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A new gauge singlet scalar field can undergo a strongly first-order phase transition (PT) leading to
gravitational waves (GW) potentially observable at aLIGO and stabilizes the electroweak vacuum at the
same time by ensuring that the Higgs quartic coupling remains positive up to at least the grand unification
(GUT) scale. aLIGO (05) is potentially sensitive to cosmological PTs at 10’—10% GeV, which coincides
with the requirement that the singlet scale is less than the standard model (SM) vacuum instability scale,
which is between 10® GeV and 10'* GeV. After sampling its parameter space, we identify three
benchmark points with a PT at about 7' = 107 GeV in a gauge singlet extension of the SM. We calculate
the nucleation temperature, order parameter, characteristic time scale, and peak amplitude and frequency of
GW from bubble collisions during the PT for the benchmarks and find that, in an optimistic scenario, GW
from such a PT may be in reach of aLIGO (O5). We confirm that the singlet stabilizes the electroweak
vacuum while remaining consistent with zero-temperature phenomenology as well. Thus, this scenario
presents an intriguing possibility that aLIGO may detect traces of fundamental physics motivated by

vacuum stability at an energy scale that is well above the reach of any other experiment.
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I. INTRODUCTION

The recent detection of gravitational waves (GW) by the
LIGO Collaboration opened a new observational window
for the early Universe [1]. Among the most exciting
prospects is the observation of GW from cosmological
events that happened well before the first observable
photons were created [2]. Not limited by recombination,
GW can be used to directly probe fundamental physics,
reaching to considerably higher energies than any other
existing experiments. There are potentially several known
sources of observable GW, which can be split into three
categories [3]: (i) binary black hole mergers, mergers of
binary neutron stars or a neutron star and a black hole, or
supernova core collapse, with a duration between a milli-
second and several hours; (ii) long duration signals, i.e.,
from spinning neutron stars; and (iii) stochastic background
arising from the superposition of unresolved astrophysical
sources. The latter can be a stochastic background of GW
which can also arise from cosmological events, such
as during primordial inflation [4-6], resonant preheating
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[7-11], fragmentation of the inflaton or any scalar con-
densate [12—14], cosmic strings [15,16], or a cosmological
phase transition (PT) accompanying either the breakdown of
afundamental symmetry or a scalar field acquiring a vacuum
expectation value (VEV). If this PT is first order, then GW
are created by violent collisions between expanding bubble
walls of the new vacuum (see, e.g., Refs. [3,17-46]), which
can be potentially constrained by the current and future GW
observatories, such as the future space mission eLISA
[47,48], and also possibly by aLLIGO within the next 5 years
[49]. Recently, it has been shown that these GW are
detectable by BBO or DECIGO [50-54].

In the present work, we explore the detectability of GW
originating from fundamental physics at the upgraded
LIGO detector, aLLIGO, in the near future (2020-2022)
[55-58]. It is known that the frequency of GW from the
electroweak PT is too low to be detected at aLIGO [21,22].
Therefore, our main emphasis here is to seek GW accom-
panying an earlier PT with physics beyond the Standard
Model (BSM). In search of detectable primordial GW at
aLLIGO (LIGO run phase OS5), we provide a simple but
concrete particle physics model which can yield the
observed amplitude and peak frequency for GW which
have been recently proposed in Ref. [49]. In the current
paper we analyze a framework which is an extension of the
standard model (SM) of elementary particles with a gauge
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singlet scalar (SSM) (see, e.g., Refs. [59,60]). Indeed, this
is the simplest example of BSM physics that could enhance
electroweak vacuum stability [61-63]. Besides this, such a
simple choice for physics beyond the SM could also help
us understand primordial inflation [64-66] (for a review
see Ref. [67]).

