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1 Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] has probably
confirmed the existence of an elementary scalar and its role in the spontaneous breaking
of the electroweak symmetry. It has also opened a new possibility for studying the details
of the symmetry breaking from the properties of the Higgs boson. Another more recent
observation of the first gravitational wave (GW) signal [3] has given us a completely new
way of probing the history of our universe. Specifically, rather violent events in the early
history such as the electroweak phase transition should leave GW imprints. Yet another way
of probing the early universe is via dark matter (DM). Current direct detection experiments
are continually increasing their sensitivity to better probe the DM-nucleon scattering, and
have placed strong exclusion limits on some of the allowed particle physics models with
DM candidates. Motivated by these experimental probes that are continually developing,
it is important to revisit the singlet scalar extension of the Standard Model (SM), a goal
that we aim to achieve in this study.

We will focus on the two main features of this model. Firstly, it can facilitate elec-
troweak baryogenesis (EWBG) [4-7], which aims to explain the observed baryon asym-
metry of the universe through a strong first-order electroweak phase transition (EWPT).



This phase transition is not first-order in the SM [8, 9] and so a modification is needed to
generate a barrier between the symmetric high temperature minimum and the electroweak
symmetry breaking (EWSB) minimum as the universe cools down. A scalar singlet exten-
sion of the SM can provide this modification [10, 11], even though an effective theory with
the new scalar integrated out suggests otherwise [12—14]. Secondly, after the Zy symmetry
is imposed, the new scalar serves as a viable DM candidate [15-17].

All of these attractive features are followed by equally attractive discovery prospects.
Firstly, the new scalar inevitably modifies the Higgs potential which can be probed at
collider experiments [10, 18]. Secondly, a strong first-order phase transition generates a
strong GW signal [19]. This fact has been used in the literature to constrain various EWBG
models [20-32] and also in context of the zero temperature EW vacuum stability [33, 34].
Lastly, the presence of a DM candidate with a non-zero abundance today provides strong
direct detection limits on the model parameter space [35-37].

The last possibility that we will explore comes from the fact that the early history of
the universe is poorly constrained by astrophysical experiments. In order to identify all
the parameter space in which the model can be viable, we will investigate how the allowed
parameter space changes due to a modification of the cosmological history. The modifica-
tion we consider comes simply from abandoning the assumption that the early universe was
dominated by radiation. Instead, we will assume an additional energy constituent that red-
shifts faster than radiation. We will identify the experimental bounds on this scenario and
show to what extent the modification changes the allowed parameter space of the scalar sin-
glet model. This cosmological modification has two major effects. First on baryogenesis, as
it helps to avoid the sphaleron bound [38-42] and second on DM, as a faster expansion rate
leads to an early freeze-out and consequently increases the resulting DM abundance today.

The rest of the paper is organised as follows. In section 2, we introduce the scalar singlet
extension of the SM. The details of the EWBG in this model are given in section 3 along
with the dynamics of the phase transition. In section 4, we discuss the discovery potential
of the model, specially at colliders, gravitational wave and direct detection experiments.
Section 5 is devoted to the scenario of a modified cosmological history along with its impact
on EWBG and DM abundance today. Our conclusions are presented in section 6. Details
of the one-loop corrections to the effective potential are given in appendix A.

2 Model

One of the simplest extension of the SM is the addition of a new scalar singlet .S that couples
to the SM Higgs boson. Assuming Zs symmetry: S — —5, the tree-level potential reads

1 1
Viree(H, §) = —p?|H? + A H[* + Aus|H[*S? + S p§S* + A5, (2.1)

where
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and X1 2,3} are the Goldstone bosons. Consequently, the potential in terms of h and S reads
Viree(h, S) = —%;ﬁhQ + %Ah‘* + %AHShQSQ + %u?gSQ + ixss‘*. (2.3)

After electroweak symmetry breaking (EWSB), the physical mass of the new scalar S is
m% = pk + Agsvg, (2.4)

where vy = p1/v/A ~ 246 GeVis the SM Higgs VEV. At tree-level, the Higgs mass and its
VEV fixes the constants p and A in eq. (2.3) to my, = v2u = 125 GeV and A = m3 /2v} ~
0.129 respectively. We adopt renormalisation conditions that do not modify these values.
We will discuss a wide range of the scalar-Higgs coupling Agrg® for the scalar masses mg
above my, /2.2 In all of our plots, we fix the scalar self-coupling Ag = 1. The dependence of
most of our results on \g is rather mild; an increase in its value would only shift the allowed
region to slightly higher values of A\yg. We include one-loop corrections to the potential at
zero and finite temperature (see appendix A for more details). The most important effect
of these corrections is the appearance of a barrier between the symmetric phase at (h) =0

and the EWSB one at (h) > 0.

3 Electroweak baryogenesis

In the early universe and at very high temperatures, thermal corrections to the scalar
potential restore the electroweak symmetry. As the universe cools down, the EWSB mini-
mum emerges. Due to the corrections from the new scalar, the electroweak minimum can
be separated from the symmetric one at (h) = 0 by a potential barrier, thereby allowing a
first-order phase transition that is absent in the SM [9].

