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ABSTRACT: Although the Higgs potential in the Standard Model (SM) contains only a sim-
ple electroweak symmetry breaking vacuum in the small field region, additional metastable
or global vacua could exist in models beyond the SM. In this paper, we study one intrigu-
ing scenario with an additional electroweak symmetric vacuum that could be the global
one. For the thermal universe ending at the current metastable vacuum, the electroweak
symmetry should stay non-restored at high temperatures. We realize the scenario in a
model with Higgs-portal couplings to SM singlet scalars with approximately global O(N)
symmetries with a large N. For a large portion of model parameter space, both the quan-
tum and thermal tunneling rates are suppressed such that our current metastable vacuum
is long-lived enough. Our scenario predicts order-one changes for the Higgs self-couplings
and a large contribution to the signal of the off-shell Higgs invisible decay. It can be partly
probed at the LHC Run 3 and well tested at the high luminosity LHC. We also discuss
the subcritical (anti-de Sitter) bubbles from the thermal tunneling that could have a large
population and interesting cosmological implications.
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1 Introduction

With the discovery of the Higgs boson at the LHC [1, 2], one of the imperative tasks
remaining is to understand the nature of the electroweak (EW) symmetry breaking and
various aspects of it. Whether the EW symmetry breaking vacuum that our current uni-
verse is sitting on is the global vacuum or a metastable one is a fundamental question
yet to be answered. In fact, in view of landscape with an exponentially large number of
metastable vacua [3-6] in string theory, it will not be too surprising that the EW symmetry
breaking vacuum is a metastable one. However, whether it is a metastable or global one is
relatively less explored both theoretically and experimentally. With our current knowledge
of the Higgs potential being limited around the local EW symmetry breaking vacuum, the
global shape of the Higgs potential is largely unknown and can be qualitatively different
from that of the Standard Model (SM), as illustrated in figure 1. Our ignorance of the
global structure of the Higgs potential also means that we do not have a clear picture of
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Figure 1. Representative shapes of the Higgs potential at zero temperature, that share the same
locally known structure around v = 246 GeV (denoted by a box around the Higgs VEV) and have
different shapes at the origin.

the cosmological evolution of the EW vacuum/vacua and the electroweak phase transition
(EWPT). The possibility of the EW symmetry breaking vacuum being metastable could
give rise to a qualitatively different story for the cosmological evolution of the SM fermion
and gauge boson masses, which deserves dedicated studies. From the theoretical side, this
possibility of our current EW symmetry breaking vacuum being a metastable one has been
studied mainly in the context with a global vacuum located at a large Higgs field value.
This global vacuum in the SM is mainly due to the top quark Yukawa coupling contribution
to the renormalization group running of the Higgs quartic coupling [7, 8]. On the other
hand, in models beyond the SM, there are many examples with a metastable EW symmetry
breaking vacuum. Some models could have an additional vacuum in the small Higgs field
region including the electroweak symmetric (EWS) vacuum at the origin in the Higgs field
direction.! In this paper, we introduce a simple and representative model to realize this
scenario. For a phenomenologically viable set-up of such scenario, three conditions have
been satisfied: a) the lifetime of the metastable EW symmetry breaking vacuum due to
quantum tunneling should be at least comparable to the age of the universe; b) our thermal
universe should have a symmetry non-restoring (SNR) [10] evolution at high temperatures
such that it will end up at the current metastable vacuum; c¢) the thermal tunneling rate
from the metastable to the global vacuum should be suppressed enough such that the phase
transition is uncompleted.

The early universe evolution for the scenario with a global symmetric vacuum is differ-
ent from the ordinary EWPT. The most common assumption for the ordinary evolution
of the EW symmetry is that the EW unbroken phase in the early universe goes through

!Note that, even with a positive Higgs mass at the origin, the QCD interaction induced fermion conden-
sation can still break the EW symmetry, although with a much smaller scale [9]. We will neglect the QCD
effects for the Higgs potential in this study.



the EWPT to the broken phase as the temperature cools down. A lot of attention has
been given to this ordinary EWPT story, because the EWPT could be a first-order one to
realize the EW baryogenesis [11, 12]. Recently, there has been also increased interests in
exploring an alternative cosmological history of the universe [13-17], by reviving the old
idea of SNR, which is also known as inverse symmetry breaking, where the EWPT doesn’t
occur at the temperature of the EW scale, but rather at a much higher temperature. There
is an SNR in between them, such that the broken vacuum remains to be the one that the
universe sits on even for the temperature much above the EW scale.? A salient feature of a
simple model which realizes the EW SNR idea is to introduce SM singlet scalar fields with
a large multiplicity of NV and a negative portal coupling to the SM Higgs such that one can
achieve the goal in an effective field theory with perturbativity under control [13, 15, 22].
One attractive feature for the EWPT occurring at a higher temperature is to have an easier
implementation of the baryogenesis with relaxed constraints from flavor and CP violation
bounds [14-16, 23, 24]. For our scenarios in this paper, we also have EW SNR at high tem-
peratures and could achieve baryogenesis based on EWPT at higher temperatures. On the
other hand, the scenario considered in this paper has the EW breaking vacuum to be the
metastable one and the EW unbroken vacuum to be the global one, which will have a dif-
ferent consideration for early universe and also different phenomenological consequences.
Interestingly, the SNR is the necessary feature of the scenario considered in this paper,
unlike other works on SNR, where SNR is an optional possibility.

In this work, we will consider a model with the minimal extension of the SM with
two different copies of scalar singlets that couple to the SM Higgs via a quartic portal
coupling. The EW symmetry breaking vacuum with a vacuum expectation value (VEV)
v = 246 GeV is a metastable one, with a global symmetry-preserving vacuum at the origin
(without additional vacuum at a large Higgs field value, at least within the cutoff of our
effective field theory). This can be regarded as a simple toy model that could be embedded
into other models addressing the EW hierarchy problem and expanded to models with
multiple fields and a large number of vacua. To be under perturbative control, we will
impose approximately O(N) symmetries for the new SM gauge singlet scalars. With a
large N, we will demonstrate that the perturbativity is kept for the parameter space to
achieve the global EW symmetric vacuum.

For the two types of singlet scalars with separate O(IN) symmetries, we have one
type responsible for developing a global EW symmetric vacuum from its contribution to
the Coleman-Weinberg (CW) potential of the Higgs field, while the other type mainly
responsible for SNR in the thermal universe. Given the existence of additional scalars,
one could also have non-trivial vacua along their field directions. For instance, in some
EWPT models the so-called “two-step” phase transition has been considered with the final
transition from the vacuum with zero Higgs VEV (h) = 0 and non-zero singlet VEV to
the vacuum with (h) = v and zero singlet VEV. For this case, one could also study the
consequence if the first vacuum with (h) = 0 is the global vacuum. In this paper, we will

2SNR. has been adopted to solve other problems such as the monopole [18-20] and domain wall [21]
problems in Grand Unified Theories.



focus on the scenario with the Higgs field as the only order parameter to define different
vacua. The advantage of studying scenario is that, besides the merit of simplicity, the Higgs
boson properties are modified more dramatically and could be tested more concretely at
the LHC in the near future.

From the collider perspective, searching for a deviation of the Higgs trilinear coupling
and Z-Higgs interactions from the SM predictions can help on reconstructing the Higgs
potential, probe the cosmological history of the EW symmetry breaking, and provide a
clue for the EW baryogenesis. It serves as one of the important motivations for the future
colliders (e.g., 100 TeV proton-proton circular collider). What distinguishes our scenario
from other models in the literature is that our model predicts large enough corrections to the
Higgs cubic (and quartic) self-couplings, such that it will be testable in the near future both
at the LHC Run 3 with around 300 fb~! luminosity and at the high-luminosity (HL) LHC
with 3ab~!. As the Higgs boson has direct couplings to two copies of scalar fields under
separate O(N) symmetries, it turns out that the signal with jets plus missing transverse
momentum [via off-shell Higgs invisible decay from vector-boson-fusion (VBF) productions]
will be another “golden channel” to test our scenario at the HL-LHC experiment, or even
at the LHC Run 3 if the singlet scalars are relatively light.

For the (uncompleted) transition from the EW symmetry breaking vacuum to the
global unbroken vacuum, a first-order phase transition is generic in the model parame-
ter space. We will demonstrate that the thermal tunneling rate is suppressed such that
this first-order phase transition is an uncompleted one, which is different from the ordi-
nary EWPT where the phase transition is quickly completed below and around the critical
temperature. For our scenario, some nucleated bubbles could have a negative energy den-
sity inside the bubble and hence behave as an anti de-Sitter (AdS) bubbles. Those bub-
bles, mainly subcritical, will shrink and disappear if there is no additional pressure to be
against the tension force. For the supercritical bubbles, their run-away speed is generically
large [25-27] and they could easily occupy a big fraction of the current Hubble volume and
overclose the universe if they are produced with a large rate. Therefore, we will estimate
their formation rate and use it to constrain the allowed model parameter space.

