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Abstract

We study in this work a scenario that the universe undergoes a two step phase
transition with the first step happened to the dark matter sector and the second
step being the transition between the dark matter and the electroweak vacuums,
where the barrier between the two vacuums, that is necessary for a strongly
first order electroweak phase transition (EWPT) as required by the electroweak
baryogenesis mechanism, arises at the tree-level. We illustrate this idea by work-
ing with the standard model (SM) augmented by a scalar singlet dark matter
and an extra scalar singlet which mixes with the SM Higgs boson. We study the
conditions for such pattern of phase transition to occur and especially for the
strongly first order EWPT to take place, as well as its compatibility with the
basic requirements of a successful dark matter, such as observed relic density
and constraints of direct detections. We further explore the discovery possibil-
ity of this pattern EWPT by searching for the gravitational waves generated
during this process in spaced based interferometer, by showing a representative
benchmark point of the parameter space that the generated gravitational waves
fall within the sensitivity of eLISA, DECIGO and BBO.
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Abstract

We study a scenario in which the universe undergoes a two-step phase transition:
the first step occurs in the dark matter sector, and the second step involves a
transition between the dark matter and electroweak vacua. In this framework,
the barrier between the two vacuums—necessary for a strongly first-order elec-
troweak phase transition (EWPT) as required by the electroweak baryogenesis
mechanism—arises at tree level. We illustrate this idea using the Standard Model
(SM) augmented by a scalar singlet dark matter field S and an additional scalar
singlet ® that mixes with the SM Higgs boson. We investigate the conditions for
such a pattern of phase transition to occur, particularly for achieving a strongly
first-order EWPT, and examine its compatibility with basic dark matter require-
ments such as the observed relic density and direct detection constraints. We
further explore the discovery prospects for this pattern of EWPT by searching
for gravitational waves generated during this process with space-based interfer-
ometers, showing a representative benchmark point in parameter space where
the generated gravitational waves fall within the sensitivity ranges of eLISA,
DECIGO, and BBO.

PACS numbers: 11.30.Er, 11.30.Fs, 11.30.Hv, 12.60.Fr, 31.30.jp

I. INTRODUCTION

The Standard Model (SM) of particle physics provides an excellent description of
a wide variety of experimental observations. Nevertheless, it must be extended
because it fails to explain at least two cosmological puzzles: it does not provide
a dark matter (DM) candidate, and it cannot generate the observed baryon
asymmetry of the universe (BAU). The latter requires a strongly first-order
electroweak phase transition (EWPT) to provide a non-equilibrium environment
if the BAU is generated via the electroweak baryogenesis mechanism [?, 7, 7, ?].
Since the 125 GeV Higgs boson is too heavy to give rise to a first-order EWPT
[?, 7], new ingredients beyond the SM Higgs interactions may be needed. On
the other hand, how DM interacts with SM particles remains unknown. The
Higgs portal is particularly attractive since it may kill two birds with one stone
—addressing both DM and the strongly first-order EWPT [?].

The characteristics of a scalar DM-triggered strongly first-order EWPT are
twofold: (i) It is a two-step phase transition [?, 7, 7, ?, ?, 7, ?] and the barrier
between electroweak symmetric and broken phases arises at tree level, which
may avoid the problem of gauge dependence [?]; (ii) The parameter space of the
model is strongly constrained by the exclusion limits of direct detection experi-
ments and cannot explain the observed relic density. It was pointed out in Ref.
[?] that, for the SM plus a real scalar DM S scenario, S could only constitute up
to 3% of the total DM relic density while still being relevant for direct detection
because of its sizable coupling with the SM Higgs as required by the two-step
EWPT.
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In this paper, we revisit this type of EWPT by extending the SM with a scalar
singlet DM S and another scalar singlet ® that can mix with the SM-like Higgs
boson. Due to the mixing of & with the SM Higgs, there are two separate
contributions to DM-nucleon scattering, which may cancel each other and lead
to a negligible cross section. This results in a mechanism to suppress the direct
detection signal and evade the currently most stringent experimental constraints
from direct detection experiments [?, ?]. Furthermore, the quartic interaction
®25? may contribute to the mass of S, which can lead to a relatively small
quartic coupling of S with the SM-like Higgs and result in a sizable relic density.
Consequently, the tension between DM relic density and direct detection that
occurs for the SM plus singlet case [?, 7| can be significantly loosened in this
scenario.