The necessary condition for the EWBG that we will focus on is the decoupling of the
sphaleron processes after the EWPT. The sphaleron processes present in the SM are con-
nected with SU(2) gauge interactions and provide baryon number (B) violation necessary
to create baryon-anti-baryon asymmetry. However, if they are not decoupled after the tran-
sition, they quickly wash-out any previously created asymmetry. As SU(2) interactions,
they are heavily suppressed once the electroweak symmetry is broken. This breaking is
quantified by the Higgs VEV. Thus, the decoupling of the sphalerons leads to the following
well-known condition
> 1, (3.1)

Nl <

where v is the Higgs VEV calculated at temperature 7'. We will start with a generic discus-
sion in subsection 3.1 approximating the transition temperature as the critical temperature
T, at which the minima of the potential are degenerate. In the next subsection 3.2 we will
discuss the dynamics of the transition and calculation of the temperature T, at which the
transition truly begins. The calculation of the sphaleron rate is technically complicated

"'We show our results for Ags € [0.2, 47], however, one has to remember that for values of the coupling
larger than a few [10], the one-loop corrections become unreliable.

2In the region ms < mp/2, values of Ags that are of interest for EWBG are mostly excluded by the
limits on the Higgs invisible branching ratio (see e.g., ref. [36]).
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Figure 1. Parameter space of the scalar singlet model relevant for EWBG. The yellow region
is excluded because in that region, the electroweak minimum is not the global minimum at zero
temperature. The blue region realises a strong first-order phase transition whereas the light blue
region can still be allowed due to the cosmological modification. The solid red line marks the
boundary between the regions where u%(7:.) < 0 and p%(T%.) > 0 (see text for more details).

and therefore leads to slightly different bounds on v/T, as present in refs. [18, 43-45]. For
simplicity, we will simply employ the above bound.

3.1 Vacuum structure

Before going into the details of the transition dynamics, we will discuss the parameter space
allowed by the vacuum structure. Figure 1 shows the relevant regions of the model param-
eter space where the minimum at the origin and the EWSB minimum are separated by a
barrier at the critical temperature T.. The yellow region is excluded because in this region,
the electroweak minimum is not the true minimum of the potential at zero temperature.
For low masses, this happens because the minimum in the S direction is deeper, whereas
for very large couplings, the electroweak minimum is pushed up by quantum corrections to
values above the minimum at the origin. In both cases the universe will never transition
to the broken EW symmetry phase and thus these situations are excluded. The region of
very small mass and coupling is also excluded because the negative mass terms start to
overpower the h2S? coupling and the new minimum appears between the minima in the h
and S directions at (S) > 0, (h) > 0.
Depending on the sign of ,u% in this model, the EWPT can proceed in two ways.

1. ,u?q > (: this occurs at large mg and small Agg. In this case, the potential grows as
we move away from S = 0. We can thus discuss only the one-dimensional potential
along the h direction. This leads to a one-step phase transition during which the



field is initially in a homogeneous configuration at the origin and tunnels through the
barrier towards the electroweak minimum.

2. u% < 0: this occurs at small mg and large Agg. In this case, the universe can
transition into a minimum along the S direction before EWPT occurs. As discussed
below, this scenario requires a precise numerical calculation to calculate the exact
details of the EWPT.

3.2 Dynamics of the phase transition

The EWPT occurs after the temperature of the universe drops below the critical temper-
ature and the minimum with non-zero Higgs VEV becomes the global minimum. We will
discuss a first-order phase transition during which this new global minimum is separated
from the electroweak symmetry preserving minimum by a potential barrier.

We now explain the dynamics of the phase transition in more detail. In the early
universe, the EW phase transition is driven by thermal fluctuations that eventually ex-
cite the field enough to cross the potential barrier. Calculating the details of the phase
transition essentially boils down to finding the field profile corresponding to such thermal
excitations that will appear most quickly and drive the transition. The crucial quantity
for finding the temperature at which the transition proceeds is the probability of finding a
field configuration with action S3 within a volume V [46, 47]

~ T* exp <—S31(7T)> : (3.2)

<|H

Thus, the most probable configurations (as usual) are those with the smallest action, which
in turn are the most symmetric ones. Noticing also that we can start with a static field
configuration (as the time derivative could only increase the result), we can write down the
action of our O(3) symmetric field bubble. We will also be interested in cases where the
S field cannot be neglected during the transition leading to a slightly more complicated
action involving both fields as

1 /dh\? 1 /dS\?>

where Vg is the effective potential (see appendix A for more details).

In the simple case where the mg is large, the potential grows quickly in the S direction
and we can set S = 0, leading to a much simpler analysis involving only the Higgs field
direction [20, 41]. However for small mg, the universe transitions to the (S) > 0, (h) =0
minimum before the EWPT. During this first transition, no barrier is generated between
the origin and the (S) > 0 vacuum and so it is a smooth crossover. The new problem when
compared with the single field case is finding a trajectory in the field space that connects
the initial vacuum ((S) > 0, (h) = 0) with the electroweak one ((S) = 0, (h) = vp) and
minimises the action in eq. (3.3).