Our paper is organized as follows. In section 2, we introduce a model with Higgs-
portal couplings to SM singlet scalars with approximately global O(N) symmetries with a
large N. We list constraints on the couplings to ensure the perturbativity. In section 3,
we establish the global EW symmetric vacuum, while lifting the EW symmetry breaking
vacuum to the metastable one, by modifying Higgs potential due to the radiative corrections
from new SM singlet scalars. In section 4, we study the EW symmetry non-restoring
thermal history of the universe to have it end at the current metastable symmetry breaking
vacuum. We present two benchmark scenarios (along with the parameter scans around
them) which have the metastable vacuum to be long-lived enough against both the quantum
and thermal tunneling processes. In section 5, we discuss the formation of bubbles including
the AdS ones that could be populated during the thermal evolution of the universe and
their dynamics. In section 6, we discuss how to test our scenario at the LHC Run 3
and HL-LHC. In appendix A, we derive the lower bound on the bounce action of finite
temperature to ensure vanishing fraction of the space occupied by supercritical bubbles in



the current universe. In appendix B, we estimate the typical distance between subcritical
bubbles. In appendix C, we solve the renormalization group equations of scalar quartic
couplings and derive the Landau pole scale. In appendix D, we recast the ATLAS analysis
on the invisible decay of the off-shell Higgs in the VBF channel to derive the current (and
future) sensitivity on the parameters of our scenario.

2 Theoretical framework

The scenario considered in this paper is the extension of the SM by including two copies
of SM gauge-singlet real scalar fields, S and @, transforming as fundamental representa-
tions under O(N,) and O(Ny), respectively, and coupling to the SM via the Higgs-portal
couplings. The scalar potential is

Viree = _M%LHTH+)‘h (HTH)2

As s (2.1)
4 4
where S2 = STS and 2 = ®Td. The self-interacting quartic coupling of the SM Higgs
field has a numeric value of A\, = m3?/(2v?) ~ 0.13 with mj, ~ 125 GeV and v = 246 GeV.
Here, we have ignored the quartic coupling between the two singlet fields AS¢52<I>2 (this
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interaction can be generated at one-loop level with Asy ~ ApsAne/(1672), which is small
enough to affect our later results). In terms of the neutral component of the Higgs field
H = (0,h)T/\/2, the potential takes the form,
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In our study, we will only consider the parameter space with the SM Higgs developing a
non-zero VEV (h) = v = 246 GeV for the vacuum of our current universe sitting on and
zero VEVs for both S and ®. At tree level, this requires ,u% > 0, m2 + Apsv? > 0 and

2 > 0.2 In order to prevent the EW symmetry from being restored at high

mi + Angv
temperatures, we will take Aps < 0 and positive values for other quartic couplings: A\, > 0,
As >0, Ay > 0, Apg > 0. Requiring the potential is bounded from below with Aps < 0,
additional constraints on the quartic couplings can be obtained by focusing on the large

field region
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and it leads to the condition,
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— VAV s € s < 0. (2.4)

3We have also checked the multi-field potential at one-loop level to ensure that there is no vacuum with
nonzero S and ¢ VEVs.




Demanding the perturbativity puts a series of constraints on the quartic couplings. The
naive dimensional analysis (NDA) using the diagrammatic estimate gives rise to the per-
turbativity bound on the portal couplings, A\ps and A4, respectively,

\/Ns‘)\hs‘ \/ng,)\hqg <O

1672 1672

(1). (2.5)

Similarly the perturbativity on self quartic couplings, A\s; and Ay, gives rise to

Nods  Nodg _

1672 7 1672 o). (26)

As long as the perturbativity of the quartic couplings in eqs. (2.5) and (2.6) and the Higgs
quartic coupling is kept up to a very high energy scale, the stability condition in eq. (2.4)
will also be easily satisfied for running couplings. The lowest energy scale where any of
the perturbativity bounds breaks down can be treated as the ultraviolet cutoff scale Ayy
of our effective field theory model. After examining the renormalization group equations
of the quartic couplings (see appendix C for more details), we find that either Aps or
Ang can develop a Laudau pole above the EW scale. For instance, assuming a very large
multiplicity, Ny > 1, and a negligible initial value of Ay at the EW scale, one can derive
the Landau pole scale associated with the coupling A4 as

1672 1

J8(2N,, + 4) Ao (V)

Similar argument applies to the couplings related to S. As will be discussed later in
detail, N¢)\,2w5(v) is constrained to satisfy N¢)\,2Z¢(v) > 41 to exhibit the global electroweak
symmetric vacuum at the origin, and thus the cutoff scale of our effective field theory is
estimated to be Ayy ~ Ay, < 120 TeV.

Ap, ~vexp [ (2.7)

3 Global electroweak symmetric vacuum

Using the on-shell renormalization scheme in Landau gauge, the one-loop Coleman-Wein-
berg potential of the Higgs field from the fields S and & is given by

N m2 (h
vcwzngémglm@(m (m mg{ﬁy}i) 2m%(<h>m%(<v>], )

where the field dependent masses are m3 (h) = m3 + \,xh?. The total effective potential

is Vo = Viree + Vow. We will consider parameter space to have the electroweak symmetry
breaking vacuum (h) = v to be a metastable one. The global vacuum of the total po-
tential Vg is located at (h) = 0 with unbroken EW symmetry. At zero temperature, the
transition time from our current symmetry breaking vacuum to the global EW-symmetric
vacuum is required to be longer than the age of the universe. Since we have adopted on-
shell renormalization scheme for the CW potential, the physical Higgs mass and VEV is
determined by the tree level potential. Without the CW potential, the tree-level potential



only admits one ordinary symmetry breaking vacuum. The situation can be different if the
CW potential becomes significant.

Two non-trivial conditions to have a metastable EW symmetry breaking vacuum with
a global vacuum at the origin are

d*Vegr

>0, €w)="Veg(v)—Veg(0)>0. (3.2)
h=0

For a better analytic understanding, we rewrite the first condition as
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where u,% = \,v? was used. Terms inside the bracket for ¢ is roughly order one positive
value as long as mi /(Angv?) < O(1071), and the second term for s is negative definite.
In our benchmark scenarios we will focus on the parameter space satisfying the following
properties,

2 2 :
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When properties in eq. (3.4) are assumed, the inequality in eq. (3.3) becomes approximately
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where we have assumed v/N;|Ans|?/2/v/2 < /Ngng (with m?2 ~ v?) based on the previ-
ous |Aps| < 1 assumption, which can make the positivity of m3(0) better satisfied as it
suppresses the negative contribution from S. The condition in eq. (3.5) provides a lower
bound on the combination of quartic Ay and Ny, namely N¢)\%¢,

Ny Mg > 16 N, ~ 21 (3.6)

Similarly the second condition in eq. (3.2) can be rewritten as
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where the bracket for ¢ is roughly order-one positive value as long as a = m?b / (>\h¢U2) <
O(1071) and the term for s is negative definite. When eq. (3.4) is assumed as above, the
above inequality becomes approximately

3
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with the assumption of /Ns|Ans|3/2//3/2 < \/NyAne (with m? ~ v?) to suppress negative
contribution from S.* Again the positivity of e(v) in eq. (3.8) depends only on Nd))\%d) and
leads to a lower bound on it,

global vacuum at (h) =0: Ny )\,21(75 > 3272 \j, ~ 41, (3.9)

which can easily satisfy the perturbativity constraints in (2.5). Noting that both conditions
in eq. (3.2) under our assumption in eq. (3.4) place a lower bound on N¢/\%¢. Interestingly,
since the bound in eq. (3.9) is more stringent than the one from eq. (3.5), it allows the
inverted relation between the two vacua, namely the symmetry unbroken vacuum at the
origin is metastable and the symmetry breaking vacuum is the global one, for the following
range of Ny )‘%wb’

metastable vacuum at (h) =0: 41 ~ 3272\, > N, )\%d) > 1672 \j, ~ 21. (3.10)

As we will discuss below, the experimental probe for the existence of the metastable un-
broken vacuum at the origin in our scenarios will be challenging even at the HL-LHC.

4 Symmetry non-restoration at high temperatures

After demonstrating the existence of parameter space to have (h) = 0 as the global vac-
uum, one also needs to worry about why our current universe ends up at the electroweak
symmetry breaking vacuum with (h) = v. In this section, we want to demonstrate that
with the choice of A\ps < 0 and a related condition, the electroweak symmetry could stay
at the broken one all the way up to a high temperature. This symmetry non-restoration
has been pointed out a while ago by Weinberg [10] and explored in refs. [20, 23, 24] and
more recently in refs. [13-17].