Regarding the thermal history of the universe, the presence of the two additional
scalars allows a two-step EWPT. This occurs as follows: As the universe cools
down, S acquires a vacuum expectation value (VEV) first and the universe tran-
sitions to this phase. As the temperature gets lower, a second minimum appears
in the SM-like Higgs and ® subspace. The universe then tunnels to this elec-
troweak minimum, resulting in a strongly first-order EWPT with gravitational
waves (GWs) generated. We calculate the GW signals from this two-step EWPT
using a benchmark point in parameter space, and our results show that the cor-
responding GW signals are testable by the Evolved Laser Interferometer Space
Antenna (eLISA), DECi-hertz Interferometer Gravitational wave Observatory
(DECIGO), Ultimate-DECIGO, and Big Bang Observer (BBO).

The remainder of this paper is organized as follows. We define the model con-
ventions in Sec. II. We then study the DM phenomenology in Sec. IIT and the
capability for a strongly first-order EWPT in Sec. IV. The GW calculations
and discovery prospects are explored in Sec. V, after which we present a brief
summary in Sec. VI.

II. THE MODEL

We present the model for two-step phase transition and scalar DM in this section.
The model extends the SM with two real scalar singlets: S and ®, where S is
the DM candidate, while ® gets a non-zero VEV at zero temperature and thus
mixes with the SM Higgs [?]. The Higgs potential can be written as:

1 1 1 1
V= §u2552+5;@<I>2+u2HTH+)\(HTH)2+)\1SQHTH+)\2<I>2HTH+1A554+1)\¢<1>4+)\382<I>2,

where H is the SM Higgs doublet. The effective potential, critical for the EWPT,
can be written as:
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Veg = Vo + Vow + Vr,

where V) is the tree-level potential, Viyy is the Coleman-Weinberg term [?], and
Vr includes finite temperature contributions from loops [?] and bosonic ring
diagrams [?, 7).

For one-step phase transitions, where the Higgs potential contains no tree-level
cubic term, the barrier between the electroweak symmetric and broken phases
usually arises from loop corrections, and according to the Nielsen identity [?],
the resulting effective potential is gauge dependent. For the two-step phase
transition, the barrier arises at tree level. Therefore, we include in the effective
potential the standard one-loop T = 0 corrections but retain only terms propor-
tional to T2 for the consideration of gauge invariance. The thermal masses of
scalars take the following forms:

3¢°+4¢% X A+
i, = (Mt 4 b ) 1

[\]

X Ap A
H¢=<—2+—‘1’+—3>T2,

3746

Ao g A
I, =2 +22 —3>T2.
. <3+4+6

We require S to have zero VEV at T' = 0 for DM stability and parametrize the
other two fields by H = (0, (vgw + h)/v2) and ¢ = vg + .

Minimization conditions around (vgyw,vg,0) in the (h, @, s) space allow us to
trade the two VEVs vy and vg for p? and p:
B2 = My + A\v3,

g = AViw + A
We also replace p% by the physical DM mass m% = A\ vy +2A3v3. With these
substitutions, the mass matrix for (h, ) is then given by:
M2 =2 ( Aoy UEWU%)Q)

VpwUa A ApVs ’
which can be diagonalized by a 2 x 2 orthogonal matrix parametrized by a
rotation angle 6. The mass eigenstates (h, ®) can then be written as:

h = coh + sy,

@ = _89h’ + CoP,
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where ¢y = cosf and s, = sinf. We define h as the SM-like Higgs boson and
therefore when 6 = 0, h is purely the SM Higgs. With this definition, three of
the parameters in the potential A, Ay, Ag can be replaced by the physical masses
my,, mg and 6:

2.2 2.2

B mhce + m¢80
2

2vgw

9

2 .2 2 .2
B mhs(9 + mgCy

[ )

2
2vg

Ny = sin(26)

= m
4vgw Vs

SN
SN
~—

In summary, we have a total of 7 free parameters: vg, mg, mg, Ag, 0, A, and
A3, where A; and A5 are relevant for DM phenomenology.