As noticed before in Ref. [49], aLIGO is potentially
sensitive to cosmological PTs occurring at scales 107 GeV
to 10® GeV, which raises the question of whether such a
new scale emerges in BSM physics. It is a well-established
result that the observed values of the top-quark mass, Higgs
mass and strong coupling drive the SM Higgs quartic
coupling, via renormalization evolution, to negative values
atabout A; ~ 10'° GeV. The latter is known as the Higgs or
vacuum instability scale [68—72]. The SM scalar potential
is believed to be metastable; although we live in a false
vacuum, the probability of tunneling to the true vacuum is
negligible, and for a heavy Higgs boson, m;, = 130 GeV,
the Higgs potential would be stable [70].

In this paper we show two important results, which we
can summarize below:

(1) Itis possible to realize a successful strong first-order
PT in the singlet direction with the nucleation temper-
ature within the range of 10’-10% GeV, which would
give rise to a GW signal within the frequency range
of aLIGO, i.e., 10-100 Hz. We will establish this
by taking into account finite-temperature corrections,
first incorporated in Ref. [73] in the context of the
next-to-minimal supersymmetric SM.

(i) We carefully compute the running of the couplings
in the SSM at two loops, and conclude that for the
range of parameters we have scanned, parameters
that yield a strong first-order PT could also amelio-
rate the SM Higgs metastability. In this paper we
shall provide three benchmark points, where the
scale of BSM physics would leave an undeniable
footprint in the GW signal, potentially within the
range of aLIGO (O5).

Our paper is organized as follows. In Sec. II, we first
explain the SSM model. In Sec. III, we discuss what range
of parameters of the singlet can yield strong first-order
PT, and what are the conditions to be fulfilled. In Sec. IV,
we briefly discuss GW amplitude and frequency from the
first-order PT. In Sec. V, we discuss the Higgs vacuum
stability in the presence of a singlet-Higgs interaction,
and in Sec. VI we discuss our numerical results. In Sec. VII,
we conclude with our results and discuss briefly future
directions.

II. SINGLET EXTENSION OF THE
STANDARD MODEL

We consider the SM plus a real scalar (see, e.g.,
Refs. [59,60]) that is a singlet under the SM gauge groups
and carries no, e.g., discrete charges. Thus, our model is
described by the tree-level scalar potential
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where Mg is the mass parameter of the singlet, x is a
dimensionful coupling, Ag is the singlet quartic coupling,
and «; , are singlet-Higgs couplings. The above potential
is the most general gauge invariant, renormalizable scalar
potential with the considered particle content. The linear
operator m>S is removed by a shift in the singlet field
without loss of generality.

To account for changing field properties during cosmo-
logical PTs, we consider a one-loop effective potential with
finite-temperature corrections (i.e., a free energy). As the
Universe cools the free energy develops a deeper minimum
in the singlet direction, there is a PT to a new ground state
and the singlet acquires a VEV, although no symmetries are
broken. If there is a discontinuity in the order parameter

r=(S)/T,

i.e., the PT is first order, bubbles spontaneously emerge in
the Universe in which the singlet VEV is nonvanishing
(S) # 0. We will scan over the Lagrangian parameters at the
high scale; guarantee that a strongly first-order PT occurs ata
critical temperature in the range (107, 10%) GeV by solving
for Lagrangian parameters; and impose the constraints on
weak-scale parameters by requiring that the Higgs mass be
125 £ 1 GeV and that the VEV be 246 GeV. This typically
requires dimensionful parameters to be O(T¢) and dimen-
sionless parameters to be O(1) at the high scale. GW from
high-energy PTs were considered in Ref. [74].

A fraction of the latent heat from the PT could ultimately
be released in collisions between bubbles, which result
in striking GW signatures. This occurs at the bubble
nucleation temperature, 7y, which is typically similar to
the critical temperature, 7y < T, i.e., the temperature at
which the original ground state and emerging ground state
are degenerate. We will calculate the nucleation temper-
ature in order to calculate the peak frequency and the
amplitude of the GW resulting from the singlet PT.