At high temperatures of the early universe, the thermal corrections to the scalar ef-
fective potential can change the shape of the potential so that our current metastable
vacuum could become a global vacuum. We will study the phenomenological implication
of this possibility in this work. In the high T approximation, the thermal corrections are
dominated by the scalar thermal masses. Neglecting SM interaction contributions, one
has [28]

1
AVinermar = 57 (Ns Ans + No Ang) T*h* (4.1)
1 1
57 [ ns + (Ns +2) A T2 4 o [ dng + (Ng +2) Ag] T20% + -

As long as the thermal correction in eq. (4.1) to the effective potential is the dominant
one, the Higgs mass could stay negative around the vacuum (h) = v for a proper choice of
Ng Aps+ Ng Apg. Then, the electroweak symmetry will not be restored up to an arbitrarily

“The negative sub-leading contribution from S reduces the size of the positive ¢(v) [also the value of
< v?). Accordingly, the critical temperature at which two vacua become degenerate

~

m3 (0)] for lower m?2 (m?2
will be raised for a higher value of m?2.



high temperature (at least to the cutoff scale of our effective field theory), if satisfying the
condition

Ny Aps + NpApg <0, (4.2)

where we choose Aps to be negative (Aps < 0) to satisfy the above inequality condition. To
have no additional saddle points in the S and ® directions, we impose one more condition

AAps + (Ns +2)As > 0. (4.3)

Combining egs. (3.5), (3.9), (4.2), and (4.3), the condition to have a global electroweak
symmetric vacuum at both zero and high temperatures is

6.41  4m/2\, N, 4 s
R~y Ahp < ———A d A — . 4.4

The upper bound on Ape in eq. (4.4) suggests that asymmetric multiplicities, Ny > N,
as App > |Aps| is preferred based on our assumptions in (3.4). While the lower bound on
Ahg in eq. (4.4) is robust based on our approximation, the upper bound can be relaxed in
a situation when the negative thermal correction from the ring term becomes sizable [29].
For instance, the ring term from S and @ is

Viws = 30 0 () — m2(n) + TL(0)]") (15)

=3,

where m?2(h) = m2+\j,sh? and the Debye mass I1,(0) = 25 [4\ns + (N5 + 2)A] T2 (similarly
for ® with the replacement of s — ¢). When the values of Ay and Ay are chosen to be
appropriate values so that the ring term contributes sizable to a negative Higgs mass-
squared,® Ane can be pushed to a higher value than —\; even for the case with Ny ~ Ny,
while maintaining symmetry non-restoration. In our numerical calculations, we do not
work in the high-temperature limit, but include all temperature dependence for the effective
potential (see refs. [30, 31]).

Within the parameter space to have our current universe sitting at a metastable EW
symmetry breaking vacuum, one needs to make sure that the current universe will not
tunnel to the universe with the global EW symmetric vacuum, both at the current era and

in the early universe with higher temperatures. The tunneling rates per unit volume for

5For the purpose of analytic understanding, we can expand the ring term in either low or high 7. The
leading term in h, ignoring unimportant h-independent terms, is given by

s T (A + (24 Na)Xo] VimZ + Aiph? ) (low-T),

‘/ring ~

2,2 .
S I [ NoAa /D + @ NG| (highT).
Given that Aps is taken to be negative and the constraint from eq. (4.3), the ring term from @ in either
case can contribute sizably to the negative Higgs mass-squared. Nevertheless, the negative A5 still helps
for the symmetry non-restoration as it reduces the overall size of the Higgs mass-squared term [see eq. (4.1)
for the case in the high-T" limit] which competes with the ring term.



both quantum and thermal ones are [32, 33]

2
| R % (5:;) exp (—Sy) T~0,
y (4.6)
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where R is the size of the O(4) critical bubbles and is related to the parameters in the
effective potential. There is a lower bound on S4 to have our current EW symmetry
breaking vacuum (h) = v not to tunnel into the global vacuum at (h) = 0. Roughly, this
requires 'y < H§ with Hy as the Hubble scale at the current universe. Using R ~ 1/v,
this condition can be translated into Sy > S ~ In[v*/H{] + 2In[ln(v*/Hg)/(27)] ~ 416.
In our later numerical calculations, we will show that it is fairly easy to satisfy this long-
lived-enough condition for our current metastable vacuum.

At early universe with a higher temperature, the thermal tunneling may have faster
transition rates or with S3(7T")/T < S4 for some temperatures. This means that one
also needs to satisfy another condition to make sure that the metastable vacuum at
(h) = v(T) # 0 does not thermally tunnel to the global one at (h) = 0. There is
a minimum value for S3(7')/T at the temperature T,,. After taking into account the
bubble expansion (see details in appendix A), we derive a lower bound S3(T},)/Tm 2
In (M T283) + 31n [ In(MpT263)| ~ 339 for My = 2.43 x 10" GeV, Ty, ~ 10 GeV and
the age of our universe tg ~ 13.7 Gyr. Noting that the numerical number 339 is different
from the number ~ 150 for the ordinary EW phase transition, where the phase transition
is completed at the phase transition temperature around the EW scale. For our case, the
phase transition is required to be an uncompleted one, so that the generated bubbles have a
longer time to expand and occupy more space. For some strong first-order EW phase tran-
sitions, the phase transition occurs shortly after the critical temperature 7T,.. The energy
difference €(7T'),% is smaller than the barrier size,” and thus the thin-wall approximation can
be applied. On the contrary, in our situation, the thin-wall approximation is not necessarily
satisfied, and we will rely on the numerical simulation to calculate S3(7")/T for different
temperatures. More specifically, we will the Mathematica [34] package FINDBOUNCE [35]
to calculate both Sy and S3(7T")/T.

Under the aforementioned assumption on Ans, |Ans| < 1 in eq. (3.4) and m?2 ~ v,
the effective potential at zero temperature is quite insensitive to Ny (its dependence will
be important for finite temperature). Two most relevant parameters, N, and Ape, affect
the shape of the zero temperature effective potential (thus the size of Sy) through one
combination, N¢/\%¢. The calculated Sy as a function of N¢)\%¢ is shown in figure 2. For
N¢>)‘I21¢ above or below 41, we have the global vacuum at (h) = 0 or (h) = v [see also
eq. (3.10)]. When N¢)\,21¢ < 21, there is no vacuum at (h) = 0. In the blue horizontal line,

For the ordinary EW phase transition, €(T) = Veg(v,T) — Verr(0,T) < 0 since the EW symmetry
breaking vacuum becomes the global one for T' < T..

"In the discussion of [32] which should be qualitatively applicable to our case, this criteria for the
validity is equivalent to that the bubble radius should be much larger than the wall thickness, R ~ 351 /e >
(V//(O))—l/Q'

~10 -
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Figure 2. The bounce action S; as a function of N¢)\,2L¢ at zero temperature. Other parameters
are fixed to be Ny, = 1500, A\ps = —0.1, a = mi/(Ah¢”2) = 0.001. The peak value is around
Nd,)\%“b ~ (47/2X1)? =~ 41 below which e(v) switches the sign or the global vacuum changes from
(h) = 0 to (h) = v. For NyAj, > 80, the current metastable vacuum with (k) = v has a short
lifetime to tunnel to the global one or Sy < S™" ~ 416.

we show the minimum value Sy ~~ 416, which intersects the black curve at NyA\2 s ~ 80.
When S; > SP, the current metastable vacuum at (h) = v is longer than the age of
universe. Therefore, the 41 < N¢)\%¢ < 80 is the range of parameter space to have a “safe”
global vacuum at origin at zero temperature.

At high temperatures above a critical temperature 7, when the two vacua are degen-
erate, the universe prefers sitting at the EW symmetry breaking vacuum. As the universe
cools down below the critical temperature or T < T, the symmetry breaking vacuum has a
higher free energy than the unbroken one, so that the symmetry breaking vacuum becomes
metastable. As examples, we show two benchmark scenarios with the corresponding pa-
rameter values in table 1 and their behaviors of the effective potential in figure 3. The two
benchmark points are chosen to have a non-symmetric case (Ns > Ny) for the benchmark
point 1 and a symmetric case (Ns = Ng) for the benchmark point 2. For the point 1, the
ring-term contribution is not important, while for the point 2 with a larger value of g,
the ring-term contribution is important and the condition NgAps + NpApe < 0 in (4.2) can
be relaxed.

To illustrate the behaviors of the thermal potentials for our model, we show their
values as a function of A in figure 3. Here, we have shifted the thermal potentials by an h-
independent value to have a zero potential value at h = 0. At T" = 0, the one-loop effective
potential Viree + Vow (the solid blue line) shows that the vacuum (h) = v is a metastable
one with the global vacuum at (h) = 0. At high temperatures with 7' > T, the symmetry
breaking vacuum has a smaller effective potential than the symmetry-conserving one. In
this plot, we also show the behavior at T' = T},, < T, in the solid black line when S3(7")/T
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2
Ms | Ao | A | Ao | me |a=smm | No | Ny | S (%) | T | L
1] 01070 |5-107* | 107 | 246 | 0.001 | 1500 | 100 | 36680 | 409 | 0.234 | 0.343
2| -01[083 01 | 01 |246| 0001 | 100 |100 | 879 38 | 0.095 | 0.278

Table 1. Two benchmark points (dimensionful parameters are in unit of GeV and v = 246 GeV).
As was chosen to satisfy the constraint in eq. (4.3) for the range of Ny that will be used in our
numerical scan.

T T

0'04: Scenario 1 0.04: Scenario 2
0.02] 0020 e
~ r ~ o
2. 0.00 2 0.00 =
S SER R
= L = L
S - 5 -
3 0.02 7 1 N 0.02 I S
r \ \ r ) gy
-0.04 i Viree \ \\T >T. Z -0.04 i Viree \\ T>T.
\ ‘\\ ,’ 4 “-
L 1 7 L \
-0.06/ S -0.06] \.‘T >>Te
L \ L Y
. L A I L L A L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
h/v hfv

Figure 3. The effective potential of the benchmark scenario 1 (left) and benchmark scenario 2
(right) in table 1. The pure SM tree-level potential at 7' = 0 is shown in solid red line, while the
one-loop corrected one at T' = 0 is shown in the solid blue line. The effective potential around
T =T, < T, where S3(T")/T takes a minimum value, is shown in solid black line. Similarly, other
curves are for T = T, (dotted black), T' > T, (dashed black), and T > T, (dot-dashed black).

has its smallest value. In the right panel for the scenario 2, a monotonic behavior for the
energy difference between the two vacua can be observed when T decreases. On the other
hand, a non-monotonic behavior appears in the left panel for the scenario 1. As a result,
the potential barrier for T' = 0 potential is effectively higher than the T" = T}, one, so the
tunneling action value Sy is much larger than S3(T,,)/T,, for this benchmark point.

