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Abstract

The electroweak phase transition (EWPT), which occurs at a temperature around 100 GeV in

the universe and gives the particle masses, can be footholds of the progresses in particle physics.

In the dissertation, we mainly studied the multi-step PTs, which mean the PT occurs multiple

times and have gotten attention recently. First, we studied their features and revealed the causes.

Furthermore, as physical signatures of the multi-step PTs, we predicted the deviation of the Higgs

trilinear coupling from that in the standard model and the multi-peaked GW spectrum yield

by the first-order PTs. Next, we discussed the impacts of the PTs on dark matter production.

We used the scotogenic model as a benchmark model and revealed it could be consistent with

current experiments by considering the PT effects, while it does not match the experiments

in the conventional calculation. The model can also explain the neutrino masses, which are

absent in the standard model. Lastly, we studied the baryon number asymmetry produced by

the multi-step PTs using a simplified scenario. We showed that adequate asymmetry could be

reproduced via the multi-step. Specific models for the scenario are also discussed, and we showed

the concrete PTs which could allow enough asymmetry.
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Particle physics considers four types of interactions among particles, i.e., gravity, strong, weak,

and electromagnetic interactions. Gravity is much weaker than the other interactions in calcu-

lations of particle physics. Hence, the standard model (SM) in particle physics includes three

interactions except for gravity. The weak and electromagnetic interactions can be written uni-

formly, while we can treat the strong interaction independently from the two interactions. In

this dissertation, we discuss the electroweak (EW) theory mainly.

The SM explains various experiments very well. However, there are some significant problems:

• asymmetry between particles and anti-particles,

• existence of dark matters (DMs),

• neutrino masses.

The first problem indicates the question, why only particles remain in the universe and the

anti-particles not? An observed number of baryons, which are consisted of three elementary

particles like protons and neutrons, is (nB − nB̄)/nγ ∼ 10−10 [1]. The indexes nB , nB̄ , and nγ

represent the number density of baryons, anti-baryons, and photons. SM cannot explain this

baryon number asymmetry in the universe (BAU). Hence, some new mechanisms are needed.

The second problem is the existence of the DMs, which are proved by the observations of cosmic

micro background (CMB), gravitational lens, and so on. They consist of about 85% of matter

in the universe and about 27% of the global energy budget [2]. It is still unknown what the

DM is, whereas many candidates are proposed. The last problem we mentioned is the neutrino

masses. The existence of neutrinos was proved in the 1950s by Ref. [3]. Super-Kamiokande,

which was a developed version of the Kamiokande, found the neutrino oscillation [4]. That

indicates the existence of neutrino masses, which are ignored in the SM. Therefore, we need

some new mechanisms giving the masses.

The reasons why the SM cannot explain the BAU are as follows. To yield the BAU, a theory

needs to satisfy Sakharov’s three conditions [5]:

• baryon number violation,

• C and CP violations,

• departure from equilibrium.

Baryon number violation means the number difference of the baryons and anti-baryons occurred

in interactions. Without this violation, the number of the baryons cannot exceed that of the

anti-baryons. C and CP violations represent asymmetries between particles and anti-particles,

which are also needed for the BAU. If the last condition, the departure from equilibrium, is not

satisfied, the BAU cannot be accomplished because an inverse baryon number violation process

occurs, and the number violation vanishes. In the SM, the conditions, except for the first, are not

satisfied enough. Although the SM contains the CP violation (CPV) called Cabbibo-Kobayashi-

Maskawa phase [6], the violation is too small to realize the observed BAU. Therefore, some

new CPV sources are needed. To accomplish the departure from the equilibrium, an EW phase

transition (PT) has to be the first-order. The EWPT is considered to occur at a temperature of

around 100 GeV in the universe. After the PT, particles in the SM acquire their masses. Higgs

particle, which was found in 2012 in the LHC [7, 8], would be the proof of this mechanism giving

the particle masses. The PT occurs via the temperature change of the scalar potential and the

acquisition of the vacuum expectation value (VEV) of the scalar field. It becomes the first-order

when the potential barrier arises between two minima and tunneling occurs to the deeper one.

When the first-order PT occurs in the universe, bubbles appear in the universe as same with

boiling water. It is known that the PT in the SM is not the first-order, but the smooth PT called

cross-over [9]. From above, the SM cannot explain the BAU.

The BAU can be explained by extending the scalar sector of the SM, which gives particle

masses. The sector is given in the simplest form. Hence, there are possibilities for the extension.