1 1 1
Vo(H,S) = u?|H|* + 5,1|H|4 + EMgs2 +-kS*+ 5/1554

2 1 2
+K'1S|H| +§K2S |H

ITI. PHASE TRANSITIONS IN A TEMPERATURE
IMPROVED POTENTIAL

In this section we investigate whether the SM extended
with a singlet can produce GW at a strongly first-order PT
which could be detected by alLIGO. Acceptable low-energy
phenomenology, including standard Higgs properties and
vacuum stability, is imposed. To achieve such a scenario we
require the following cosmological history.

(1) Higgs and singlet fields are in true, stable vacuum at

the origin at high temperature.

Q) At TrTy~Tce€ (107,10%) GeV, the singlet

acquires a VEV in a strongly first-order PT gen-
erating GW, potentially in reach of aLIGO. [The
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temperature was chosen to coincide with the peak
frequency sensitivity in aLIGO (0O5).]
(3) At low temperature, the Higgs acquires a VEV,
(H) ~ 246 GeV, resulting in the correct weak scale,
Higgs mass, and satisfying constraints on Higgs-
singlet mixing.
We will calculate the critical and nucleation temperatures
numerically as functions of the Lagrangian parameters.
This is needed to calculate the frequency and amplitude
of GW originating from bubble collisions. The first step
is to include finite-temperature corrections to the effective
potential. The one-loop finite-temperature corrections to
the scalar potential have the form [75,76]

e B (i) (D)

where J 5 and J ¢ are thermal bosonic and fermionic functions,
respectively, and the sums are over field-dependent boson
and fermion mass eigenvalues. We also add zero-temperature
one-loop Coleman-Weinberg corrections [75,76],

2 2
gim; m;
] o

summed over massive particles, where y is the renormaliza-
tion scale, chosen to minimize large logarithms; m; is a field-
dependent mass eigenvalue; g; is the number of degrees of
freedom associated with the massive particle; and n; = 3/2
for scalars and fermions and 5/6 for massive gauge bosons
(up to an overall sign for fermions).

Note that when one considers a PT in the singlet
direction the only relevant masses are field-dependent mass
eigenvalues of both the CP even and CP odd scalar mass
matrices as well as the charged Higgs. Also, there are no
issues with gauge dependence. The final corrections to the
finite-temperature effective potential are the Debye masses
AVp which result in the Lagrangian bare mass terms
obtaining corrections of the form Am% o« T2 [77]. Thus,
we consider the one-loop finite-temperature potential

AVCW -

V=Vo+AVp+ AV + AVcy. (4)

The conditions for a strongly first-order PT generating
GW are that
(1) There are at least two minima,

av|  av

T

The calligraphic subscripts indicate the expression
should be evaluated in the true (7) and false
(F) vacua.'

'"The vacua are degenerate at the critical temperature. We,
however, always refer to the deepest minimum at zero temper-
ature as the true minimum.
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FIG. 1. The effective potential (i.e., free energy) for benchmark

SSM 11, shown above, below and at the critical temperature, 7',
at which the minima are degenerate, and at the nucleation
temperature, 7.

(2) There exists a critical temperature, 7', at which the
two minima are degenerate,

Vg =Vlr. (6)

This is illustrated in Fig. 1 for a benchmark point
tabulated in Table I by SSM 1.
(3) The order parameter at the critical temperature

<T—S’C>, )

must be substantial [i.e., O(1)] in order to yield a
strong first-order PT. The fact that S is a gauge singlet
means that we do not need to concern ourselves with
subtleties involving gauge invariance [75].
(4) Bubbles form, expand, dominate the Universe and
violently collide.
For the first-order PT generating GW, we fix the critical
temperature and order parameter, and solve for Lagrangian
parameters at the high scale such that the conditions hold.
The peak frequency and peak amplitude of the resulting
GW are controlled by the nucleation temperature, Ty,
which is the temperature at which a 1/e volume fraction
(given by the Guth-Tye formula [78]) of the Universe is in
the true vacua. By dimensional analysis, this approximately
occurs once