In figure 4, we show the values of S3(T") /T as a function of T for both benchmark points
in table 1. The increasing behavior at the high-7" end is due to that S3(7") o (T, — 1)~
when T' — T,.. The positive numeric index a is not important for our discussion here. The
increasing behavior at the low-7" end is simply due to that S3(7") reaches a constant such
that S3(T")/T o« 1/T when T — 0. For both benchmark points, the minimum value of
S3(T)/T is smaller than Sy. Therefore, when we consider the stability of the metastable
vacuum, we have to take into account the potentially faster thermal tunneling rates.

To have a broader view of the values of S3(7")/T and S4 for our model, we make some
scans of model parameters in the vicinity of the two benchmark scenarios in table 1 that
have different importance for the ring terms. Around the first benchmark scenario, we vary

- 12 —



S3/T S3/T

5x10%} 5x 104}

1x10%F
5000}

1x10%F
5000}

1000
500}

1000 &

500}

Scenario 1
0.05 0.10 0.15 0.20 0.25 0.30

Scenario 2
0.05 0.10 0.15 0.20 0.25

T/v T/v

Figure 4. S5(T)/T (solid black) as a function of T'/v for the benchmark scenario 1 (left) and 2
(right) in table 1. The dashed red line corresponds to the Sy value for each scenario. The upper
end in the T'/v axis corresponds to the critical temperature T, /v.

Anes Ng, and Ny in the following range,
Ang = [0.40, 1.10], Ny = [30, 200], N, = [1000, 1500], (4.7)

while fixing Aps, As, Ap, @ (or my), and mg as the values in table 1. Similarly around the
second benchmark scenario, we vary Mg, Ny, and N; in the following range,

Ao = [0.40, 1.10], N, = [30, 200], N, = [30, 200], (4.8)

while fixing other parameters as the values in table 1. We collect only the parameter
points as valid ones that exhibit non-vanishing values of T, Sy, and (S3/7)min simultane-
ously. Since the parameter combination N¢/\,21¢ is the most important one to have a global
EW symmetric vacuum, we show (S3/T)min = S3(Tn)/Tm as a function of N¢)\%¢ in the
left panels of figure 5. Because S3/T" depends also on the parameter combination NgApg
(see (4.1)), the value of (S3/T)min is larger for a smaller value of Ny (or equivalently a
larger value of Apy) when N¢)\,QL¢ is fixed. To have (S3/T)min > 339 or to have the cur-
rent universe still sit at the (h) = v vacuum, one has an approximately upper bound on
N¢)‘l2z¢ as N¢)\%¢ < 62(69) for the benchmark scenario 1 (scenario 2). Varying the bare
mass of S in the range m, = [200, 350] GeV in addition to the parameters in eq. (4.7)
(ms = [200, 350] GeV, Ay = [0.08, 0.12], and Ay = [0.08, 0.12] in addition to those in
eq. (4.8)) for the benchmark scenario 1 (scenario 2), we have found that the upper limit
remains almost the same within 3% (1%) upward fluctuation. Therefore, the uncompleted
thermal phase transition requires

uncompleted thermal phase transition: 41 < N¢)‘f2b¢ S 70. (4.9)
In the right panels of figure 5, the ratio of Sy over (S3/7T )min is shown as a function of
N¢)\% & One can clearly see that this ratio is much larger than one for the cosmologically

viable parameter region N¢)‘l2ui> < 62(70). Thus the quantum tunneling at the current era
is less efficient compared to the thermal tunneling in the early universe.
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Figure 5. (S3/T)min (left) and the ratio of S4/(S3/T)min (right) as a function of N¢)\i¢. Upper
(bottom) plots are obtained by scanning parameters around the benchmark scenario 1 (scenario 2)
in table 1. Data points are subdivided into three sub-regions: N, = [30, 80] (red), Ny = [80, 110]
(blue) and Ny = [110, 200] (black). The horizontal line is to require an uncompleted thermal phase
transition from the metastable vacuum (h) = v to the global one or S3/T > (S3/T)min ~ 339,
which infers that Nd))\,zub < 62 (69) from upper (bottom) plots.

5 Formation and dynamics of bubbles

During the thermal evolution, the Higgs potential energy in the symmetry breaking phase
becomes higher than the value at the origin when the temperature is below the critical
temperature T, (see figure 3 for illustration). Since then, the vacuum at the origin becomes
the global one, and the transition from the metastable symmetry breaking vacuum to the
global one can happen through a first order phase transition. Bubbles with an unbroken EW
symmetry inside and symmetry breaking outside could be thermally generated in space.
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At a low temperature such that the thermal energy is smaller than the vacuum energy
difference e(v) in eq. (3.7), the space-time geometry of the bubbles are dominated by the
negative vacuum energy (our current universe has a tiny vacuum energy), those bubbles
become AdS bubbles. On the other hand, to the outside observer, the bubbles including the
AdS bubbles can be treated as normal matter whose mass gets two contributions from both
the volume and surface energy terms [36]. Depending on the size of bubble radii, bubbles
are sub-divided into three categories: subcritical, critical and supercritical bubbles.

The dynamical evolution of the bubbles with a global vacuum inside might be analyzed
following a similar strategy as ref. [36] which exploits the equation of motion on the bubble
wall from the metric continuity conditions at the boundary separating inside and outside
of the bubbles. However, the qualitative behaviors of different kinds of bubbles can be
understood using the thin-wall approximation (also the Newtonian limit applies to small-
radius bubbles), although some of our model parameters have a quantitatively thick-wall
behavior, which we rely on numerical calculations. Within the thin-wall approximation, the
O(3)-symmetrical finite-temperature action can be approximated by the volume vacuum
energy and the surface tension energy terms [32, 37],

> 1 2 4
S3 = 47r/ drr? [2 (f;;) +V(h, T)] ~ —§7TR36(T) + 47 R2S,(T), (5.1)
0

where r = |Z| and S1(T) is defined as

S,(T) :/OOO dr B (3&)2+V(h, T)] , (5.2)

after substituting the bounce solution for h. The critical bubble radius can be obtained by
extremizing S3 of eq. (5.1) in R and is®

_25(T)
Rcrlt = E(T)

(5.3)

The bubbles with larger (smaller) radius than R, are classified as supercritical (subcrit-
ical) bubbles. For those supercritical bubbles with R > R, the volume contribution
in eq. (5.1) dominates and it will expand. On the other hand, subcritical bubbles with
R < Rt will eventually shrink and collapse as the surface (or tension) contribution in
eq. (5.1) dominates. We discuss the consequence of both types of bubbles in sequence.

5.1 Supercritical bubbles and uncompleted phase transition

For the supercritical bubbles, they will keep expanding after productions until they meet
other bubbles and percolate. If they exist within the Hubble patch of the current visible
universe, their radii will be enormous. The enclosed large amount of vacuum energy makes
them behave as very heavy matter and likely to overclose the universe. Assuming a constant
wall velocity of v,, and the initial production time at T, the size of a supercritical bubble

8This estimate parametrically agrees with the expression in the Newtonian limit from the alternative
approach in [36] that does not assume a thin-wall approximation.
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today is Ry ~ vy, tg with the age of universe tg ~ 13.7 Gyr. The total energy contained
inside the bubble can be estimated to be e(v) R3 ~ vio? 3, which is (v/Acc)*vd ~ 1076 v2
times the critical energy density of the current universe. Here, the cosmological constant
scale is Acc =~ 2x 1073 eV. Obviously, this is phenomenologically unacceptable. Therefore,
we will require a small probability to have one supercritical bubble in the current universe,
which sets a lower bound on S3(7")/T.

Given the nucleation rate per volume I's in eq. (4.6), the fraction of space for a volume
V not occupied by the bubbles is roughly f(t) ~ exp(—TI's- V) [38]

4 t
f(t) = exp <—;/ dt'v3 (t —t')? Pg(t/)> . (5.4)
te

Since the nucleation rate is dominated by around the time with 7" = T,,, with S3 /T taking its
minimum value (53/7 )min, one can derive a lower bound on the bounce action by requiring
f(to) ~ 1 in the current universe (see appendix A for a more detailed derivation)’

Ss(T, 3 2

3;7“) 2 In (M T23) + 5 n [3 ln(MplT%tg)] ~ 339, (5.5)

m

where we have used My = 2.43 x 10 GeV, T;,, = 10 GeV and ¢y ~ 13.7 Gyr.

5.2 Subcritical bubbles

For subcritical bubbles, they have smaller free energy that can be seen from the bounce
action S3(7T) in eq. (5.1). Therefore, they are produced more frequently and may have some
non-trivial cosmological consequence (see refs. [39, 40] for the effects of subcritical bubbles
on first-order phase transition). On the other hand, the subcritical bubbles prefer to shrink
once generated. Hence, usually we don’t anticipate any footprints they leave. Nevertheless,
we discuss a few potential phenomenological consequences that they may induce.