We follow an approach similar to the one outlined in refs. [48-50]. We begin by choosing
a path ¢(t) = (h(t), S(t)) that connects the initial and final vacuum. We always set

Lordn\? [dS\?
=|(— — =1 3.4
(@) (%) =
such that d(]; /dt is a unit vector parallel to the path whereas d25 /dt? is perpendicular to the
path. We can rewrite the equations of motion (EOMs) from the original action in eq. (3.3)

dé
dt

Ch 2dh OV PS 245 _ oV

oL = 3.5
dr2+rdr oh’ dr2+rdr 9S8’ (3:5)
in terms of the path ¢(t) as
@ﬁ+ﬁ @ 2+gd7¢§)ﬂ_vv (36)
dt dr2 ~ dt?2 \dr rdtdr '
Now, taking the part proportional to dgg/ dt gives us the EOM along the path
do (d?t 2dt
Wier 2% _ vy .
dt <dr2 +rdr> (v )”’ (3.7)
whereas taking the part proportional to d2§5 /dt? gives the EOM perpendicular to the path
d2¢ [ dt\?
— | — | =(VV),. 3.8

For a given path (just as in the one-dimensional case), finding the bubble profile means
solving eq. (3.7) along the path
d*t  2dt AV

oyt 3.9
dr? * rdr dt (3:9)
to find t(r) satisfying the following boundary conditions needed for a finite action
dt
— =0, t(r—o00)=Vy, (3.10)
dri,._,

where V7 is the value of the potential at the decaying initial vacuum. The problem in choos-
ing a certain path is that we completely neglect eq. (3.8) which should also be satisfied if
one wants to find a solution of eq. (3.5).

Our approach to solve both EOMs is the following. We choose a certain initial path
and solve eq. (3.9) to satisfy the boundary conditions in eq. (3.10). This gives us dt/dr
along the path and allows us to calculate

. d%¢ (adt\®
N=—3 <dr> —(VV), . (3.11)

Now, we modify our path to obtain N = 0, which corresponds to finding a solution of
eq. (3.8). In practice, we have to do this iteratively. Each step consists of moving each point
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Figure 2. Parameter space of the scalar singlet model relevant for EWBG along with the reach of
various collider experiments. The yellow shaded region is excluded because in that region, the elec-
troweak minimum is not the global minimum at zero temperature. In the grey region, the universe
is trapped in a metastable vacuum that preserves electroweak symmetry. The blue region realises
a strong first-order phase transition whereas the light blue region can still be allowed due to the
cosmological modification. Regions above the dotted and dashed lines will be accessible at colliders.
Here A)z = (ASM —)3)/A5M is the modification of the triple Higgs coupling with respect to the SM.

along our path in the direction of N and finding a modified path by fitting a polynomial
to the modified points. Fitting a function is necessary as otherwise this algorithm becomes
highly unstable. This is because the result of one such modification is not a smooth
function and the second derivative can grow uncontrollably, which would lead to an even
bigger growth in subsequent modifications. We choose to fit a polynomial of order 5, and
have checked that using higher powers does not increase the accuracy of the result any
further. After 20 such modifications, we again calculate the tunnelling action along the
modified path by solving eq. (3.9). This gives us the next approximation of the S3 and
dt/dr along the path for further path modification. After a few such steps, the action
stabilises which means a solution has been found.

We have checked that the above algorithm converges to the same result with any
reasonable initial guess for the path. However, in practice it is most convenient to start
with a path that is obtained by choosing S that minimises the potential for each h between
the initial and final vacuum. In fact, in this model, this simple choice proves to be a very
good approximation and the path obtained using the path modification algorithm decreases
the resulting action only by a few percent. This leads to a negligible modification of the
transition temperature T.

Now, we are ready to use the action in eq. (3.3) and the decay width in eq. (3.2) to find
T.. We assume that the phase transition proceeds when at least one bubble is nucleated



in every horizon, i.e.,

4
% T 1 oqar (1 [45 M S3(T)
—=Ve=| — |+ —= - =1 3.12
/ TH " /T T(27r WgCﬁT>eXp( T ) (3.12)

*

where H is the Hubble rate, Vz is the horizon volume and g.g is the effective number
of degrees of freedom at temperature 7.2 Under this assumption, our result depends on
the thermal history of the universe. Indeed, this dependence is not negligibly small, as
previously shown in ref. [41].

In figures 1 and 2, we show the model parameter space relevant for EWBG. The
main difference between the simplified analysis using the critical temperature 7, and the
actual transition temperature T} is visible in the very strong transition region (i.e., v/T >
1). Large values of v, mean that the barrier between the electroweak minimum and the
symmetric one is very wide; the probability of the transition is so low that the universe
would remain until today (i.e., Tk ~ 0) in the vacuum that preserves EW symmetry, which
is of course excluded.

4 Experimental probes
In this section, we discuss the various experimental probes for scalar singlet EWBG.

4.1 Collider signals

Although a direct detection of the new scalar at the LHC is hopeless due to the small signal
to background ratio, it could be possible at a 100 TeV collider, provided its mass (coupling)
is small (large) enough [10]. This distinct possibility, however, covers only a small portion
of the parameter space that is of interest to us; indirect collider searches prove a far better
probe of this scenario.

