treated as independent parameters. In
Refs. [114,115], the authors investigated and summarized
the experimental limits on V,y as a function of the
sterile neutrino mass my, which usually applied its prompt
decay searches or vector boson fusion via a f-channel off-
shell heavy sterile neutrino. These experiments place soft
restrictions on V for the heavy sterile neutrino sector; for
example, |V y|> < 1073 is required when m, > 100 GeV.

In our model, since we are interested in sterile neutrinos
with mass my 2 100 GeV, the LHC serves as a natural
search platform. In particular, the relatively weak exper-
imental constraints on the s—/Z mixing angle allow for a
substantial coupling strength between s and gluons, thereby
facilitating the production of a pair of sterile neutrinos via
the s-channel process mediated by the s boson in gluon
fusion. Since the N — W*¢£F channel has the largest
branching ratio, we will try to investigate its collider
signatures. In the following discussions, we take the mixing
between N and the second-generation lepton v, as an
example. An inclusive searching strategy is applied, which
requires at least one sterile neutrino to decay within the
detector volume, leaving a displaced vertex. The corre-
sponding full signal process is

oy

pp — (j)NN, N - WHuTF, W= - jj. (42)

where (j) means two parton-level processes, with or
without an initial radiation jet. The number of signal events
at the HL-LHC with a center-of-mass energy /s = 14 TeV
and an integrated luminosity £ = 3 ab~! can be written as
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N=L-o-(P-e), (43)

where o is the cross-section for processes of Eq. (42), P is
the probability for one N decaying within a given distance,
and ¢ is the kinematical cut efficiency. (P -¢) is the
averaged inclusive searching efficiency, which is calculated
event by event.

To numerically derive the cut efficiency, a dedicated
signal event Monte Carlo simulation is applied, which can
be divided into the following steps. Firstly, parton-level
events are generated using MadGraphs [116], by entering the
UFO model generated by FeynRules [117] based on the
whole UV model in Sec. II. Secondly, the events are passed
to the PYTHIAS [118] and Delphes [119] for showering,
hadronization, and detector effects by use of the standard
CMS card. The jets are clustered using the anti-k, and fat
jet [120] algorithm with radius parameter R = 0.5 (R = 0.8
for fat jets).

For a given event, the probability that a long-lived sterile
neutrino, N, decays within a specific range [r; - T, 7, - ]
along its moving direction t can be derived as [121]

|

o N _ N
R G R G B

where y is the Lorentz factor of sterile neutrino N, f is its
speed, and 7y is its proper lifetime. With this, one can
calculate the probability that the displaced distance dy of a
sterile neutrino satisfies 0.4 cm < |dy - sind’| < 30 cm
[122], where o is the angle between the sterile neutrino
moving direction and the beamline axis. The lower
bound can effectively reduce the SM backgrounds from
prompt decays, and the upper bound is required to
ensure the good reconstruction efficiency of SM charged
particles from sterile neutrino decays. In addition, to further
eliminate the SM backgrounds, the invariant mass of
reconstructed displaced jets is required to be close to the
W mass. We can also require the invariant mass of all
displaced final charged particles to be around the sterile
neutrino mass. With additional specific kinematic require-
ments, the complete selection criteria can be organized
as [122-124]:

DV:p > 20 GeV, I <25, pEUEET > 120 GeV,  pf > 20 GeV, nj| <2.5,
0.4 cm < |dy - sind’| < 30 cm, |dy - cos | < 30 cm,
m”(mfat) S [50, 100] GeV, mﬂjj(mﬂjfm) (S [0.8mN, 1.2mN], (45)

where the particles appeared are required to be well
recognized and reconstructed in the Delphes, and p%// and
Nus; are the transverse momentum and pseudorapidity of

the muon/jets from N/W decays, respectively. ph "¢ s

the transverse momentum of the hardest (initial) jet, which
is used to trigger the event, and m;; (mﬁa‘) is the invariant
mass of the jets (fat jet) from W boson decays. m,,;;
is the invariant mass of all the particles from N decays.
Since our simulation is performed at the detector level, the
isolation and identification of muons and jets are auto-
matically considered.