The first possibility is that the subcritical bubbles may collide with each other and
generate some stochastic gravitational waves. We want to show here that the energy
contained in gravitational waves is unlikely to be enough to be observed. The first argument
relies on the typical distance between two subcritical bubbles (or the average inter-bubble
distance), which is larger than R and hence the radius of subcritical bubble (< Reyit)-
It can be estimated from the number density of bubbles, npupple = Noubble/V = (1/dy)3.
Since the number density can be separately estimated in terms of the nucleation rate I'(t)
and the fraction f(t) [38], the typical distance scale d, is given by

. ~1/3
dy o3 l /t 4t T (1) f(t’)] , (5.6)

where t, is the moment when a subcritical bubble was created and ¢t must be within the
lifetime of the subcritical bubble. Treating the universe as a radiation-dominated one,

°In a typical EWPT, Ss/T ~ 150 leads to an order-one fraction of universe by bubbles and ending of the
EW phase transition. For our case, the phase transition is not completed. The difference between 150 and
339 amounts to the time interval between roughly the electroweak phase transition time and today. A higher
value of S3/T for our case is required to avoid even a single supercritical bubble in the current universe.
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our conservative estimate has d, > O(10 — 10%) /v for our benchmark points which looks
comparable to the size of those bubbles during their lifetime (see appendix B for details).
In a more realistic situation, we expect that average inter-bubble distance is much bigger
than the size of the bubbles. The second argument is based on the smallness of energy
contained in the subcritical bubbles (for supercritical bubbles, the bubble radius is large
when two bubbles expand first and collide, so the energy contained in the bubble is large).
The total mass contained in the subcritical bubble is small: M ~ (47/3)R3v* ~ v, so the
gravitational wave amplitude from two bubble collision is suppressed by Gy M/R ~ v?/ Mgl.

The second possibility is to have additional matter to stop the subcritical bubbles
from shrinking. If there is a conserved quantum number like the baryon number or dark
matter number (one can easily make ® in our model a complex field to have an additional
unbroken U(1)). The quantum pressure from either fermions or scalar bosons can balance
the surface tension pressure and make the whole system stable. This type of objects is
similar to the @-ball in the literature [41, 42] (see also [43] for the electroweak symmetric
dark matter balls). For fermionic Q-balls, one could supplement eq. (5.1) with the fermion
kinetic energy ~ N*/3 /R for the total fermion number of N. Minimizing the energy, one
has the equilibrium radius of Req ~ ]\74/9/5’11/3 and the total mass of My ~ N%/9 511/3.
So, for fermions with their masses mainly from the Higgs VEV, the @-ball-like state with
zero fermion mass inside has a smaller mass per quantum number My /N « N —1/9 for a
sufficiently larger N. So, the subcritical bubbles provide us another way to form @-balls in
the early universe, which could serve as another interesting dark matter state. The detailed
properties of those states depend on the chemical potential or dark matter asymmetry and
the later evolution of objects with different quantum numbers.

The third interesting possibility is to use the subcritical bubbles to provide the out-of-
equilibrium condition for the EW baryogenesis. Note that for the ordinary EW baryogenesis
based on the first-order phase transition from the EW symmetric one to the broken one, the
out-of-equilibrium condition is provided by the expanding supercritical bubbles. The EW
sphaleron process inside the subcritical bubbles can be efficient to generate baryon number
asymmetry because of the EW unbroken core. Similar to the ordinary case, additional
CP-violating interactions are required and beyond the ingredients in our current model.
We leave this possibility to future explorations.

6 Collider tests of the global EWS vacuum

The particle-physics phenomenology of our scenario is similar to other Higgs-portal models
with new light scalars but with a large multiplicity. To avoid the constraints from the
exotic or invisible Higgs decays (assuming both ® and S are stable at the collider scale),

we restrict our consideration to the case with m?hf > my /2 with mPWYs2 = m2 4 A2

and mghy” = mi + Ah¢v2. Otherwise, one has a too large invisible Higgs decay width. For
instance, using I'(h — ®®) = N, A%¢v2/(8ﬂmh) by ignoring the phase space factor, one
has the invisible Higgs decay width much larger than the total Higgs boson decay width
even for Ny )\}2“]5 order of unit. Given the large multiplicity and sizable portal couplings,

one could infer the existence of new scalars either via indirect constraints from the SM
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Higgs properties or direct production from off-shell Higgs decays. In this section, we will
consider relevant existing constraints and discuss the prospects at future experiments.

6.1 Higgs self-couplings

The potential existence of a global vacuum at (h) = 0 brings sizable changes for the
local Higgs potential shape around (h) = v, which can be easily seen from figure 1. So,
measuring the Higgs boson self-interacting couplings will be a promising way to probe the
scenarios presented in this paper. Defining the quantum field h = A — v around the EW
symmetry breaking vacuum, the generic Higgs potential up to the quartic coupling can be
parametrized as

1 1 1
V(h) = -mih? + —Agvh® + M nt, (6.1)

2 3!

where the SM values of Higgs self-couplings are given by )\gM = AEM =06\ = 3m,21 Jv2.
Based on the total potential Vog = Viree + Vow and the CW potential in (3.1), one can
derive the cubic and quartic couplings in our model as

Ny Mg LN A2 Aps 02

A2 =~ 6\ 2

3 6 h + 471'2 47_‘_2 m? ) (6 )
Ny Any 3N AL, Aps 02

A~ 6 8 hs NS 6.3

4 h + 7T2 + 27T2 mg ) ( )

keeping the leading term in \,,v%/m? for Apsv? < m2. Ignoring the small last terms in the
above two formulas, it is evident that there are positive shifts for both couplings from new
physics. This can be easily seen from the cubic term %)\3 vh? = %)\3 v (h—v)3. To have a
lower potential value at h = 0, one prefers to have a larger positive value for A\3. Applying
the constraints, 41 < N¢)\%¢ < 80 (70), from requiring the existence of global EWS vacuum
and a long-lived current universe (uncompleted thermal phase transition), one has

2.3 < X3/A5M < 3.6(3.3), 6.3 < Ag/AM <11.4(10.1). (6.4)

For the Higgs boson as the only order parameter and a global vacuum at origin, a large
modification for the Higgs self-interacting cubic and quartic couplings is a robust prediction.
The existing data at the LHC [44-48] have not reached the sensitivity to probe the region
in eq. (6.4). For instance, using 36.1fb~! data, the ATLAS collaboration has imposed an
upper bound [95% confidence level (CL)] on the cubic coupling A3/AM < 12.0 [45].

The HL-LHC, on the other hand, has promising potential to test the global EWS
vacuum scenarios. The combined sensitivities at the 95% CL of various decay channels of
pp — hh process at the HL-LHC are —0.4 < A3/A3M < 7.3 and —0.18 < \3/A3M < 3.6
for ATLAS and CMS analyses, respectively [46, 49]. A simple statistical combination of
ATLAS and CMS analyses, assuming no correlation among all channels, is estimated to
give 0.1 < A3/A5M < 2.3 at the 95% CL [46, 49]. Therefore, all or a large fraction of the
global EWS vacuum scenarios will be tested at the HL-LHC (see figure 6). The searches
related to the single-Higgs production can also probe the Higgs self-couplings indirectly,
although the expected constraint at the HL-LHC is weaker than that from the double-Higgs
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production. At lepton colliders with a low center-of-mass energy, searches associated with
the single-Higgs production are the main processes to probe the Higgs self-couplings. For
instance, ete™ — Zh where the Higgs cubic self-coupling enter through the loop correction
to the hZ Z vertex. Recent studies at low-energy e*e™ colliders predict O(1) determination
of the ratio A3/A5M at the 95% CL. The precision becomes (or better than) roughly 50%
at the 68% CL for the global fit (and roughly twice better for the single-parameter fit),
whereas the precision at the 68% CL at the HL-LHC has a similar precision of around
50% [46, 50]. So, precise measurement of the Higgs couplings at lepton collider can also
cover most of parameter space to have a global EWS vacuum. We summarize various
projected sensitivities in the upper panels of figure 6 for hadron colliders.

Using precise measurement of the Higgs quartic self-coupling to test our scenario is
generally challenging due to the tiny signal rate. It is a tough task even at the 100 TeV
pp collider. Recent studies on pp — hhh process at the 100 TeV pp collider indicate O(10)
determination on \s/A3M (for positive values), assuming 30 ab~! of data and the SM-like
Higgs cubic self-coupling [52-56] (similar sensitivities on A\g/A$M are expected from double-
Higgs production at future ete™ or 100 TeV pp colliders [57-60]). Nevertheless, precise
measurement on the Higgs quartic coupling will be important for the model discrimination
in the situation where we observe any hint of new physics based on the Higgs cubic self-
coupling measurement [31].

6.2 Off-shell Higgs invisible decays: E;Piss—l- jets

Although there is no on-shell Higgs boson decay into the new scalars S and & for
m?}lgs > my/2, one could search for them based on their productions at colliders from
an intermediate off-shell Higgs [61, 62]. The production cross sections will be enhanced by
the factor of NyA\? s or N sAZ, and could be sizable. Because of the (approximately) O(N)
symmetries for both scalars, S and ® are effectively stable particles at collider and appear
as the missing transverse momentum (ERsS).