4

p0)rt =1, (8)
where p(t) is the probability per unit time per unit volume
that a critical bubble forms. As a function of temperature,

=Sg(T38y(rT))
T

p(T)~Tre 7, 9)

where Sg(T;S,(r;T)) is the Euclidean action evaluated
along a so-called bounce solution. The Euclidean action is
defined as
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Benchmark points, at the scale O = 250 GeV, that exhibit GW potentially in reach of aLIGO (O5), vacuum stability, and

acceptable low-energy phenomenology. The peak amplitudes were calculated numerically for f/Hy from Eq. (14).

POil’lt M%(GeVz) /IS K(GCV) Ky (GCV) Ky /1 ms(GeV) Y Tc(GeV) TN/TC ﬂ/HN QGW
SSMT  42x10"% 0.064 21x107 —49x10° 0.14 053 45x107 28 3.7x107 044 118 13x107°
SSMII  69x10" 0.073 28x107 -73x10° 0.15 051 55x107 29 42x107 045 110 1.3x107°
SSMIII 13x10% 0.13 74x107 —-14x10° 0.09 040 13x10% 23 82x10" 035 45 6x 107°
o ds(r)\? B Se(Ty)
Sg =4r Pdr| | —=) +V(S5,T)], 10 =7 15
e=an [Tror| (S) v o e (15)

and is a functional of the singlet field, S(r). A bounce
solution is a solution to the classical equation of motion for
the singlet [79]. That is, we must solve

os 205 _ovis.n
orr  ror  9S

S0)=0,  S(co) =0, (11)

for Sy(r;T), where the effective potential is defined in
Eq. (4). In aradiation dominated Universe, temperature and
time are related by

72 45 Mp
167° /g,
where g, = 100 is the number of relativistic degrees of
freedom and Mp is the Planck mass. Combining Egs. (8),

(9) and (12) results in the condition that the Euclidean
action satisfies

Se(Ty; Sp(r: Ty))
Ty

(12)

Ty

We solve for the nucleation temperature 7 in Eq. (13) by
bisection, finding the bounce solution and the resulting
Euclidean action for every trial temperature. To find a
bounce solution, we approximate the bounce solution by
perturbing about an approximate kink solution [80].

IV. GRAVITATIONAL WAVES

The amplitude of GW from a first-order PT depends on
the wall velocity of a bubble, v, ; the latent heat released in
the transition between the true and false vacuum, Ap; the
efficiency of the conversion of latent heat to GW; and the
duration of the transition. The latter is parametrized by

o, {dln Sk /T] Se
13

14
dInT T (14)

Ty

where S; = Sg/T is the four-dimensional Euclidean action
for a bounce solution to the equations of motion, ¢y is the
nucleation time and H = —T/T. The characteristic time
scale of the PT is 1/f. We can approximate the time scale
by [81,82]

up to an O(1) factor. We solved the right-hand side in
Eq. (13). We attempt to calculate # by numerical differ-
entiation of the action with respect to temperature in
Eq. (14); however, to reflect uncertainties in our calcu-
lation, we furthermore present results from varying the time
scale of the PT in the range 1 < /H, < 200. The lower
bound is from causality [83]—the characteristic size of a
bubble cannot exceed a horizon—and the upper bound is
slightly greater than the approximation in Eq. (15).
The latent heat is parametrized by

A 29, T4
i wherepNE”g N
PN 30

a= (16)
The denominator py is the energy density of the false
vacuum and g, = 107.75 is the number of relativistic
degrees of freedom at the nucleation temperature 7.
The numerator, Ap, is the latent heat in the transition
between the true and false vacuum,

dv dv
evaluated at the nucleation temperature, where V is the
temperature improved scalar potential (i.e., free energy)
and subscripts indicate true (7)) and false (F) vacua.