The first indirect probe comes from the modification of the triple Higgs coupling. This
modification comes from the new scalar S and can be easily obtained by differentiating the
potential including one-loop contribution from S in eq. (A.1). This gives the following result

_ 183V(h,S: 0,7 =0) ~ ﬂ% n /\?{Svg

A3= 5 Oh3

hew 200 24m2mE (4.1)
This coupling can only be measured at the HL-LHC in double Higgs production events
where the very low cross section again makes the measurement difficult. The estimated
precision on this coupling is about 30% at the HL-LHC [52], but can get to 13% at 1 TeV
ILC with 2.5ab™! [53]. Much better precision could be reached at the 100 TeV pp col-
lider [54, 55]. Together with direct detection of the new scalar produced through an off-
shell Higgs [10] could probe the whole relevant parameter space. However, the 100 TeV
collider has a much bigger time frame than other discussed experiments. Therefore, it will
not be included in our comparisons.

3We use the tabulated values of gest as a function of T from micrOMEGAs_3.6.9.2 [51].



The second possibility for indirect detection of the new scalar S is through its modi-
fication to the Zh production at lepton colliders. The fractional change relative to its SM

1 A3, q0d m2
AUZh = 547r2mi |:1 + F <4m?g>:| y (42)

B 1 5 1-27=2y/7(7—1)
F(T)—4 T(T_1)1g<1_27+2m>. (4.3)

ILC can achieve a precision of 2% whereas FCC-ee/ TLEP will be able probe it with 0.6%
accuracy at the 95% C.L. [57].
In figure 2, we show parts of the model parameter space that are accessible at colliders.

value is given by [10, 56]

where

Clearly, a measurement of A3 is the best probe of the neutral scalar scenario. The ILC
and a 100 TeV pp collider would be able to probe most of the strong first-order PT model
parameter space for scalar masses above ~ 350 GeV . The Zh production is a somewhat
weaker probe. The ILC should not see any modification if our model is realised since it can
only probe the unphysical parameter space. FCC-ee/TLEP on the other hand could probe
a significant part of the parameter space where a one-step phase transition can occur. How-
ever, it still has a smaller reach in the low mass region than the ILC. In the very high mass
region, it cannot probe the full parameter range where a strong phase transition occurs.

4.2 Gravitational wave signals

A first-order phase transition is a very violent event in the history of the universe. Nu-
cleation and subsequent collisions of bubbles converting the symmetric vacuum to the
electroweak one is a process that is very far from equilibrium and brings about large trans-
fers of energy. Seeing as all the fields are flat and interact gravitationally, it is the perfect
setting for the creation of gravitational waves. This issue has been widely discussed in the
literature where three main sources of GWs have been identified. These are the collisions
of the bubble walls [58-60], sound waves generated after the transition [61, 62], and the
magneto-hydrodynamical (MHD) turbulence in the plasma [63].

The details of the phase transition described in the previous section allow us to calcu-
late the energy carried by the bubbles which drive the transition and the time scale in which
it will proceed. These quantities are exactly what we need to obtain the GW signals pro-
duced by the transition [19]. The first parameter crucial for the GW spectrum is the ratio of
released latent heat from the transition to the energy density of the plasma background [64]

Wi _ vy
dr dT

o= le [(Vvaf)+T<

, (4.4)
T=Tx

where V} is the value of the potential in the unstable vacuum (in which the field initially
resides) and Vew is the value of the potential in the final vacuum (in which the electroweak
symmetry is broken). The inverse time of the phase transition is given by

s ()

(4.5)

T=Tx
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Figure 3. Parameter space of the scalar singlet model relevant for EWBG. In the green and purple
regions GW signals produced during the phase transition will be accessible in future experiments
such as LISA and BBO respectively. A few example points are also highlighted to match with their
GW spectra in figure 4.

The parameters a and 8 in egs. (4.4) and (4.5) respectively allows us to calculate the GW
signals produced during the phase transition.

The first important source of GWs is bubble collisions. Peak frequency of the resulting
signal is [59]

0.62 B T (g* )éHz

col = 16.5 x 107° — = (==
Jea 010, + L8 H 100

100 (46)

with the following energy density

2 o s B\ 011 [ ke \/gi\F 38(f/fe)™®
Whea(f) = 16T 10 (ﬁ) 0.42 + v} <1+a> <m> 1428 (f/foo)*® (4.7)

where the efficiency factor x and the bubble wall velocity v, are given by

_UV3+y/a?+2a/3 _aoo< Qoo )

1+a " T \0.73 4 0.083 am + o

Up (4.8)

This definition already includes the fact that during a very strong phase transition,
the energy deposited into the fluid saturates at [65-67]

2
(s = 0.49 x 1073 (%) . (4.9)

*

We obtain values of a € [1073,10] and 8/H € [1,10%]. The condition o > a is satisfied
by the majority of points giving hope for detection in near future. The bubble wall velocity

~10 -



in eq. (4.8) provides only a lower bound on the true wall velocity [59]. However, we have
checked that replacing this with v, = 1, which is more appropriate for a very strong
transition, does not modify our results noticeably. The same can be said with respect to
varying the bubble wall velocity within some uncertainty, say 20%. Although the specific
spectra change slightly as their frequency and magnitude is multiplied by this O(1) factor,
the resulting reach of future GW experiments does not change significantly. Also, for points
satisfying o < ao, the contribution of bubble collisions to the GW signal can be neglected.