There are several production channels to probe the off-shell Higgs production of stable
scalars. The process pp — h*j — 557, ®®j via the gluon fusion has a large cross section,
although it is subject to large SM backgrounds. On the other hand, the vector boson fusion
channel, pp — h*jj — 55357, ®®jj, has the advantage of using the two forward jets to
reduce the SM backgrounds. For both cases, the collider signatures are EXSS+ jets. The

production cross section of ® (similarly for S) has a simple scaling for a fixed mass mghys,

o(pp — @ + jets) = Ny Al x o(pp — h* + jets — @D + jets : Apg/Ng =1).  (6.5)

Because Ny )\,2@ > NS)\%LS for our benchmark scenarios (see table 1) and mghys < mpPhys,
the production cross section for ® is much larger than that for S. Noting that a lighter ®
particle with sizable coupling to the SM Higgs is crucial to have a global EWS vacuum at
the current universe.

Using the most recent collider search for off-shell Higgs invisible decays via the VBF
channel with 139fb~! at ATLAS [51], we have simulated the signal events, imposed the
corresponding kinematic cuts and found a rather weak constraint on our model parameter
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Figure 6. Upper: Higgs cubic self-coupling, normalized to the SM value, A3/ )ng as a func-
tion of NgAj, (left). Predicted Higgs self-couplings in (A3 JASM Ay /AGM) plane (right). Limits
from h* — inv via VBF are obtained by projecting the ATLAS analysis [51] with 139fb~! data at
/5 = 13 TeV to higher luminosities of 300 fb~! and 3000 fb~—!, assuming that statistical and system-
atic uncertainties scale down as the square root of the luminosity. Bottom: the scattering plots for
the ® particle physical mass in terms of N¢)\% " for the parameter space satisfying (S3/7)min > 339
around the benchmark scenario 1 (left) and scenario 2 (right). The same color coding as figure 5.
The projected limits from A* — inv via VBF are overlaid. Dashed lines correspond to the limits
with only statistical uncertainties. All limits are at the 95% CL.
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(see appendix D for more detail). For mghys = 200 (250) GeV,!? the upper limit on Ny /\%uﬁ
at the 95% CL is Ny )‘%ub < 137(361). We have also made simple projections for the LHC
with 300fb~! and the high-luminosity LHC (HL-LHC) at /s = 13 TeV with 3 ab~! and
found that the projected limits are Ny )‘%ub < 94(225) and N, )‘%ub < 28 (66), respectively
(see figure 6 for the parameter space coverage). For the curves with systematic errors,
we have assumed that the systematic errors scale down as the square root of luminosity.
This could serve as a conservative estimation for the projected sensitivity. From the upper
panel of figure 6, one can see that searching for off-shell Higgs invisible decays can probe the
whole global EWS vacuum scenario at the HL-LHC if the ® physical mass is below around
200 GeV. So, this search is complementary to measuring the Higgs cubic self-coupling to
probe the Higgs potential vacuum structure.

In the lower panels of figure 6, we show the scattering plots of mghys and NyA? o for
the two benchmark scenarios (see egs. (4.7) and (4.8)), after imposing the condition of
(S3/T)min > 339. One can see that mghys is above around 190 GeV for both scenarios.

Noting that there is no immediate upper bound on mghys. One could reduce Ny and hence

increase Apq and mghys while keeping NyAZ 4 > 41 to have a global vacuum at (h) = 0. From
the projected HL-LHC sensitivities, the parameter space with mghys below around 250 GeV
can be probed with 3ab~! luminosity. Also noting that all our projected sensitivities are
based on the 13 TeV LHC. Slightly better sensitivities are anticipated for the 14 TeV LHC
(see refs. [61, 62] for collider studies) due to roughly 20% larger signal cross sections for
the mass range of interest.

The off-shell Higgs invisible decay can also be searched for at a future lepton collider
like ILC [63], CEPC [64] or FCC-ee [65] if the center-of-mass energy is large enough or
Vs > nghys for the channel ete™ — ete™ + h*(— ®®) and /s > nghys + My for
ete™ — Z + h*(— ®®). Depending on the collider center-of-mass energy, the projected
sensitivities can exceed the ones for HL-LHC (see ref. [62] for comparison).

7 Discussion and conclusions

So far, the interactions in eq. (2.1) conserve the global O(Ns) and O(NNg) symmetries.
If those global symmetries are exact, both S and ® fields are stable particles and could
contribute to dark matter energy density (see [66] for detailed studies). If the abundances
of S and & follow the thermal history and have the freeze-out ones, their abundances
should be scaling like Ns/A?, and N/ )\,2@, respectively. In the large N, and Ny limit,
their thermal freeze-out abundance could be much larger than the observed dark matter
energy density, and they cannot be viable dark matter candidates. On the other hand,
the global symmetries could be explicitly broken by some very weak couplings such that S
and ¢ behave as invisible particles at collider length scales. As a result, both S and ¢ are
unstable particles and can decay into SM particles. Depending on the decay lifetime and
products, they may or may not leave detectable imprints in the early universe.

0The exclusion limit for different mass values is shown in figure 9 in appendix D.
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As we discussed around eq. (2.7) and in appendix C, the effective field theory in this
paper has a perturbative cutoff scale at around 100 TeV after imposing the N¢/\%¢>(U) > 41
condition to have a global EWS vacuum at origin. Whether the UV theory for our model
still has the global EWS vacuum depends on the detailed UV completion. Along this
direction of thought, one could also study other existing well-motivated models that address
the hierarchy problem and see where one has the EWS vacuum as the global one and the
EW symmetry breaking one as a metastable one.

So far, we have found that the collider studies for either the Higgs cubic self-coupling or
the VBF off-shell Higgs invisible decays can probe the majority of parameter space of having
the global EWS vacuum at origin, at least at the HL-LHC with an integrated luminosity
of 3ab™!. The quantum tunneling at the current universe and the thermal tunneling at
the early universe just provide additional constraints on the model parameter space. For
instance, Sy 2 416 to have a long-lived enough universe can be translated into a bound
N¢)\%L¢ < 80, while (S3/T )min > 339 requires a more stringent constraint Né)‘%m < 70. The
bubbles generated from the thermal tunneling either die off (for subcritical ones) or diluted
enough for not existing within our visible Hubble patch (for supercritical ones). To have
interesting small-size supercritical bubbles exist in our visible universe, the bubble growth
speed needs to be dramatically suppressed and have a non-relativistic value. This could be
possible if the plasma provides a strong enough friction force to reduce the bubble growth
speed. We leave this possible interesting scenario with “electroweak symmetric bubbles in
the sky” to future explorations.

In this paper, we have only considered the scenario with the Higgs field as the only
order parameter and the additional EW gauge-singlet scalars to provide one-loop potential
for the Higgs field. The analysis procedure adopted here could also be applied to other
scenarios with more than one order parameters to define different vacua. For those scenar-
ios, the global EWS vacuum could be realized just by a tree-level potential with a better
perturbative control. On the phenomenological side, the qualitative features of formation
and dynamics of bubbles are similar to the current scenario, but the modifications to the
Higgs self-couplings could be more suppressed and are more challenging to be tested at the
high luminosity LHC.

In conclusion, we have adopted a simple model to realize a global EWS vacuum at
(h) = 0 by introducing some SM singlets with a large multiplicity to generate a substantial
CW potential at loop level. We have also chosen suitable model parameters (for instance
Ans < 0) to have the early universe at high temperatures sit at the EW symmetry breaking
vacuum. In our study, we have focused on the case that the SM Higgs field is the only non-
trivial order parameter to define different vacua with the new scalar singlets not developing
a non-zero VEV. The parameter N¢)\,21¢ is the most important one to achieve the global
EWS vacuum if N¢)\% 6> 41. This parameter is also bounded from above, N¢)\% " < 70, by
requiring that the EW symmetry breaking vacuum is long-lived enough both at the current
and early universe. The HL-LHC is superb to probe the scenarios discussed in this paper
both from Higgs cubic self-coupling and VBF off-shell Higgs invisible decay measurement.
After recasting the existing LHC searches with 139 fb~! of pp collision data at /s = 13 TeV,
we have found that the HL-LHC with 3ab~! can probe the parameter space with a global
EWS vacuum if the ® particle is light and below around 200 GeV.
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A Fraction of bubbles in the universe and lower bound on S3/T

In this section, we derive the lower bound on S3/7T" to ensure that the vacuum of our
current universe stays in the broken one during the thermal evolution of the universe. We
define f(t) to be the fraction of the space not occupied by bubbles. The corresponding
space will be in the electroweak symmetry breaking vacuum. Given the nucleation rate
per volume T' (see eq. (4.6)) and volume of space V', the fraction will be roughly given by
f(t) ~ exp(—T - V) where the volume V ~ 47 R3/3 (see [38] for related discussion):!'!

te

f(t) = exp (—4;/ dt'vd (t —t')? F(t’)) , (A1)

where v, is the bubble wall velocity. The quantity h(t) = 1 — f(¢), on the other hand,
will be the fraction of the space occupied by the bubbles. Since the transition rate I' has a
maximum at 7' ~ T, the integrand in eq. (A.1) should be dominated by the time with the
temperature T;,. We approximate the integrand using the saddle-point approximation:

InT(t') ~ InT(t,,) + %(t’ )2, (A.2)

where ¢, is the time when I'(#) reaches its maximum value. On the other hand, taking
log of the decay rate per volume gives rise to approximately

9

InT'(¢') ~ constant + In T* — T

(A.3)

where we ignored the In(S3/7T) term. Since InT'(¢) has an extremum at t = t,,, its derivative
using eq. (A.3) should vanish

t=tm ~ |:d(_§§/T) a 4H:|

_ dinT(#)