The bubble wall velocity—a factor that influences the
amplitude of GW—is slowed by friction terms arising from
interactions with particles in the plasma. In the high-scale
PT that we are considering, because there are fewer friction
terms than in the electroweak phase transition (EWPT) in
the SM, we expect that v,, ~ 1 in general.” The efficiency of
converting latent heat into GW—the final factor affecting
GW—is denoted by ¢. Because in our scenario y 2 1.75
(i.e., we consider a very strongly first-order PT), one finds
that € ~ 1. We take ¢ = 1 throughout.

Combining all the factors, from numerical simulations
using the so-called envelope approximation (see, e.g.,

’In supersymmetric models, the wall velocity of bubbles in an
EWPT tends to be heavily suppressed by strongly interacting
scalars [84]. In the SM, the wall velocity in an EWPT is
significantly higher without these friction terms. Thus, for a
high-scale PT in the SSM, with even fewer friction terms, we
expect v,, = 1.
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Ref. [85] for an analytic calculation), the peak amplitude
of the GW strength, defined as the energy density per
logarithmic frequency interval in units of the critical energy
density of the Universe, due to bubble collisions measured
today, is given by

31.6Hy\2/ a \?2 493
Qaw = 107° il 2 L
o =107 (25" (755) @ (ga'e )

()

where g, = 107.75 in our model. The factors are O(1) for a
PT at a nucleation temperature 10’ GeV < T < 10® GeV.
The peak amplitude is O(10~%) for a = 1 and y = 2. The
aLIGO experiment, LIGO running phase OS5, should be
sensitive to amplitudes greater than about Qgy =5 x 1071°
at about O(10)-0O(100) Hz [58,86].

The peak amplitude observable today occurs at the peak
frequency

. I Ty s 1/6
fo= 165 Hz x (H_) (4108 Gev) (1()0) (19)

where f is the peak frequency at the nucleation time,

B 0.62p
- 1.8-0.1v, + 02~

Iy (20)
The peak frequency of GW from a PT coincides with
alLIGO’s maximum sensitivity at about 20 Hz if the nucle-
ation temperature is about 10’ GeV <7y <108GeV [49].

V. VACUUM STABILITY

After the discovery of the Higgs boson, and subsequent
determinations of its mass, the stability of the SM vacuum
was reexamined [68—72]. At large-field values, the SM
effective potential is approximately

V() = 50 % M)A 21)
and for stability it is sufficient to ensure that, given an initial
value of the quartic coupling at low energy, the renorm-
alization group (RG) evolution is such that the quartic
coupling is positive at least until the Planck scale.

The result is sensitive to low-energy data—notably the
top-quark mass, Higgs mass and strong coupling—in the
quartic coupling’s renormalization group equation (RGE).
With present experimental data, however, it is believed that
the quartic coupling turns negative at about A; = 10'" GeV,
referred to as the SM Higgs instability scale. The SM Higgs
potential is believed to be metastable; although we live in a
false vacuum, the probability of tunneling to the true vacuum
is negligible [70].

This instability can be remedied in simple extensions of
the SM, including the SSM, which could alleviate it by
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modifying the beta function for the quartic coupling (at one
loop by a fish diagram) or by negative corrections to the
Higgs mass. The latter implies that a Higgs mass of about
125 GeV, as required by experiments, could be achieved with
a quartic coupling larger than that in the SM, and could
be realized by tree-level mixing which should result in a
negative correction, as eigenvalues are repelled by mixing
[62,63]. A quartic coupling sufficiently greater than that
in the SM could ensure that the quartic coupling remains
positive until the Planck scale, though it should remain
perturbative until that scale.