One example is the two Higgs double models (2HDMs). It simply adds one more SU(2)L

scalar doublet to the SM. The 2HDM contains the minimal supersymmetric standard model as
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Figure 1 Number of points where the 1-step and multi-step PTs occur as a function of mA−mH

(upper left), m3 (upper right) tan β (lower left) and cos(β−α) (lower right). The 1-step, 2-step,

and 3 or more step PTs are colored yellow, blue, and purple, respectively. The grey dashed lines

in the panels represent Rmulti, which are the ratios of the number of points for the multi-step

PTs to that for all PTs and denotes how likely to occur the multi-steps.

a subset. Supersymmetric theories have a possibility to be higher energy scale theories than

the EW theories. Hence, research on 2HDMs could be footholds for them. The 2HDMs can

satisfy the Sakharov conditions. They can contain new CPV sources in the scalar sector, and

the PT can be first-order. Because they have multiple physical scalar fields, the EWPT can

occur multiple times. We call such PTs as multi-step PTs. Although they were proposed in, e.g.,

Ref. [10], their features have not been studied in great detail. In this dissertation, we revealed

their features in the CP-conserving 2HDMs by performing larger-scale parameter searches [11]

than the previous studies for the usual one-step PT [12]. As a result, we found the features of

the multi-step PTs as

• large non-decoupling effect,

• large contribution of a scalar potential parameter, which makes PTs into multi-step,

• the approximate discrete symmetry in the scalar potential.

To describe these features, we show the number of points where the 1-step and multi-step PTs

occur in the Type-I 2HDM with mA = mH± as a function of mA −mH (upper left), m3 (upper

right) tan β (lower left) and cos(β − α) (lower right) in Fig. 1. The indexes mH± ,mA, and mH

represent masses of the exotic charged, neutral CP-odd and CP-even scalar fields, m3 is the soft

Z2 breaking parameter in the scalar potential, and α and β are the mixing angles for diagonalizing

scalar mass matrixes. The 1-step, 2-step, and 3 or more step PTs are colored yellow, blue, and

purple, respectively. The grey dashed lines in the panels represent Rmulti, which are the ratios

of the number of points for the multi-step PTs to that for all PTs and denotes how likely to

occur the multi-steps. From the figure, we can see that the multi-step PTs favor the largeness
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of |mA −mH |, small m3, tan β, and cos(β − α). The first and second parameter features, which

correspond to the upper panels in Fig. 1, indicate the large non-decoupling effects in the scalar

sector. The effects make differences in some observable between the SM and 2HDMs. Hence, the

multi-step PTs favor the large differences from the SM. The last two parameter features, which

are related to the lower panels in Fig. 1, represent the largeness of the scalar potential parameter

which makes PTs into multi-step PTs. The scalar potential in the 2HDMs we considered has

eight parameters. We found that one parameter in the potential plays an important role in

inducing multi-step PTs. We also revealed small tan β and cos(β − α) are associated with the

significant contribution from the potential parameter. The last feature, the approximate discrete

symmetry in the scalar potential, is related to small m3 because m3 breaks the symmetry in the

potential.

As physical signatures of the multi-step PTs, we studied the deviations δλhhh of the Higgs

trilinear coupling from that in the SM. The left panel of Fig. 2 shows δλhhh predictions for the

1-step, 2-step, and 3 or more step PTs in the Type-I 2HDM with mA = mH± . We can see the

parameter points where the multi-step PTs happen are located on the upper side of the plots

in the region mA ≳ 300 GeV. In other words, compared with the results of the 1-step PTs, the

values of δλhhh for the multi-step PTs have a tendency to be large at the same value of mA. At

the future measurement, like the HL-LHC, limits on the Higgs trilinear coupling could reach an

accuracy of about 50–60% with 3 ab−1 data [13], while the ILC operating at 500 GeV has the

possibility to measure δλhhh with 27% of precision [14]. Hence, the signature of the multi-step

PTs in the collider experiments could be found. We also predicted the multi-peaked gravitational

wave (GW) from the multi-step PT. The first-order PT yields the GW spectrum, so if it occurs

multiple times, the multi-peaked GW spectrum can be observed. The right panel of Fig. 2 shows

the spectrum h2ΩGW from the 2-step PT at a certain parameter set. The observable areas by

the future space-based interferometers such as LISA [15], DECIGO [16], BBO [17], U-DECIGO

[18], Taiji [19], and TianQin [20] are also presented by colored regions. The navy and blue lines

represent the GW spectrums from the first and second step PTs, which have peak frequencies

around 0.1 Hz and 2 × 10−3 Hz, respectively. The superposed GW spectrum is shown by the

red line. We can see that it has a double peak, which can be observed by BBO or U-DECIGO.

Additionally, the deviation of the Higgs trilinear coupling δλhhh is obtained as 2.2 with the

multi-peaked spectrum. Such δλhhh has the possibility to be measured at the HL-LHC and the

ILC. Therefore with a combination of the signatures from colliders and GW interferometers, it

might be possible to identify whether the multi-step PT occurred in the early universe.