The second important source of GWs are sound waves created in the plasma after the
bubbles collide. The corresponding peak frequency is [61, 62]

B 1 Ty /9s\s
L =19%x1052 2 ( H 4.1
f 0 5 100 100) g (4.10)

with the following energy density
-1 2 _ 3 7/2
7
Qh? =2.65 x 1076 <ﬁ> < i > I <f> <> .
() . H 1+a (100) P\ ) \4 537/ fon)?
(4.11)

The last important source of GW signals is MHD turbulence in the plasma. The

=

frequency at the peak of this contribution is [63]

1T* * &
UL ()

5 =2.7x107°
Jor * Y H 1,100 \100

(4.12)

with the following energy density

11

B _ I} 1/ eka 3 g« -3 (f/fturb)?)(l_‘_f/fturb)_?
Qh?urb(f)—3-35><104<H> <1+a> (100) T ¥ 8nfao/(aH)|

13)
where the efficiency factor e ~ 0.05. The total energy of gravitational waves is simply a
sum of all the mentioned sources [64]

QGWhQ(f) = Qh?:ol(f) + thw(f) + Qh%urb(f) (414)

Generally speaking, the magnitude of the GW signal grows with the strength of the
phase transition. In figures 3 and 4, we illustrate this effect and show the regions of the
parameter space accessible to the most promising future GW detectors, specifically LISA
(with the most promising configuration A5M5) [68] and BBO [69]. For comparison we also
show the reach of LIGO [70] which cannot probe any part of the parameter space.

For any value of mg, the barrier separating the initial symmetric vacuum and the final
EWSB one grows with Agg. This increases the VEV of the Higgs field after the transition,
decreasing the transition temperature as tunnelling becomes suppressed, resulting in an
initial unstable configuration of the field that survives longer due to the larger barrier. This
means that the action S of our solution grows while the transition temperature lowers.
At some point, this inevitably leads to an over-suppression of the thermal tunnelling by a
factor of S3/7T. This would cause the field to remain in the initial unstable configuration
up until today (T, ~ 0), which is of course excluded.

- 11 -



107424 L B 111 B A1) B A1 N M AALL B S SRR ALY uum%
- LIGO -
107°F £ o Ans =044, mg = 80 GeV
107k 4 o= 4 Ags = 0.38, ms = 80GeV
W 1010 E
hﬁ? 2 é """ X Ags = 0.32, mg = 80 GeV
S 10720 E
= 3 o Aus = 5.66, mg = 600 GeV
10714 ; é
10—16% é -=== 4+ Aggs = 5.26, mg = 600 GeV
0 8E Al TSNS T X Ans =4.55, ms = 600 GeV
107 107* 10 1002 107! 10° 10! 102
f[Hz]

Figure 4. Spectra of GWs from the electroweak phase transition for a few example points that
are also marked in figure 3. Projected sensitivities of the future based GW detectors such as LISA,
BBO as well as current sensitivity of LIGO are also shown.

For very low transition temperatures, the vacuum decay is driven by quantum fluctu-
ations and is only suppressed by the action Sy [71] instead of S3/7T in the exponent. The
quantum tunnelling action Sy still depends on the temperature since the potential does.
However, this dependence is very weak as the potential is close to its zero temperature value
when the quantum tunnelling becomes important. Calculation of the action is technically
very similar to the procedure discussed in section 3.2. The important difference in this case
is that our solution is four-dimensional, as it also includes the Euclidean time. Numerically,
the resulting action is similar to the three-dimensional one and the decay probability is
much smaller than in the thermally-induced decay case. In the end, this effect saves some
part of the parameter space as the integrated decay probability is increased by adding this
small probability to the integral between the temperature when quantum tunnelling domi-
nates and Tggn. However, this is a subdominant effect and the part of the parameter space
where it enables the phase transition to occur is negligible. Also, while the calculation of the
GW signal in quite different in this case, the difference between vacuum energies in this case
is still very large and the resulting signal magnitude would be just as large as in the high
temperature case, allowing its observation up to the border of the allowed parameter space.

An important point is that for all possible values of mg, there is a significant region of
model parameter space where a successful EWBG is followed by an observable GW signal.
Specifically, for low masses, the coupling Arg is too small for indirect detection at future
based colliders (see e.g., section 4.1) whereas the GW signal produced during the EWPT is
within the reach of planned GW detectors. We can therefore conclude that the detection
of GWs can be more a sensitive probe than the indirect collider searches.
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4.3 Dark Matter signals

In our simple model, the new scalar S is stable and can serve as a DM candidate. One
has to remember that all the DM considerations can become irrelevant if we extend the
model with additional dark sector fields that couple to the SM only via the new scalar
S [15-17, 72]. This is possible because the new scalar would then be able to decay into
light dark sector particles and thereby avoid all the DM detection limits. However, if the
minimal model is realised, these bounds provide some of the strongest constraints on the
allowed regions of the model parameter space (see e.g., ref. [36]).