There are, however, additional stability conditions in the
SSM, such as

2>0,  As>0, and x> -2\/Agh (22)

that result from considering large-field behavior in the
H=0,S=0 and AH* = AgS* directions in field space.
Note that if k, is negative, the latter condition is equivalent to
Asm = 0, that is, the SM vacuum stability condition. In this
case, stability cannot be improved by a threshold correction,
though it could be improved by modified RGEs (see the
Appendix). Thus, we considerx, > 0. To ensure perturbative
unitarity, we followed Ref. [87]. Because in our solutions the
Higgs and singlet are approximately decoupled, it resulted
in a constraint that 1 < 4.2 below the GUT scale.

We ensure that the mixing angle between the doublet
and singlet is negligible, such that our model agrees with
experimental measurements indicating that the Higgs is
SM-like. There is, however, a residual threshold correction
to the SM quartic. After eliminating the mass squared terms
by tadpole conditions, the tree-level mass-squared matrix
in the basis (h, s) reads

?
M? =
K1V + KyUg¥

K +K21)S 3
(4Agvg +K)vg =t Liv ) (23)

2 vg

The off-diagonal elements lead to mixing between mass
and interaction eigenstates, described by a mixing angle

o(_) (24)

As the mixing is small, we use the same notation for mass
and interaction eigenstates. The mass eigenvalues are
approximately

K| + Kyvg v

tand ~ —
42505 + K Vg

2
2 ~ /1 _ (Kl +K2US) 2 25
i ( vg(4dsvg + k) v (25)
1 0% 2(ky + Kkyvg)?
m%%ﬂs(é‘-/{_gvs—l—l()—iv—s (K‘l _(KITJEUZ)>’ (26)

neglecting terms O(v*/v%). As stressed in Refs. [62,63], in
the limit v/vg — 0, the singlet only partially decouples.
While the mixing vanishes (tand — 0), a negative tree-
level contribution to the Higgs mass survives:
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+ Ky05)?
P PR UL I R
" ( vs(4dsvs + k) nEr 27)

Thus, the quartic coupling in the SM plus a singlet that
achieves m;, ~ 125 GeV is greater than that in the SM (or
equivalently, there is a threshold correction to the quartic
coupling in an effective theory in which the singlet is
integrated out from the SM plus singlet), which improves
the stability of the Higgs potential. That is,

Ad— (k| + Ko05)

=—— =2 > 28
03(4/1371_; +K') ( )

If k>0 and x; — 0, Al — «k3/42g, rteproducing the
expression in Refs. [62,63]. Substantial k; in the numerator
or cancellations involving x in the denominator could,
however, help generate a sizable threshold correction.

There are, however, subtleties: the conditions in Eq. (22)
were necessary, but insufficient for stability. For example,
in Ref. [62] it was shown that for a Z, symmetric potential
and renormalization scales p < Mg, if x, > 0, the SM
vacuum stability condition,

Aoy =4 — AL >0, (29)

is required to avoid deeper minima in the S = 0 direction.
We thus require y < Mg < Ay, that is, that the singlet scale
is less than the SM instability scale. This ensures that
although there is an instability scale at which the SM
vacuum stability condition is broken,

Asm(p = A 2 Mg) <0, (30)

the vacuum may in fact be stable, as we may violate the SM
vacuum stability condition at scales y = M. We trust that
lessons from the Z, symmetric case are applicable to our
general potential in Eq. (1). Thus, in this paper, we describe
our model as stable if the couplings satisty the large-field
conditions on vacuum stability in Eq. (22) and the SM
vacuum stability condition in Eq. (29) for u < Mg < A
We leave a detailed analysis to a future work.

VI. NUMERICAL RESULTS

As well as generating GW potentially within reach of
aLLIGO and improving vacuum stability, our models must
satisfy low-energy experimental constraints on the weak
scale (i.e., the Z-boson mass), the Higgs mass and Higgs-
singlet mixing, and be free from Landau poles below the
GUT scale. We fixed an order parameter, 1.75 <y < 5, and
a critical temperature of 107 GeV < T < 10% GeV.