In the different model from above, but containing the 2HDM, we also studied the impacts of

the first-order PTs on DM production [21]. The model is called the scotogenic model, which is

one of the economical models accommodating the small neutrino masses and DM in the universe

simultaneously [22]. However, it is non-consistent with current experiments. We consider the

two types of PTs, which are 1-step and 2-step PTs, shown in Fig. 3. In the dissertation, we

took some benchmark parameter sets to demonstrate the impacts of the PTs. Fig. 4 shows

example solutions of the coupled Boltzmann equations (top), the scalar masses with thermal

effects (middle), and the reaction rates (bottom) for the one-step PT where the dark matter

mass and the Yukawa coupling are fixed at (mN , |Y|) = (710 GeV, 1.00 × 10−5) for the left

panels, and (870 GeV, 1.54 × 10−7) for the right panels, respectively. The vertical red lines

indicate when the first-order PT occurs. The left (right) panels represent the results where

the DM candidate right-handed (RH) neutrino N is (not) thermalized from the beginning. In

both cases, the DM abundances are fixed instantly at the PT and match with the observed

values shown by horizontal black dotted lines. The abundance in the left panel is determined by

the thermal DM number density neq
N , hence the RH neutrino mass mN in neq

N decides it if the

transition temperature is fixed. By contrast, the Yukawa coupling |Y| determines the abundance

in the right panels. To influence the abundance, the transition temperature Tn is needed to
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Figure 2 Left: Predictions for δλhhh in the Type-I 2HDM with mA = mH± . The panels

except for the lower right panel show δλhhh where the 1-step, 2-step, and 3 or more step PTs

occur for mA. Right: GW spectrums from the first and second step of the strong 2-step PT for

the benchmark point. The navy and blue lines represent the GW spectrums from the first and

second step PTs, respectively. The red line shows the superposed GW spectrum.

O φ1

φ2

One-step PT

Two-step PT

Figure 3 Schematic picture of one-step and two-step PTs.

satisfy mN/Tn ≥ 20. Note that if we do not consider the effects of the PT, the DM abundance

becomes much larger than the observed value. Next, Fig. 5 shows example solutions for the

Boltzmann equation with the two-step PTs (left) and the masses of the inert scalars and gauge

bosons with thermal effects (right). The dark matter mass and the Yukawa coupling are fixed

at (mN , |Y|) = (1 GeV, 2.1× 10−12) for the left panels and (10 GeV, 2.8× 10−12) for the right

panels. The two-step case does not satisfy the condition for influencing the freeze-out mechanism,

hence we consider the freeze-in mechanism. We can see that the PT makes the abundance much

larger than that without the effect. In this case, the duration of mN/T between the first and

second PTs is important. Therefore, the condition for affecting the abundance requires a longness

of duration. For the physical signature of our scenarios, we calculated the GW spectrums from

the first-order PTs. Fig. 6 shows peaks of the GW energy density fraction as a function of

the frequency for the one-step∗ PT (red) and the 2nd PT of the two-step∗ (blue). The colored

regions are observable areas by future space-based interferometers. The conditions for impacting

the DM abundance acquire the low transition temperatures. Hence, the significant latent heat,

which makes the energy density of the GW spectrums larger, would be generated via the first-

order PTs. In fact, we can see that the large part of the spectrums in Fig. 6 can be observed by

the future interferometers. Especially the red point for the one-step scenario can be clarified by

LISA. Such unusual behaviors happen because the conditions restrict the transition temperature.
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Figure 4 Example solutions of the coupled Boltzmann equations (top), the scalar masses with

thermal effects (middle), and the reaction rates (bottom) for the one-step PT where the dark

matter mass and the Yukawa coupling are fixed at (mN , |Y|) = (710 GeV, 1.00× 10−5) for the

left panels, and (870 GeV, 1.54× 10−7) for the right panels, respectively.

In conclusion, by considering the impacts of the PTs, the calculation of the DM abundance could

be changed. In particular, the scotogenic model can be consistent with current experiments by

the effects of the PTs. The GW interferometers can clarify the scenarios.

Lastly, we studied the realization observed BAU via the multi-step PTs. To describe the EW

baryogenesis (BG), we consider a simplified scenario as shown in Fig. 7. We studied the BG

via the top transport, hence the complex top mass mt induces the CP violation and makes the

BAU. We define it as mt ∝ (ϕ + iϕCP ). The indexes ϕ and ϕCP indicate the neutral CP-even

and CP-odd scalar field values. At the first step of the PT, only ϕCP gets the VEV as in Fig. 7.