These selection criteria can not only ensure the signal
reconstruction, but also suppress the SM backgrounds to
a negligible level. As discussed in Refs. [58,125], the
energetic well-reconstructed displaced muon tagging and
narrow invariant mass cuts on W boson and sterile neutrino
N effectively remove the remaining SM backgrounds from
the interaction of SM particles with the detector materials,
QCD hadron and meson events, tau decays, and fake-track
coincidental background. For this reason, we adopt the
standard zero-background assumptions. A dedicated analy-
sis of these backgrounds is beyond the scope of this work
and will be discussed in more detail in future studies.

The 95% C.L. sensitivities for probing the long-lived
sterile neutrino, N, at 14 TeV HL-LHC with an integrated

or mﬂjfal

luminosity £ = 3 ab~! are shown in Fig. 4, where the
95% C.L. corresponds to three signal events under the zero
SM backgrounds assumption. In the left panel of Fig. 4, the
benchmark is considered with parameters set as {0,, =
0.2,m; = 570 GeV, v, = 807 GeV, Ayg = 4.9,1, = 0.6}.
It is observed that when the mass of the sterile neutrino
my < mg;/2 with mg is fixed to 570 GeV, the collider
demonstrates enhanced sensitivity compared to scenarios
where my exceeds m,/2. This increased sensitivity is
attributed to the larger production cross-section for ster-
ile-neutrino pairs, since in this my < m,/2 mass range, the
pairs can be produced via decays of the on-shell scalar s. As
my increases beyond m,/2, production must proceed via
off-shell s, which leads to the decline in sensitivity. This
kinematic transition produces a pronounced inflection in
the sensitivity curves around my ~ m;/2, corresponding to
my = 285 GeV. Moreover, there is a significant decrease
in sensitivity within the region my < 200 GeV owing to
diminished cut efficiency. More precisely, a light sterile
neutrino is particularly boosted, and so are its decay
products, which leads to collimated jets that are more
difficult to reconstruct after being processed through
PYTHIAS and Delphes. Especially for my around 100 GeV,
the efficiency is severely reduced, because reconstructing
the muon from highly boosted N becomes challenging due
to the difficulty in isolating muons from jets according to
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FIG. 4. The projected 95% C.L. sensitivities for inclusive displaced vertex searches for pp — (j)NN, with sterile neutrino further
decay to W as a function of sterile neutrino mass my at HL-LHC, are shown in the color-shaded regions with the center-of-mass energy
Vs =14 TeV and integrated luminosity £ = 3ab~!. Left: The benchmark BPI: {0,, = 0.2, m; = 570 GeV, v, = 807 GeV,
Aps = 4.9, 2, = 0.6}. Right: The benchmark BP2: {6,, = 0.1, m; = 600 GeV, v, = 500 GeV, Ays = 8.13, 4, = 1.0}. Several dotted
and dashed lines are also drawn, where the three vertical lines correspond to three typical values, yy =~ % equals 0.5, 1, and % = 1. The

other oblique line spanning from left to right represents the upper limit of the active neutrino mass requirement.

our simulations. The dot-dashed line denotes the boundary
of parameter space that yields neutrino masses compatible
with existing experimental constraints; the region above
this line is excluded by neutrino-mass measurements. The
vertical lines indicate my /v, corresponding to the Yukawa
coupling between N and s, and my/m, corresponding to
the opening of the N — sv decay channel. Most of the
sensitivity region satisfies my /v, < 1 and my < my, so
that we can neglect the decay process of N — sv. For this
benchmark, the HL-LHC can probe mixing angles 6,y
between active neutrino and sterile neutrino within
[8 x 10719,107%] and the sterile neutrino mass m, in the
range [100, 800] GeV.

In the right panel of Fig. 4, the other benchmark scenario
is examined with the parameters specified as {6,, = 0.1,
mg = 600 GeV, v, = 500 GeV, Ay = 8.13,4; = 1.0}. At
the HL-LHC, the sensitivity for detecting 6,y can reach as
low as 107, provided the sterile neutrino mass is below
300 GeV. Above the region where my ~ m,/2, the sensi-
tivity drops considerably due to a decrease in the signal
production cross-section, similar to the behavior observed
in BP1. For this benchmark, the sensitivity to sterile
neutrino masses spans the range my €[100,700] GeV,
with corresponding mixing angles 6, € [107, 107°].