To calculate the abundance of S in the universe today, we follow the standard analysis
in ref. [73]. The Boltzmann equation has the form

dy 27 m3 T dheg
T = i (e 5 ) o 0% - ), 1

where Y =n/s, x = mg/T, (ov) is the thermally averaged annihilation cross section and
hegt is the effective number of entropy degrees of freedom. For the calculation of the ov into
various SM final states, we use the results from ref. [35]. We numerically solve eq. (4.15)
and obtain the number density ng of the scalar S today. Finally, the S abundance/relic
density is calculated using

mgYoso

Qgh? = ~mgYy x 2.76 x 108. (4.16)
3M2H?

Assuming that S is the only DM candidate, its relic density should match with the Planck
measured value [74]
Qpmh? = 0.1188. (4.17)

If one assumes a multicomponent dark sector, the S abundance can be smaller but still
cannot exceed that measured value not to overclose the universe.

To impose direct detection limits on the model parameter space, we calculate the
spin-independent (SI) scalar-nucleon cross section [36]

2 2 2 2

_ Mgy w'my,

- 2, 1
47 mgmg,

oSt (4.18)

where p = mpmg/(m, + mg) is the DM-nucleon reduced mass, m,, = 938.95MeV and
fn =0.3 [35, 75, 76]. If the abundance of S is smaller than the Planck measured value in
eq. (4.17), the SI cross section in eq. (4.18) must be appropriately scaled such that points
with Q

O g 081 > OEXP (4.19)
DM

are excluded.

Currently, the strongest limits on the SI DM-nucleon cross section come from the LUX
(2016) experiment [77]. Using these limits and the analysis presented above, we show the
excluded regions of the model parameter space in figure 5. In the regions where EWBG is
possible, the scalar S only accounts for less than 1% of the total DM. However, the LUX

~13 -



(2016) experiment still severely constrains the model parameter space. Only a small portion
of the model parameter space with a small S abundance is still allowed, either requiring
scalar masses mg > 700 GeV or masses just above the Higgs resonance mg ~ my, /2.

Our results take into account the vacuum structure of the theory. The region where
the EWPT does not occur is not constrained by these results because in that case, the
freeze-out does not proceed in the electroweak vacuum; a much different calculation of the
DM abundance would be required. However, to a large extent, this would be a pointless
exercise since the region is excluded to begin with. There is only a small loop-hole to
this argument, namely the region just below the no-EWPT excluded region, where the
transition proceeds at very low temperature. This means that DM can freeze-out before
EWPT occurs in a vacuum with (S) > 0,(h) = 0 for mg < 600GeVor (S) = (h) =0
for mg > 600 GeV . Even this exotic possibility is mostly ruled out. For mg > 600 GeV ,
DM freezes out in a vacuum at the origin with zero vacua for both scalars. This closes
all the usual decay channels generated by the hSS vertex since the Higgs VEV is now
absent. The resulting DM abundance is higher than it would have been in the electroweak
vacuum and this region is even more constrained by direct detection experiments. The
mg < 600 GeV region has to be considered in two parts. Firstly, in the mg < 2my, region
where even though the S VEV generates a Shh vertex, the simple decay of S into two
Higgses is kinematically suppressed. As in the previous case, most of the usual decay
channels via the Higgs decay into SM particles are closed due to a missing hSS vertex.
Only the SS — hh channel is available and as a result of the smaller cross section, a larger
S abundance is achieved which is again more constrained by direct detection searches. The
last possibility is 2my < mg < 600 GeV , where the decay S — hh is possible. In principle,
one could try to find points where the slightly larger DM abundance is depleted as .S decays
into Higgses in a short time between its freeze-out and EWPT. Confirming this possibility
would required a much more dedicated study in a negligibly small region of the parameter
space. We will leave this possibility unresolved while saying only that even if such points
exist, they are very fine-tuned and, indeed, their existence is open to question.

Our main conclusions are, firstly, .S cannot play the role of a single-component DM in
regions where the EWBG is allowed. Secondly, in the regions where the EWBG is realised,
even the very small remaining S abundance is enough to generate severe constraints from
direct detection null results. Moreover, the region of low mass and large coupling (and
consequently a smaller relic density) that is usually considered as a hope for EWBG in this
scenario is ruled out by the vacuum structure of the theory. However, it is important to keep
in mind that adding a lighter particle (for e.g., a Dirac fermion [72, 78] or another scalar [79])
that couples only to the scalar S can remove these constraints without affecting our predic-
tions for EWBG. In that case, all the frozen-out scalars would simply decay into the dark
sector particle which plays the role of a DM candidate. This is an important realisation as
the scalar S without any new dark sector particles cannot account for all of the DM.
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Figure 5. Parameter space of the scalar singlet model relevant for EWBG together with the
DM abundance and corresponding direct detection exclusion limits. Constraints from the vacuum
structure of the theory are also taken into account, hence the reason why the abundance or the
direct detection limits do not enter into the gray or yellow shaded regions.