0
dt

= B(tm) — 4H],—y,, (A.4)

t=tm

where 3(tm) = 4H|,_, = 2/tm and (t) was defined as

d(—S3/T) 1 T%d(S3/T)

== — =122 ar

(A.5)

1YWe are implicitly assuming a constant bubble wall velocity, a negligible initial bubble wall radius, and
the same scale factor during the time interval of the integration.
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The last relation in eq. (A.5) was obtained using t/t,, = (T/T},)? which leads to dt =
—2t,, T2 T3dT. Using eqs. (A.3) and (A.2), one can express ( as

(- [d?(—sgm _ 4dH1

dt? dt i

. - ) (A.6)

T A(S/T) 3 d?(Ss/T) 2

= — T? T3 -
2Tt lg’ ar U are e
T=Tm
We expand S3/T around T' = T),, where the decay rate I' has a maximum,

53(T) _ S3(Tm) o i(T _ Tm) + Ci(T _ Tm)Q ’ (A7)

T T T T2

where terms were included only up to the quadratic order. We will be interested in cases

where this truncation is justified. If we assume that S3/T has a minimum at 7' = Tj, the
minimization of S3/T will relate ¢; and ca:

d(Sg/T) C1 C2
= — ~ —— 27 TS - Tm 3 A
which leads to T T,
cl1 = 2(32 <T> . (Ag)

Applying the condition on 3(t) at t = t,,, or B(t;,) = 4 H|,_, to the expansion in eq. (A.7)
determines the coefficient ¢ to be
¢l =—4. (A.10)

Note that the origin of the non-vanishing ¢; is an overall T factor in the definition of
the transition rate I'(t). Eq. (A.9) implies that, when |Ts — T;,,| < Ty, the value of ¢ is
parametrically smaller than co, or ¢; < ¢o. In the limit of ¢; < ¢y along with the value of
c1 = —4, ( in eq. (A.6), using the expression in eq. (A.7), becomes

()] 2 (&)

(R =g+ N g

—o 3 (A.11)

Given the estimate of , we can evaluate approximately the integrand in the fraction f(¢)
given in eq. (A.1). Assuming t. < t,,, < t, we have

t t 1
dt'v3 (t —t)3T (') = v3 T(t,,) £ [ dt’ exp {—@(t’ — tm)Q]

te te 2 2t2n
3 3 [ L, 2
—00 m

4
=3, F(tm)ti’),/c—;rtm.

Therefore, the fraction of the space not occupied by bubbles is approximately given by

f(t) =~ exp [—i\/fuﬁ,t%m F(tm)] : (A.13)
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In the radiation-dominated era, the Hubble parameter is given by

1 gsm2 T? T2
H = — = = A.14
2t 90 My "My’ (A.14)

where a = /g«m2/90 is taken to be an order-one number. Using the expression in
eq. (A.14), we can convert t,, into T,, and the current fraction of space not occupied
by bubbles reads'?

3 32 53(Tm)
f(to) = exp [_12% plTT?qltg (SS(Tm)> e 3Tm ‘| , (A15)

24 /¢y a? T

where % is the current age of the universe.

For the evolving universe to stay in the EW symmetry breaking vacuum, the fraction
of the space not occupied by bubbles at the current era must be nearly one, f(ty) ~ 1.
This requires that the exponent in eq. (A.15) should be suppressed:

3 Ss(T, Ss(T,
constant + In (MplT,%lt%) + 2 In ( 37(1 m)> - 3; m) S0, (A.16)
m m

where the constant term and In (S3(75,)/T,) are sub-leading. Consequently, the above
inequality in eq. (A.16) sets the lower bound on S3(T}y,)/T,, as

53; m) > >1In (MplT%t3)+21n[ In(M, 1T2t0)]%339, (A.17)

where we have used My = 2.43 x 10'8 GeV, T}, = 10 GeV and tg ~ 13.7 Gyr.

B Inter-bubble distance of subcritical bubbles

In this section, we estimate the typical distance between subcritical bubbles or an average
inter-bubble distance. It can be estimated from the number density of bubbles, npubble =
Niuwbble/V = (1/dy)3. Since the number density can be separately estimated in terms of
the nucleation rate I'(¢) and the fraction f(t), the typical distance scale d, is given by

. -1/3
di ~ Ty lires ~ [ / dt’P(t’)f(t’)] : (B.1)

where t, is the moment when a subcritical bubble was created and ¢t must be within the
lifetime of the subcritical bubble. Treating the universe as a radiation-dominated one, we
can rewrite the bubble number density as

T
Nbubbles ™~ /T AT ?;{(()) ( ) <B2)

121f we assume the radiation-domination at any T including the current temperature Tp, eq. (A.14) can be

»3 M4 T2 — S3(Tm)
rewritten as a function of temperature T: f(T) = exp [—i \/% vy "Tlig (%)3/2 }

sponding lower bound on S3(T,) /T from f(Tp) ~ 1is S3(T’") > ln( o Tm/T8)+%In [2 In(MpTr, /TS| ~
358, where Mp = 2.43 x 1018 GeV, T, = 10GeV and To = 10"%eV are used. This estimation is slightly
larger than (A.17).

The corre-
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where f(T') — 1 in our consideration (as a conservative estimate) and AT is the tempera-
ture change for a lifetime A7 of a bubble

My [ ]1 1
AT~ M (ﬁ _,/M) B3

The lifetime of a subcritical bubble is taken to be the sum of timescales of expansion
and collapse. For our benchmark points where the nucleation temperature is roughly ten
times smaller than the electroweak scale, it is estimated to be A7 ~ O(10 — 10%)/v. It is
straightforward to check that the corresponding temperature change AT is tiny, compared
to T.—T, when taking T, ~ 0.1v [roughly the ballpark value where S3(7") /T has a minimum)|
and using t, ~ My /(2T2).

As the conservative estimate of the typical distance scale, we approximate the integrand
in eq. (B.2) with the value at T' = T,. It gives rise to the lower bound on the characteristic
distance scale,

—1/3 7 3/2
d, > | ATT, My %0 S3(R, Tx) / o= S3(R, 1) /T
* = *(27T)3/2 7T2g*(T*) i T,

> (arn, 2o 0\ " _<3)3/2 =y o
>\ MM e\ 2am) |2 ’

where, in the second inequality, we substituted S3/T" = 3/2 that maximizes the transition

~1/3

(B.4)

rate to get even more conservative lower bound on the length scale. Assuming the radiation-
dominated universe, our conservative estimate gives rise to d, > O(10 — 10%)/v for our
benchmark points which looks comparable to the aforementioned lifetime. An average
inter-bubble distance in a more realistic situation is expected to be much bigger than the
length scale of the bubble lifetime, d, > AT.

C The Landau-pole scale

Since new scalar fields have large multiplicities, the running couplings can rapidly change
with the varying scale and it may make our calculation not trustable. The running of the
Higgs quartic coupling in the pure SM is dominated by the negative contribution from the
top Yukawa coupling at a very high scale, and the resulting instability at a large Higgs field
value may hint the existence of new global vacuum. To truly establish the vacuum at the
origin as the global one, one can not have an instability due to the negative Higgs quartic
coupling at a large Higgs field value. In this section, we examine the evolution of some
stability conditions against the running couplings as well as the Higgs quartic coupling
running in presence of new light scalars.

We define the S-function for a generic coupling g as

_dg 1
dlnp (4n)2

1
(4m)*

By B + BD .., (C.1)
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where p is the renormalization scale. The one-loop S-functions for the gauge couplings in
the MS scheme are given by

41 19

The one-loop S-function for the top Yukawa coupling is

9, 17, 9
By = w (2%2 5091~ 192 —8g§> : (C.3)

The one-loop B-functions for the scalar quartic couplings are
1 9
80) = [ (1207 - 297 - 03 + 200

9 ,
— gl + =g + 2NN\ + 2N¢A,%¢] ,

. 27
9192 3

9
— by + 200

20

D — A (62 ) Y 2 1190, + (2N, + ), 8)\>
ﬂAhs 10 292+ h+( + ) + SAns | (04)

9 9 ,
BSL = A\no <6yt2 — 10 592 + 12X, + (2N¢ + 4))\¢ + 8)\}@)

BY = 8XL, + (2N, +16)2,
ﬁA = 8\ + (2Ng + 16)A3 .

For qualitative understanding and because of large Ny and Ny, we can approximate
one-loop B-functions by neglecting most of SM contributions. First of all, the one-loop
B-function for the Higgs quartic coupling is approximated to be

B~ 12920, + 2402 — Gy + 2N A2, + 2NgAZ, (C.5)

which shows that it receives large positive contributions from new scalar sectors and it
will not develop a negative value. This excludes the possibility for a global vacuum at a
large Higgs field region and it better supports that our global vacuum at the origin is the
truly global one. Next, we look into the running of scalar quartic couplings. To solve the
renormalization group equations (RGE’s) and look for Landau pole scales, we will ignore
the relatively small ;. The equations can be grouped into two pairs of equations. For Ap
and A, one has

B = (2N, + 4) Ashs + 822,

B =8 A%, + (2N, + 16)A2. (C.7)
Given Ay > —4Ms/(Ns + 2) from (4.4) and A\ps < 0 at around the electroweak scale, one
has an upper bound: BSL)S < 0. This means that A\, will become more negative at a higher

scale, although no direct Landau-pole scale can be obtained. However, if we also take into
account the running of Az, the situation is different. At the scale of v, one could choose
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Figure 7. The Landau-pole scales for different values of Ny and Apg(v) with Ag(v) = 0. The first
benchmark point in table 1 is shown in the green star point.