VI. INTERPLAY BETWEEN GW AND COLLIDER
SEARCHES

Our model for the sterile neutrino and extended
Higgs sector involves seven free parameters, as delineated
in Eq. (27). Our investigation reveals that although GW

detections and collider experiments display diverse levels
of sensitivity to these parameters, they can be fruitfully
integrated for conjoint analyses when specific parameters
are fixed. This synergy creates an opportunity to employ
both GW observations and collider searches as comple-
mentary methods to corroborate and affirm the validity of
the model.

In Fig. 5, we present the GW signal data points together
with the collider search regions, highlighting correlations
among the parameter spaces of my, vy, and 6,,. The
95% C.L. sensitivities of HL-LHC searches to long-lived
sterile neutrinos are presented, and GW observations
by LISA wusing a detection threshold of SNR > 10.
This juxtaposition underscores the combined power of
gravitational-wave and collider studies in probing and
placing constraints on the sterile neutrino sector.

The left panel of Fig. 5 illustrates the relationship
between GW observations and HL-LHC searches within
the m; — 0,,; plane. In our collider investigation, we choose
benchmark points of sterile neutrino masses of my =
200,350,400 GeV, paired with a mixing angle of
0,5 = 1078, Without loss of generality, we choose the
BR(s - NN) ~ 0.5. The HL-LHC sensitivity is depicted
through various color-shaded regions. As my is linked to
the Yukawa coupling yy and vy, the condition my /v, = 0.5
sets a specific value for v, for each my considered. For
fixed m,y, from left to right, as mg increases, the production
cross-section of N pair mediated by off-shell s gradually
grows. Consequently, the colored region expands and
extends into progressively smaller 6. It keeps growing
until it reaches around m, ~ 2my, at which point an abrupt

095006-11



BI, GUO, LIAO, LIU, and WANG

PHYS. REV. D 113, 095006 (2026)

0.2

0.1

A

1072-

GW signal

my=200 GeV, 6,y=10"%
my=350 GeV, 8,y=10"%
my=400 GeV, 6,y=10"%
300 400 500 600 700 800 900 1000
mg[GeV]

10°3

FIG. 5.

1000,
T 0,=0.05, 6,y=10"
9001 4, —0.10,,=107 B
t o . m
800~ (h OIS Onsl0T T s

my _

0.5

Vs

v [GeV]

500 600 700 800 900
my[GeV]

1000
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wave signals, and the color-shaded regions are the HL-LHC projections at /s = 14 TeV with £ = 3 ab~!. Left: Projected joint searches
for the parameters 0, — m, with three different benchmark choices for the single heavy neutrino mass my. The points are the
GW data, in which dark orange, cyan, blue, and black colors represent v, € [200,400) GeV, [400,700) GeV, [700, 800) GeV, and
[800, 1000) GeV. Right: Projected searches for the parameters, v, — m,, with three Higgs-scalar mixing angles fixed. The points are the
GW data, in which black, dark blue, cyan, and orange colors represent 8, € [0,0.05),[0.05,0.1), [0.1,0.15), and [0.15, 0.2).

enhancement occurs, because N can then be produced
through the decay of an on-shell s. Alternatively, for a fixed
my, a smaller my yields a larger production cross-section,
thereby increasing sensitivity and enabling probes of
smaller 8, regions of the parameter space. In parallel,
the projected sensitivities of future GW observatories
are shown as colored bands corresponding to different
benchmark scenarios. The points have been assigned
distinct colors based on w,, with black indicating
800 GeV < v, < 1000 GeV, dark blue denoting
700 GeV < v; < 800 GeV, dark cyan representing
400 GeV < v, <700 GeV, and dark orange signify-
ing 200 GeV < v; <400 GeV.

In the right panel of Fig. 5, analogous patterns are
employed to illustrate the relationship between GW signals
and HL-LHC projections within a different parameter
space, v, —m,. Black data points signify cases where
0 <46, <0.05 while dark orange points represent
0,, = 0.15. Dark cyan points correspond to the range
0.1 <6,, <0.15, and dark blue points to 0.05 <
0, < 0.1. The shaded regions in color indicate the
HL-LHC sensitivity. We examine three scenarios with
0, = 0.05, 0.1, 0.15, and a fixed 0,y = 10~7. The dashed
line signifies v,/my; = 1, which marks the boundary
between on-shell and off-shell s-mediated N pair produc-
tion when my /v, = 0.5. In light m, range, the sensitivity
boundary is reached at v, = 600 GeV, corresponding to
my = 300 GeV. This is because the particle N generates
a displaced-vertex signature predominantly at this mass,
with 6, held constant at 1077, As my (v,) increases, the
decay width broadens, leading to prompt decays. For
mg > 600 GeV, the production cross-section is augmented

due to on-shell s production, thereby extending the
explored region of the parameter space. Moreover, the
range of accessible v, values increases with a higher 6.
Consequently, within this domain, raising 6, results in a
discernible protrusion in the sensitivity map.