We included low-energy constraints by building two-loop
RGEs in SARAH-4.8.2 [88] by modifying the SSM model
and constructing a tree-level spectrum generator by finding
consistent solutions to the tree-level tadpole equations and
diagonalizing the weak-scale mass matrix. Our spectrum
generator guaranteed the correct weak scale by tuning the
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Higgs mass parameter in the tree-level tadpole equations.
To approximately satisfy limits on Higgs-singlet mixing
from hadron colliders (see, e.g., Ref. [89]), we required
a tiny mixing angle between Higgs and singlet scalars,
tand < 107%. We tuned the Higgs mass by bisection in
the Higgs quartic such that m;, = 125 £ 1 GeV. We found
simultaneous solutions to the low-energy constraints and
GW requirements by iterating between the weak scale and
the critical temperature.

In Table I we present three benchmark points with GW
amplitudes potentially within the reach of aLIGO (O5),
acceptable zero-temperature phenomenology and a sub-
stantial threshold correction to the tree-level Higgs quartic
for improved vacuum stability. The running of the Higgs

Balazs, Fowlie, Mazumdar & White (2016)
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FIG. 2. Running of the Higgs quartic 4 in the SM and for our
solutions in the SSM. All lines correspond to m; = 125 GeV.
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FIG. 3. Peak amplitudes and frequencies of GW for our SSM
benchmark points from our approximate numerical calculation of
p/Hy (squares), with uncertainty represented by varying between
p/Hy = 1 and /Hy = 200 (lines). The shaded regions indicate
LIGO sensitivities during various phases of running [58,86]. All
lines intersect the sensitivity of alLIGO (LIGO running phase O5).
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quartic for our three benchmarks and in the SM is shown in
Fig. 2, demonstrating that for our benchmarks, the quartic
coupling remains positive below the Planck scale, unlike in
the SM. Note that the running of the Higgs quartic coupling
is sensitive to the precise values of the top Yukawa, y,, and
the strong coupling, g;. The experimental measurements for
y, and g; were boundary conditions at Q ~ 107 GeV; this
introduced an error of up to about 3% in their weak-scale
values for our benchmarks. As such the running for SSM 111
is pessimistic; its quartic running is probably steeper. For
benchmark SSM 1, the quartic coupling hits a Landau pole
above the GUT scale. We illustrate that our benchmark
points result in peak amplitudes and frequencies of GW
potentially within reach of aLLIGO (O5) in Fig. 3. However,
note that here we have varied 1 < /Hy < 200.

We selected our benchmarks from thousands of solutions
found by Monte Carlo (MC) sampling SSM parameters at
the GW scale, Q = T, from the intervals
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1078 GeV < |k;| < 108 GeV
1078 <k, <2
102 GeV? < M% < 10" GeV?
107 GeV < T¢ < 108 GeV
23<y<3. (31)

We traded the Lagrangian parameters x and Ag for 7 and y
by solving Egs. (5) and (6), and A and u? by requiring
correct Higgs and Z-boson masses. A substantial fraction of
our MC solutions could exhibit GW in reach of aLLIGO;
however, calculating the amplitude of GW accurately
requires a thorough lattice simulation.

When selecting our benchmarks, however, we found that
if y 2 3, the rate of tunneling is sometimes too slow for a
PT to dominate the Universe, with this being the case more
often as y approaches 5. That is, it is impossible to satisfy
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condition Eq. (13) for any temperature. This is consistent
with Ref. [90], in which no solutions with y > 5 were
found. Since we desire a completed PT, we discarded
solutions with an order parameter y 2 5. This may, in fact,
be optimistic, as Ref. [90] indicates that completed PTs
with y & 5 are rare and as we require a lower value of Sg/T
since the nucleation temperature is 5 orders of magnitude
higher than the EW scale [see Eq. (13)]. On the other hand,
if the order parameter y < 2.3, the amplitude of GW may be
too far below alLIGO (O5) sensitivity for all but the most
optimistic estimate of the peak amplitude. There is there-
fore a “Goldilocks region” for the strength of the PT,
2.3 <y <3, for which GW could be observed at al.LIGO.
Thus, to roughly select GW amplitudes in reach of aLIGO,
we sampled from 2.3 <y < 3.