Before proceeding to study the EWPT and DM phenomenology, we discuss
constraints on the mixing angle 6 from Higgs measurements and electroweak
precision measurements. Couplings of the SM-like Higgs to all SM particles
are rescaled by the factor ¢, due to the mixing. As a result, signal rates—the
ratio of Higgs measurements relative to SM predictions—equal c¢3. Performing
a universal Higgs fit to the data given by the ATLAS and CMS collaborations
yields ¢ > 0.526 at 95% CL [?]. It was shown in Ref. [?] that the constraint
from electroweak precision measurements is closely related to the mass of @,
being weaker than that from Higgs measurements for a light ¢ but becoming
much stronger as mg, gets heavier. For constraints from vacuum stability and
perturbativity, we refer the reader to Refs. [?, ?] for details.

ITII. DARK MATTER

The fact that about 26.8% of the universe consists of DM, with relic abundance
Q.h% = 0.1189 [?], is well established, while the nature of DM remains unknown.
The Higgs potential in Eq. (1) has Z, discrete symmetry for S and ® respectively.
At zero temperature, ® gets a non-zero VEV and thus its corresponding Z, is
broken. On the other hand, we require that the global minimum at T = 0
forbids a non-zero VEV in the s direction. As a result, s can serve as a DM
candidate, which interacts with SM particles via Higgs portal interactions.

The couplings between the DM and the physical scalars are:

52h2 : )\1UEWc9 + 2)\3@@597
s20% : =M vpwsy + 2A305Ch,

$2h@ : cpsy(2X305 — A vpw)-
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The relic density of DM is governed by the Boltzmann equation:

n+3Hn = —(ov)(n? — n%Q),

where H is the Hubble constant and (ov) is the thermal average of the reduced
annihilation cross section, which will be adopted in the following numerical
analysis for simplicity.

In our model, DM can annihilate into ff, ZZ/WW, hh, 3, and h final states
via s-channel Higgs mediation, where di-scalar processes also receive contribu-
tions from four-point interactions in Eq. (17). Compared with the simplest
Higgs portal, there are more annihilation channels for heavy DM. Couplings in
Egs. (13) and (14) are both relevant for DM direct detection, while the con-
tribution from @¢-mediated processes is suppressed by the factor s3 and thus is
negligible for small 6.

For numerical simulations, we implement the model in LanHEP [?, ?] and use
MicrOMEGAs [?, ?] to calculate the relic density. For direct detection, the
spin-independent scattering cross section off nucleons is given by:

5 ()

q=u,d,s @

2
4

g, =

n )

dn(mg +m,,) vy
where aj,, a; are effective couplings from Eqgs. (13) and (14) respectively, and
[1, are nucleon form factors for light quarks [?]. The inclusion of ® that mixes
with the SM Higgs can lead to complete cancellation in contributions to o, at
tree level. This occurs when the effective coupling of DM with quarks vanishes,
that is, when the expression in |-+ | vanishes. Imposing this condition allows us
to eliminate one more parameter:

UEVV)\l(m?; - m,%)

20g (m? tan 6 + m% cotd)’

)\3:

For a detailed survey of the parameter space, we perform a parameter scan and
show the results in Fig. 1 [Figure 1: see original paper] in the (mg, A;) plane
(left panel) and in the (0, ;) plane (right panel). In these plots, the green points
give the relic density within the range Q.h? € (0.03,0.12) allowed by current
Planck results [?], in addition to being able to induce the two-step EWPT
pattern discussed later. The red points, in addition to generating relic density
falling into this interval, also satisfy the strong first-order EWPT condition

v (Te)/Te 2 1

From the left panel, we see that the coupling \; that can give a relic density
within this range is of magnitude (0.005,0.02) for relatively heavy DM, while it
can be as large as 0.06 for relatively light DM. In the right panel, the mixing
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angle is mostly negative since most scanned points have m; > m; , and therefore

a negative 6 is needed to give a positive A, according to Eq. (10).

IV. ELECTROWEAK PHASE TRANSITION

The barrier between the electroweak symmetric and broken phases emerges at
tree level in our two-step phase transition scenario. As a result, the effective
potential, which includes the standard one-loop T' = 0 corrections but retains
only the leading terms (thermal mass terms) in the high-T' expansion to avoid
problems related to gauge dependence, can be written as:

1 1 1 A,A A A A
Veg = §(u§+Hs)s2+§(u%+H¢)¢2+§(u2+Hh)h2+Zh4+f¢4+ZSs4+js2h2+72¢2h2+>\3s2¢2.