Collider searches face constraints when exploring the
parameter space at small values of 6, as the production
cross-section is significantly reduced in this regime. In
scenarios where my /v, and 6,y are held constant, the
HL-LHC can only probe up to v, = my/0.5 = 800 GeV
when my is 400 GeV. At scales beyond this, collider
sensitivity decreases dramatically. Conversely, GW signals,
represented by points, remain detectable in areas where
collider searches become ineffective, especially for higher
scalar vacuum expectation values.

The regions where GW signal points coincide with
collider sensitivity bands, indicated by matching colors,
delineate a parameter space that can be investigated by both
experimental approaches concurrently. This overlap facil-
itates strong cross-validation of this model. On the other
hand, areas without overlap pinpoint sectors that are
exclusively accessible to either GW or collider investiga-
tions. Collectively, these findings indicate that within
specific feasible parameter domains, GW and collider
experiments offer a synergistic exploration of the sterile
neutrino parameter space, establishing an effective meth-
odology for model verification.

VII. CONCLUSIONS

In this work, a UV-complete model with a sterile
neutrino obtaining mass via the spontaneous symmetry
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breaking of a new scalar is explored, where the new
introduced scalar, combined with the electroweak Higgs
field, can not only generate observable GWs through the
FOEWPT, but also provide a promising sterile neutrino
production channel at HL-LHC via the scalar mixing.
Furthermore, this model addresses the neutrino mass
problem following the traditional see-saw mechanism,
which also naturally yields the sterile neutrino decay
channel. The suppression of this decay by the tiny mixing
angle between the active and sterile neutrinos leads to a
long-lived signature at the collider length scales.

We first investigated the phase transition of the combined
potential V(H,S) of the new scalar and Higgs field in
the early Universe. Specifically, we derived the thermal
corrected effective potential and embedded it into the
cosmoTransitions to pinpoint the available regions for param-
eter spaces that support a detectable first-order electroweak
phase transition. Next, we obtained the feasible FOEWPT
for different parameter spaces m, and v, after fixing the
scalar mixing angle 6,,, which are densely populated in
the area with small »,. Via simulations, the GW energy
spectrum Qgwh? associated with characteristic parameters
a and p is obtained, showing that the predicted frequency
and strength lie within the sensitivity of LISA, BBO/
DECIGO, Taiji, and TianQin observations.

Secondly, we explore the long-lived signatures of the
sterile neutrino N at the HL-LHC, especially focusing on
inclusive searches for the generation of pair sterile neu-
trinos via the s-channel mediated by the Higgs and the new
scalar s. The on-shell production of heavy scalar s and its
decay into the sterile neutrino pair greatly enhances the
production rate for N. Due to the larger decay branching
ratio, the N — Wyu channel is adopted in the analysis.
Utilizing the displaced vertex method, we explore the
detection of the long-lived sterile neutrino. We find that
the 14 TeV HL-LHC with an integrated luminosity £ =
3 ab~! exhibits significant sensitivities to sterile neutrino
mass in the range my € [100, 800] GeV, with mixing angle
0,y €[8 x 1071°,107°] for the benchmark point {6, =
0.2, m; = 570 GeV, v, = 807 GeV, Ays = 4.9, 4, = 0.6},
and my €[100,700] GeV with mixing angle 6,y €
[10,107%] for the benchmark point {6, =0.1,
mg =600 GeV, v, = 500 GeV, Ayg = 8.13, 4, = 1.0}. The

sensitivities vary slightly with different benchmark points,
but the overall sensitive regions remain largely unchanged.
Additionally, combined sensitivities from the GW
observations and collider searches are also investigated.
We find that most of the parameter space can be cross-
checked by both GW and HL-LHC searches, while
others can only be exclusively detected through either
gravitational-wave observations or collider searches.
Consequently, LHC searches and GW detection exhibit
strong complementarity.
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