5 Cosmological modification

To ensure that we discuss all the parameter space where the scalar singlet model is viable,
we also discuss a possible modification of the cosmological history which can expand this
area significantly. We will focus on a very simple and generic cosmological modification
that can describe the effects of most existing cosmological models.

We assume an additional contribution to the energy budget of the early universe py.
The modified Friedmann equation reads

N2
a 8T (PR | PN

m=(%) = (7 7) 5.1
(a) 3M?2 ot ) (5:1)

where a = a(t) is the scale factor and n > 4 such that the new component dilutes before it

modifies any cosmological measurements. The first of such important measurements comes
from Big Bang Nucleosynthesis (see e.g. refs. [80, 81]). We can directly measure the Hubble
rate at that time since we precisely know when the neutrons have to freeze-out in order to
save a fraction of them required to recreate observed abundances of light elements. While
the observed expansion is consistent with a universe filled with the SM radiation, within ex-
perimental uncertainties, we can still add a small fraction of the additional component py.

First, we translate the effective number of neutrino species into a modification of the

Hubble rate [82]
7
=/1+ AN, (5.2)
BBN 43 !

H

Hpg
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where Hp is the standard case (i.e., SM radiation) and
AN,y = (Nyy +20) — NJM = (3.28 + 2 x 0.28) — 3.046 = 0.794

is the difference between the effective number of neutrinos in the SM radiation case and
the 20 experimental upper bound [80, 81].

We also assume that the new component does not directly interact with the SM, so
the usual relation between the scale factor and temperature holds

2
PR _ T 4
— = —gT", 5.3
1= 39 (5.3)
where g is the number of degrees of freedom in the SM. This leads to a usual result for the

Hubble rate in the radiation dominated case

Ar T?

g—.
457 M,

We are now ready to calculate an upper bound on the expansion rate at an earlier

Hp = (5.4)

time (i.e., high temperature). The contribution from the new component grows quickly
and dominates the total energy density. Once this occurs, we can neglect pr in eq. (5.1)
and arrive at the following result

T Y a](L) L
Hp HR|zpN 98BN/ IBBN

where the values with the subscript “BBN” are calculated at the BBN temperature Ty =

n—4
2

(5.5)

1 MeV and all the others are calculated at an earlier time corresponding to a temperature
T. The resulting maximal modification is shown in the left panel of figure 6. The n = 6 case
can be realised in many cosmological models and results in an increase that can be as big
as 10° in temperatures around EWPT. This big modification has important consequences
as discussed below.

5.1 The sphaleron bound and its cosmological modification

We will now revisit the sphaleron bound discussed in section 3 and discuss its modification
due to a non-standard cosmological history. The simplest criterion for decoupling of the
sphalerons comes simply from requiring that the sphaleron rate is smaller than the Hubble
rate after the EWPT

Tspn = T4BO% <%>7exp <—4;;> <H, (5.6)
where the constant By encapsulate the details of the SU(2) sphaleron calculation. Rigorous
calculation of the value of By generally proves to be difficult and therefore a few different
values have been used in the literature, leading to different bounds on v/T" [18, 43-45].
We use the value corresponding to the standard bound (see eq. (3.1)) for the SM radiation
dominated cosmology H = Hp. The right panel in figure 6 shows the dependence of v/T
needed to decouple the sphalerons after the EWPT on the Hubble rate. Comparing both
panels in figure 6, we see that the required ratio can be as low as v/T ~ 1/2 for cosmological
models with n = 6. We highlight this value in our results below to show the possible impact
of such a cosmological modification.
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Figure 6. Left panel: maximal modification of the Hubble rate H that is not in conflict with any
experimental bounds. Right panel: values of the v/T (at T = T,) needed to avoid the washout of
the baryon asymmetry after the EWPT as a function of the modification of the Hubble rate.

5.2 Modified cosmology and dark matter

The abundance of S is very sensitive to any modifications in the cosmological history.
An increased Hubble rate H will result in an earlier freeze-out of the scalar S than in the
standard case. This would leave a much larger abundance of S in the universe today. To see
this effect in action, we simply replace H in eq. (4.15) with a modified Hubble rate given in
eq. (5.5). The results are shown in figure 7. As is evident, the S abundance is increased by
orders of magnitude. The n = 6 case can achieve the correct abundance in all parts of the
parameter space up to the region excluded by the vacuum structure. However, no parameter
space that allows the correct DM abundance is opened up due to the modification. This is
because the increased S abundance also results in a more severe direct detection constraint.

It is still interesting to note that a higher expansion rate increases the DM abundance
for large couplings while allowing smaller ones to be compatible for EWBG, thus bringing
the two regions close together.