The VEV of the SM Higgs at finite temperature can be written as:

Aol — Mg (p? +11;)
T)= .
on(T) \/ Mg — A2
The critical temperature T, can be calculated analytically from the following
equation:

20 (02 +11,) (g + ) + Ag (1 4+ 105,)% = M(pg + Iy)?,

where p?, p3, and p% can be written in terms of physical parameters.

[Figure 2: see original paper] gives an illustrative picture of the two-step EWPT
with the first step in the s direction and the subsequent one from the s direction
to the (h, @) direction, in terms of background fields h, ¢, and s.

Given Eq. (21), one can trace the evolution of the universe’ s phase as tempera-
ture drops. Our desired pattern of EWPT is illustrated in Fig. 2 [Figure 2: see
original paper]. At sufficiently high temperature, the universe sits at the global
minimum (0, 0,0) where electroweak symmetry is restored. As the temperature
drops to T, a minimum develops in the s direction and, due to the absence of a
barrier with the one at the origin, the universe transits to this minimum through
a second-order phase transition. As 7" continues decreasing to 7}, a second min-
imum develops in the (h, ¢) direction but its free energy is initially higher than
the one in the s direction. As T further decreases, the free energy of the min-
imum in the (h, ¢) direction drops faster than the one in the s direction, and
at the critical temperature T, these two minima become degenerate. Slightly
below T, the universe makes a second transition to the global minimum in the
(h,¢) direction. Due to the existence of a barrier between these two minima,
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the transition may occur as a first-order EWPT via a tunneling process and pro-
ceeds through nucleations of electroweak bubbles [?, 7, ?] which expand, collide,
and coalesce, eventually leaving the universe in the electroweak broken phase.
To avoid washing out the generated baryons by sphaleron processes inside the
electroweak bubble, the sphaleron process needs to be sufficiently suppressed
inside the bubble, which translates into the generally adopted criterion [?, 7, ?]:

o (Te) > 1
TC ~ '

Note that due to the reflection symmetry of the effective potential under h <+ —h
and s <> —s, there are identical phase structures and we focus on the region
with h, ¢, s > 0.

As a concrete example, we show in the left panel of Fig. 3 [Figure 3: see original
paper] the evolution of V' at the two minima as the temperature drops from right
to left, for the parameter choice vy = 65 GeV, mg = 82 GeV, mg = 71 GeV,
Ag = 0.015, 8 = 0.12, A\, = 0.046, and A3 = 0.57. The horizontal green line
on the far right denotes the symmetric phase at high temperature when the
universe sits at the origin, the magenta dashed line represents the minimum in
the s direction, and the blue line is the minimum in the (h, ¢) direction which
eventually evolves to the electroweak minimum at zero temperature labeled by a
red dot. The s-direction phase appears at T, = 150 GeV continuously away from
the origin, while the (h, ¢)-direction phase starts from (159 GeV,9.15 GeV,0)
at T, = 108 GeV, above which it is a saddle point. The temperature at which
the blue and magenta lines intersect is the critical temperature T, = 78.8 GeV
and is labeled by a black dot. At T, the two minima are (205 GeV,45 GeV, 0)
and (0,0,352 GeV).

For more details on the evolution of the minimum in the (h, ¢) direction, we plot
in the right panel the track of this minimum (blue dotted line) for the whole
thermal history, with the red arrow denoting the direction as temperature drops.
The contours in this plot give a measure of the value of V at T' = 0, and the
electroweak vacuum labeled by the red point sits at the deepest location. For this
parameter choice, the strongly first-order EWPT criterion Eq. (22) is achieved
since vy, (T) /T = 2.6.