We scatter our MC solutions in Fig. 4. We find that
moderate Higgs quartics of 4 ~ 0.35 are common, although
there are outliers at 4 = 0.4. We see in Fig. 4(a) that the
dimensionless singlet-Higgs coupling is moderate, x, < 0.1.
We find, unsurprisingly, in Figs. 4(b) and 4(c) that dimen-
sionful parameters are similar to the critical temperature,
mg~k; ~Tc~10" GeV. The Higgs-singlet couplings
appear correlated in Fig. 4(d). This is likely due to the
fact that the Higgs-singlet mixing angle is reduced for
K1 ~ —2K,v,. The sizes of the Higgs-singlet couplings are
related to the threshold correction in Eq. (28), which we
require to be moderate. There exist points with a Higgs
quartic larger than in the benchmark SSM I that may suffer
from Landau poles in the Higgs quartic below the GUT scale.

VII. DISCUSSION AND CONCLUSIONS

GW detectors, such as LIGO, are a novel way of probing
new physics. In this work, we studied the detectability of
primordial GW in the context of the SM augmented with a
single real scalar field that is a singlet under all SM gauge
groups. The scale of the scalar singlet (its mass and VEV)
was motivated by vacuum stability to be 10’-10% GeV. We
have shown that, with this scale, the singlet dynamics leads
to a strongly first-order PT that generates GW potentially
within reach of aLIGO (LIGO run phase O5). Selected
from a wide sample over the parameter space, we presented
three benchmark points with detailed calculations of the
peak GW frequency and amplitude, demonstrating that for
an optimistic estimate of the peak frequency and amplitude,
they lie within alLIGO sensitivity. The most optimistic
scenario, of course, arises for f/Hy ~ O(1).

While it is known that eLISA is able to probe PTs at or
near the EW scale, to our knowledge this work is the first to
discuss a physical motivation for a PT to leave a relic
background potentially detectable by alLIGO. Our result is
due to the coincidence of aLLIGO sensitivity with the EW

PHYSICAL REVIEW D 95, 043505 (2017)

instability scale. Indeed, the original analysis that proposed
the existence of a heavy singlet leading to a tree-level boost
in the Higgs quartic coupling promoted the case where the
mass of the singlet was 10’108 GeV [62]. This is precisely
in the region where the stochastic background is visible at
aLLIGO. It should be stressed, though, that it is also possible
to boost the stability of the vacuum with a lighter singlet.

With planned LIGO running phases sensitive to GW
amplitudes below 1079, it is interesting to consider moti-
vations for a PT at 10’-10% GeV, which, on a logarithmic
scale, lies about halfway between the EW and the grand
unification scales. One exotic possibility is EW baryo-
genesis through a multistep PT with the first transition
at around 107-10% GeV as proposed in Ref. [91]. This
presents another intriguing possibility about physically
motivated PTs occurring at such a high scale. This and
other scenarios we leave to future work.
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APPENDIX: SSM g FUNCTIONS

We generated beta functions from our modified SSM
model in SARAH-4.8.2 [88]. The beta functions for Ag
and k, were such that the quartics remained positive. The
former is positive at one loop,

167° B = i3 + 3643, (A1)
though there are negative terms at two loops, and the latter
is proportional to k, at one loop,

1
167° 1k = E/Q(—9g% —45¢5 + 601

+ 602 + 40k, + 1204), (A2)

and at two loops. Thus at two loops it cannot change sign.
There is, furthermore, an additional contribution to the beta
function of the SM quartic,

27 , .9 9, 9
167 = 15591 + 1919 + 795 — 5 914

—9g34 + 122 + 122y — 12y} + 3, (A3)

which could improve vacuum stability.
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