6 Conclusions

In this paper, we have studied the viability and detection prospects of a scalar singlet
extension of the SM. We focused on two attractive features of this model, namely the
possibility to facilitate EWBG and the DM candidate. We discussed various experimental
probes of this scenario and their reach in parts of the model parameter space. These include
collider signals, detection of GW from the phase transition and direct detection of DM.
We studied the dynamics of the phase transition including the analysis of a region
where a two-step phase transition occurs. In that case, the universe first transitions into a
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Figure 7. Parameter space of the scalar singlet model relevant for EWBG along with the DM
abundance and direct detection constraints due to cosmological modification. Values of Agg along
the green lines give the correct DM abundance for cosmological modification with given n. For
n = 6, the correct DM abundance can be achieved anywhere between the area excluded by the
vacuum structure and the usual radiation domination case (i.e., n = 4). The direct detection limits
shown are based on the S abundance with n = 6.

minimum along the (h) = 0, (S) > 0 vacuum configuration and then subsequently decays
to the electroweak vacuum (h) = vg,(S) = 0. This allowed us to accurately calculate
the transition temperature and its strength, which in turn enabled us to predict the GW
signals of the phase transition in all parts of the parameter space.

Our most important conclusion is that a significant portion of the model parameter
space is accessible at the planned GW experiments but is beyond reach at the future collider
experiments. The region of smaller coupling with the new scalar is especially attractive as
it guarantees that our one-loop analysis is accurate and that no Landau poles are hit near
the electroweak scale when the scalar coupling grows with the RG evolution (see ref. [10]).

We also extensively tested the possibility that our new scalar is a DM candidate. Using
the standard freeze-out of S to compute its present relic density, we identified the model
parameter space where S satisfies the observed DM abundance and where it is constrained
by the limits from the recent LUX (2016) experiment.

The conclusion here is that the correct DM abundance cannot be obtained simultane-
ously with a first-order EWPT. However, this small abundance is nevertheless enough to
lead to exclusion by null results in direct dark matter search experiments. The situation is
even worse in the region of small scalar mass and large coupling not constrained by direct
detection experiments since it is all excluded by the vacuum structure. This is so because
the universe in that case would not transition to the electroweak vacuum, at least not for
perturbative values of the couplings Ag and Agg.
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Only two small regions allowing EWBG remain viable, the first being the region close to
the Higgs resonance mg ~ my,/2 and the another at scalar masses mg > 700 GeV . However,
it is important to remember that all the mentioned DM constraints can be circumvented if
the scalar only serves as a mediator between a new DM candidate and the SM. The details
of the EW phase transition in that case remain the same.

Lastly, we checked which part of the models parameter space opened up when the
cosmological history is modified. To this end, we employed a simple cosmological model,
assuming a new energy constituent that redshifts away faster than radiation (i.e., py ox a™"
for n > 4). We placed bounds within which the expansion rate of the universe could be
increased without spoiling any of the astrophysical observations.

We concluded that the cosmological modification has significant consequences for both
EWBG and the DM abundance. This lead to a shift in the regions where the two can
be matched with observations. However, an increase in the DM abundance will always be
followed by severe constraints from direct detection experiments and as a result no new
viable parameter space opens up.
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A Effective potential

We use the following one-loop corrections to the zero temperature potential using the cutoff
regularisation and on-shell scheme [10, 83],

2
n; ms 3
Vl—loop(ha S) = Z 647ZT2 |:m;1 <10g sz - 2) + 2m12m(%z:| ) (Al)
i=h,x,W,Zt,S 0

where ngp, w715y = {1,3,6,3,—12,1} and mg are masses calculated at the electroweak
VEV § =0, h =wvy. The field dependant masses are

2 2, /2 2

2 _ 9,2 2 9 +g" 9 2 _ Y2

=7y =72 9y =2ty
Tw= mz 1 M= (A.2)

mi = —,u2 + >\h2 + AHSSQ .
The h and S masses are the eigenvalues of the following mixing matrix
2 2 2
—u® + 3\ + AgsS 2 gshS
Mus=| " e s .| (A.3)
2AgshS pe + 3XsS° + Agsh
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The finite temperature corrections are given by

Ve(h,S,T) = > ”1T4J5<T2>+Z”’T4 ( 2>, (A.4)

i=h,x,W,Z,S
k2 4+ m?

m; e 2

The last important correction comes from resumming the multi-loop infrared divergent

where

contributions to boson longitudinal polarisations [8, 84]. We achieve this by adding thermal
corrections to scalars and longitudinal polarisations of the gauge bosons.
The thermal corrections to masses can be obtained by expanding eq. (A.4) to the
leading order in m?/T? [8]. In our model, they are [10]
g% 3¢ A )\S>

(7)) =11 (T)=T? == + =2 It
W0 =1y =1 (o 2

A A 11
Is(T) = T2< §S+45>, HW(T)ZggZTQ,

(A.6)

For the two scalars, the thermally corrected masses are the eigenvalues of the following

Mg + (HhéT) HS(ET)> , (A7)

mass matrix

whereas the corrected masses of Z and v (i.e., m% /o 11z /~(T')) are the eigenvalues of the
following mass matrix including thermal corrections

%92h2+%92T2 —ig’gh2
1./.12 1.2p2 11 22 |7 (A.8)
—19'9h 19 W+ 59°T
In all other cases, we can simply use the substitution
2 2

Our final estimate is simply a sum of the tree-level potential Viree(h, S) in eq. (2.3) and all
of the above corrections

V;eff(ha 57 T) = ‘/tree(ha S) + Vl—loop(ha S) + VT(ha Sa T)' (AlO)
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