A more comprehensive survey of the model is given by a scan over the parameter
space as shown in Fig. 1 [Figure 1: see original paper|, where all plotted points
give the above-described pattern of EWPT by imposing various conditions dur-
ing the scan. These conditions include: (i) there are two minima in field space,
one in the s direction and the other in the (h, ¢) direction; (ii) the electroweak
minimum needs to be lower than the one in the s direction at 7' = 0 should
the s-direction minimum persist at 7" = 0; (iii) the minimum in the s direction
occurs earlier than the one in the (h,¢) direction, that is, T, > T},. After im-
posing these conditions, the points are further filtered to give a relic density in
the range (0.03,0.12), with the remaining points plotted in green. At this stage,
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these points can produce a two-step EWPT and a sizable relic density, but the
second-step EWPT is not necessarily strongly first order. Therefore, we further
calculate the critical temperature T and v, (T) corresponding to the black in-
tersection point of the blue and magenta lines for each green point. The points
that satisfy the condition in Eq. (22) are shown in red in Fig. 1 [Figure 1: see
original paper]. We can see that there is sufficient parameter space in this model
where the desired strongly first-order EWPT pattern can be realized. We note
in passing that the second-order phase transition for the first step could also be
strongly first order should a more complete effective potential be adopted.

V. GRAVITATIONAL WAVES

The calculation of GWs generated during the second-step EWPT requires a
numerical analysis of the tunneling process at finite temperature and particu-
larly involves solving the critical bubble profiles. As mentioned in the previous
section, after the universe cools down to a temperature below T, the second
transition from (0, 0, v,) to the true vacuum (v, v4, 0) takes place via nucleation
of true vacuum bubbles. This tunneling rate per unit time per unit volume reads

[7]:
D(T) ~ A(T)e /T,

where S5 is the Euclidean action of the critical bubble which minimizes the
action:

N2
- & 1/(d -
Ss(p,T) :47r/ drr? | = i + Vg, T)|,
b 2\ dr
and the prefactor A(T) is roughly of O(T*), whose precise evaluation requires
integrating out fluctuations around the bounce solution [?]. From this rate
formula, the bubble nucleation temperature 7, is defined as the temperature

at which the probability for a single bubble to be nucleated within one horizon
volume equals one, i.e.,

t,+At
/ ATV (t) = 1,
t

n

which leads numerically to [?]:

S5(T,) ~ 140.
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This equation serves as our definition of 7.

From the bounce solutions, two other important parameters a and (3, which are
directly relevant for GW calculations, are defined by:

_ Pvac
a =2
Prad
d(Ss/T)
=H1T —=
p nenedT ’

T=T,

n

where p,,. is the vacuum energy density released in the phase transition, H,, is
the Hubble parameter at T,,, and p;, 4 = g.m2 T2 /30 with g, being the relativistic
degrees of freedom in the plasma at T,,. A small §/H,, triggers a strong phase
transition and consequently a significant stochastic background of gravitational
waves.

The observable characterizing the GW background is the energy spectrum
h2Qaw (f) and is given by [?]:

_ h? dpg,,

h2Q = —
GW(f) P, dlogf7

where p,,, is the energy density of GWs with frequency f and p, is the crit-
ical energy density today. The sources of stochastic GW signals arising from
first-order EWPT can be classified into three categories: (1) collisions of bubble
walls; (2) sound waves in the plasma after bubble collision; and (3) magnetohy-
drodynamic (MHD) turbulence in the plasma [?]. The total energy spectrum is
given approximately by the sum of these three sources:

hQQGW ~ thcoll + h2st + thturb'

The GW contribution from bubble collisions can be calculated using the envelope
approximation [?, ?, 7], which numerically results in the following contribution
to the spectrum [?]:

0.1103 koo \2 (100N 3.8(f/ fon)?
120 — 167 x 105 w ( ) — col
con(f) = 1.67x 10 (0.42 + ui) l+a g. 1+28(f/feon)®®’

where v,, is the bubble wall velocity, x characterizes the fraction of latent heat
deposited in a thin shell, and f..; is the peak frequency produced by bubble
collisions. At the time of the phase transition, 7} = 0.1v,,8/(1.8—0.1v,,+v2),
which is redshifted to give the peak frequency today:

chinarxiv.org/items/chinaxiv-201708.00078 Machine Translation


https://chinarxiv.org/items/chinaxiv-201708.00078

ChinaRxiv [$X]

a(T,) oy, (/B T, 9. \"°
_ fn adn) _ 16. 1 6 H coll ( n ) * .
fcoll fcoll x ag 6.5 x 10 z ( H 100 GeV (100)

n

Both v,, and k are functions of «, which read as [?]:

o (@) = 1/V3++/a?+2a/3

14+«

0.7a + 0.2y/ax
Rle) = =7

The sound wave contribution to the GW intensity is numerically fitted by [?]:

9 1/3 3 /2
P T F

where x,, denotes the fraction of latent heat transformed into bulk motion of the
fluid, and f,,, is the peak frequency that can be obtained from rescaling its value
at the phase transition, i.e., f., = f2 x a(T,)/a, with f2 = (2/V3)(B/v,,)-
We refer the reader to Refs. [?, ?] for the value of x, in the small and large v,,
limits.

The MHD turbulence contribution to the GW spectrum can be written as [?]:

Ry &

h2Q, (f) = 3.35x1074 ()3/2 (

100>”‘°’ (f/fu)?
1+ «

0. ) O F F fo) Bt 8 f Ry,

where x, ~ 0.1k, [?], fiu = (3.5/2)(8/v,,) x a(T,)/ay, and h,, is the Hubble
parameter today.

We use the package CosmoTransitions [?] to solve for profiles of the critical
bubble and the nucleation temperature for the benchmark point used earlier.
This parameter choice gives Q.h? = 0.04, constituting about 34% of the total
DM relic density. For this benchmark parameter point, we show in the left panel
of Fig. 4 [Figure 4: see original paper] the quantity S5(T)/T as a function of
T and find 7,, = 41.2 GeV. The resulting GW signals are shown in the right
panel of Fig. 4 [Figure 4: see original paper]|, where the three contributions
are displayed with details in the caption. As can be seen from this figure, the
blue sound wave contribution dominates and is almost indistinguishable from
the sum of the three sources, which is denoted by the cyan line.

For comparison with experiments, we show first four sensitive regions corre-
sponding to four configurations of the eLISA detector. These four regions are
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labeled in the format NiAjMKkLI and are plotted as red shaded regions at the
top, following conventions from Refs. [?, ?]. We can see that for this parame-
ter set, the GWs can be detected by the configuration N2A5M5L6 while being
unreachable by the others. We further add the sensitive regions of several other
proposed decihertz GW experiments: Advanced Laser Interferometer Antenna
(ALIA) [?, 7], BBO, DECIGO, and Ultimate-DECIGO [?]. The data are taken
from Refs. [?, ?, 7] and plotted as gray, green, yellow, and purple regions respec-
tively [?]. From the plot, we see that the GW signals from the benchmark point
fall within the detectable ranges of BBO, DECIGO, and Ultimate-DECIGO.
It should be noted that there might be other points in the model parameter
space where the generated GWs have much larger energy density spectra and
are therefore within reach of the other three eLISA configurations as well as
ALIA, while also giving a sufficiently large DM relic density. However, this
requires a dedicated survey of the parameter space including all considerations,
which we leave for future work.

For GWs from one-step EWPT in the SM extended with scalar singlet(s) [?],
we refer the reader to Refs. [?, 7, 7, 7, 7, ?] and references therein for de-
tails. Alternatively, first-order phase transitions may lead to the formation of
primordial black holes, which can be captured by neutron stars or astrophysical
black holes [?], resulting in GWs that may be detected by Advanced LIGO or
Advanced Virgo.

VI. SUMMARY

Working in a simple model with the SM extended by a scalar singlet DM and
another scalar singlet that mixes with the SM-like Higgs boson, we studied
a possible connection between DM phenomenology and the EWPT, particu-
larly the detectability of GW signals generated during DM-assisted EWPT.
Through both analytical and numerical studies, we find that this model may
admit strongly first-order two-step EWPT in certain parameter space, which
may also give rise to viable DM relic density and a negligible direct detection
cross section. We further exemplified, using one representative benchmark point,
the discovery prospects for this EWPT pattern through generated GW signals
during the second-step EWPT, and found that the GW signals can be detected
by eLISA in the configuration N2A5M5L6, as well as by BBO, DECIGO, and
Ultimate-DECIGO. This scenario can readily be generalized to other models
where DM can have nontrivial effects on baryon number generation and is help-
ful for understanding and testing the origin of these two cosmological puzzles.
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