As ~ —Ans /Ny and ignoring the term (2N, +16)A2. To solve A4, we first ignore the running
of A\ps and have

A1)~ 258 10 ) ©s8)
s\H) =~ 167’(2 H/v), .
by ignoring its small value at v. We then have
B = T gnz hsIn(1/V) + 8. (C.9)
If the first term dominants, one can integrate out the RGE to have
1 1 8(2Ns; + 4
= BN g 2 (C.10)

Mis(e) — Aiglo) - (167%)2

The Landau pole scale is then

(C.11)

1672 1
AL:vexpl T ]

V82N, +4) [Ans(v)]
For Ngy = 1500 and Aps(v) = —0.1, one has A, = 6.5 x 10°GeV. For Ny = 100 and
Ans(v) = —0.1, one has Ap, = 2.3 x 10 GeV.

A similar analysis can be applied to Aps and A;. Noting the lower bound on
Ny A%u;s(”) > 41 from (3.9). We have

AL =wve 167° L | <ve [ 167° ] 120 TeV (C.12)
L =vexp Svexp | —=——=| ~ : :
/8(2N, + 4) Ang(v) V16 x 41

which will be the cutoff scale of our effective field theory. Above this scale, we anticipate
some new particles and/or new interactions beyond the Lagrangian in the current paper.

Numerically solving the RGEs for Ay and Ay, we show the Landau-pole scales for
different choices of Ny and Apg(v) in figure 7 while fixing Ag(v) = 0.
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D Recasting ATLAS analysis of E;?iss—k jets via VBF at /s = 13 TeV

In this section we recast the recent ATLAS analysis for invisible Higgs boson decays via
the VBF productions using an integrated luminosity of 139fb~! at /s = 13TeV [51].
This invisible Higgs search leads to the same collider signature of the missing trans-
verse momentum and two forwards jets. We have implemented our Higgs portal
model in FEYNRULES [67] to generate UFO model file which is then used in MAD-
GRrAPH5_aMC@NLO v2.3.3 [68]. We have simulated our signal events using the process
pp — h*jj — ®P@jj — vovwjj (with ® — vv for modeling the missing transverse momen-
tum) by switching on only the VBF production process with the generation level cuts,
pr(j) > 20GeV and |n(j)| < 5.0. Since the multiplicity Ny enters the cross section only
through the overall scaling of NyA? ¢ (see eq. (6.5)) we restrict our simulation to the case for
Ny = 1. The signal events are further processed for the parton shower and hadronization
by PYTHIA v6.4 [69]. We have clustered all particles in the event by FASTJET 3.1.3 [70]
using the anti-k; algorithim [71] with a jet size of Rje; = 0.4. Only events with at least two
jets satisfying pr(j) > 20 GeV and |n(j)| < 4.5 are selected.

We impose the following set of kinematic cuts used in the ATLAS analysis [51] on our
signal events

pr(j1) > 80 GeV, pr(j2) > 50 GeV,
EPss > 200 GeV, HITH > 180 GeV, mj; > 800 GeV, ©1)
Agj; < 2.0, - <0, Anjj > 3.8,
Centrality: C3 4 < 0.6, myy < 0.05.

Here E?iss is defined as the magnitude of the negative vectorial sum of all reconstructed

jets with pr(j) > 20 GeV and H¥S as the magnitude of the vectorial sum of the transverse

momenta of all jets with pp > 20 GeV. The variables A¢;; and An;; are difference in the

azimuthal angle and pseudo-rapidity between two leading jets. mj; is the invariant mass
rel

of two leading jets. The centrality Cj=34 and m;Z;, of the third and fourth highest jets
are defined as

4 ;e ’ rel _ MIn(my, i, My i)
C’i = exp 7W n — T 5 m; = y (D2)
(7 —n?2) mjj

where only the third and fourth jets (if they exist) with pp(j) > 25GeV are considered
and mj, ; (mj,;) is the invariant mass of the leading jet (the second hardest jet) and i-th
hardest jet.

The inclusive cross section after imposing the kinematic cuts in eq. (D.1) is shown in

figure 8. For comparison, we also present in figure 8 the inclusive partonic cross section
for the singlet ® pair production with A\pg,/Ny = 1. The difference between two curves
in figure 8 amounts to the signal efficiency. To increase the sensitivity, the events in
the ATLAS analysis are binned in mj;, A¢;;, and Nje; where Nje; counts only jets with
pr(j) > 25GeV. The estimates of the total SM backgrounds and the observed events in
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Figure 8. The inclusive cross sections at the generation level (black) and after imposing kinematic
cuts in [51] (red) (see eq. (D.1)) as a function of the physical ® mass, mghys for Apg/Np = 1.

Niet = 2, ‘A(ﬁ]’ﬂ < 1, mj; bins Niet =2,1< ‘A(ﬁ]’ﬂ < 2, mj; bins

mjj [TeV] | 0.8—-10 10-15 1.5-20 20-35 >35|08-10 10-15 1.5-20 20-35 > 3.5
Process Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8 Bin 9 Bin 10

Total Bkg | 2040+44 2647+53  884+28 6414£25 7948 | 1365+36 2728+52 1115431  842£28  129+10

Data 2065 2639 890 633 76 1362 2730 1132 836 133

Table 2. The number of events and associated total systematic uncertainties of total SM back-
grounds and observed data in the signal region of EXS+tjets via VBF at /s =13 TeV with an
integrated luminosity of 139fb~!. The numbers were taken from ref. [51].

each bin using 139 fb~! of data in the ATLAS analysis [51] are presented in table 2. While
the analysis in [51] has the category of 2 < Nje; < 5 with the cut m;; > 3.5 TeV, we will
not use it as our signal events in the corresponding bin are not significant. Noting that the
size of the systematic uncertainty in table 2 is comparable with the statistical uncertainty.

We first derive model-independent limit on the cross section (or the number of events)
by recasting each bin of the ATLAS analysis at a time. Since the number of total back-
grounds and data are large enough to ensure the Gaussian distribution due to the central
limit theorem, the chi-square from the likelihood L for each bin is given by

2
Xbin = —210g Liyin = % [ﬁ * (0SM,bin + ONP bin) — Nbin} ; (D-3)
11n

where £ denotes the integrated luminosity, ogu pin is the contribution from the SM, namely
total backgrounds to the corresponding bin, and onp pin is the cross section from new
physics. The variance o, is taken as the square-root of the squared sum of systematic
and statistical uncertainties. The recasted upper limit on oxp (or the number of events
with £ = 139fb~!) at the 95% CL for each bin is shown in table 3.

In the Higgs portal scenario, the signal events for given parameters (mghys, Mg/ Ng)
which control the singlet mass and the interaction strength for the production, contributes
to all m;; bins. Combining results from all bins will improve the sensitivity on the model
parameters. After imposing the kinematic cuts in eq. (D.1) on the signal events from the
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Process Binl Bin2 Bin3d Bin4 Binb5 | Bin6 Bin7 Bin&8 Bin9 Bin 10
ONP,95%CL [fb] 1.07 0984 0.619 0.444 0.147 | 0.706 1.05 0.765 0.525 0.242

(L-onp)oswen | 149 137 86.0 61.7 204 | 98.1 146 106 73.0 33.7

Table 3. Recasted 95% CL limits on the cross sections and the numbers of events from new physics
contribution to ERisS+jets via VBF at /s =13 TeV with an integrated luminosity of 139 fb=1. The
limits are derived by considering each bin at a time assuming no correlation between bins.

14[  Epistjets via VBF

s =13 TevV

- Limits at 95% CL

10}

ANy
@

ATLAS 139 fb~"
300 fb~"

roel e mmm- 300 fb~" (no sys err)
2r " - ———3000 fb"
-------- 3000 fb~! (no sys err)

ol v v v v s
100 150 200 250 300
miy™ [GeV]

Figure 9. Recasted limits at the 95% CL on the portal coupling Ah¢\/m as a function of the
physical ® mass mghys based on the ATLAS analysis [51] at the 13 TeV LHC with 139fb~! (red).
The projected sensitivities for 300 fb~! (blue) and 3000 fb~—! (black) luminosities are obtained based
on the ATLAS analysis and assuming both systematic and statistical uncertainties scaling down
with the square-root of the luminosity (dashed lines correspond to the cases with only statistical un-
certainties).

singlet production with various masses, we construct the signal cross section as a function
of the physical mass in each bin. The total chi-square is given by

1 2
2= —2logL = Z o {E . (USMJgin + N¢)\Z¢ . O'singlembin(mghys)) — &bﬂ , (D.4)
bin = bin

where asingletybm(mghys) is the cross section as a function of mghys for Apg\/Ny = 1. The
recasted senstivity of the ATLAS analysis [51] on the Higgs portal model in the plane
(mghys, Mgy/Ny) is illustrated in figure 9. For the projected sensitivities at the LHC with
more luminosities, we make simple projections for integrated luminosities of 300 fb~! and
3000 fb~! assuming that both systematic and statistical uncertainties scale as 1/ VL. To
understand the impact of the systematic uncertainties on the sensitivities, we also estimate
the limits for the cases with only statistical uncertainties. The resulting limits at the 95%

CL are shown in figure 9.
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