The BAU is produced via the second step, which is the first-order, because of the change of

the complex phase for the top mass. A benchmark second PT is shown in the right panel of

Fig. 7. The horizontal axis z indicates the coordinate along the bubble radius, while the bubble
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Figure 5 Example solutions for the Boltzmann equation with the two-step PTs (left) and the

masses of the inert scalars and gauge bosons with thermal effects (right). The dark matter mass

and the Yukawa coupling are fixed at (mN , |Y|) = (1 GeV, 2.1× 10−12) for the left panels and

(10 GeV, 2.8× 10−12) for the right panels.
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Figure 6 Peaks of the GW energy density fraction as a function of the frequency for the one-

step∗ PT (red) and the 2nd PT of the two-step∗ (blue). The colored regions are observable areas

by future space-based interferometers.

wall locates at z = 0. The left panel of Fig. 8 represents sphaleron rates Γsph/T as the function

of ϕ/T . The sphaleron process is needed to satisfy Sakharov’s first condition, baryon number

violation. The largeness of its rate Γsph influences the amount of the produced BAU. In the left

panel of Fig. 8, we represent the rate in various cases. The blue line shows the rate in symmetric

phase (ϕ, ϕCP ) = (0, 0), the green line indicates that in the broken phase with the parameter

κ = 0.1, and the orange line shows that via the CKT prescription proposed in Ref. [23]. We

can see the green line exceeds the blue line in 0.1 ≲ ϕ/T ≲ 0.4. Ref. [24] insults this behavior

would come from the breakdown of the approximation, which is used to derive the sphaleron

rates in the broken phase. To obtain the precise result, we need to use the non-perturbative

calculation via lattice calculation. In this dissertation, we try to use the rate with κ = 0.1 in

0.1 ≲ ϕ/T and that via the CKT prescription. The right panel of Fig. 8 shows the sphaleron rates

along the bubble radios for the benchmark scenario in the right panel of Fig. schematicBG. We

calculated the BAU using the WKB method. There are two schemes, which are the FH scheme

proposed in Ref. [25, 26] and the CK scheme suggested recently in Ref. [27]. We performed
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Figure 7 Left: Schematic picture of the multi-step PT for the BAU. Right: Bubble profile of

the scalar field values in benchmark scenario.
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Figure 8 Left: Sphaleron rates Γsph/T as the function of ϕ/T . Right: Sphaleron rates along

the bubble radios for the benchmark scenario.

both schemes to verify our results. Fig. 9 shows values of the integrand I, which is defined

by ηB ≡ (nB − nB̄)/s =
∫∞
0

dz I(z) with entropy density s, along the bubble ratio in the FH

(left) and the CK (right) scheme. We can see that similar behaviors are obtained in both cases.

The difference between the two schemes in Fig. 9 is consistent with the result in Ref. [27]. The

green lines are given with the sphaleron rate in the broken phase with κ = 0.1. Because the

rate exceeds that in the symmetric phase as in the right panel of Fig. 8, the integrand enhances

outside of the bubble more than the other two plots. Fig. 10 represents produced number density

of the BAU via the multi-step PTs in the ϕ vs. ϕCP planes calculated via the FH (left) and

the CK (right) scheme. The upper panels represent the result from the CKT prescription and

the lower panels from the sphaleron rate in the broken phase. The color in each point indicates

the produced baryon number by the second step PT which occurs from the point to the EW

vacuum. The black dotted line shows the upper and lower bound for the BAU based on the Big-

Bang nucleosynthesis as ηB =(8.2–9.2)×10−11 [1]. Hence, the region between the two dotted

lines can reproduce the observed BAU. We can see all cases in Fig. 10 can explain the BAU.

The differences between the upper and lower panels are the maximum order of the BAU and its

points in the ϕ vs. ϕCP planes. In the lower panels, which use the sphaleron rate in the broken

phase, the produced BAU maximizes around (ϕ, ϕCP ) = (0, 20 GeV). It is because the rate and
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Figure 9 Values of the integrand I (ηB =
∫∞
0

dz I(z)) along the bubble ratio in the FH (left)

and the CK (right) scheme.

the change of complex phase in the top mass become the largest at the point. From the above,

we consider the simplified scenario. In the dissertation, we discussed specific models which can

achieve the BAU via the multi-step PTs. We took the CP-violating 2HDM and the inert 2HDM

with higher dimensional operators as examples. Especially the inert 2HDM case was studied in

Ref. [28] and denied the possibility of the BAU by performing a simplified calculation. Ref. [28]

indicates the sphaleron rate before the second PT is always much more suppressed than that in

the symmetric phase. However, we perform a more precise calculation and found the parameter

sets where the multi-step PTs occur without the suppression of the sphaleron rate. Hence, our

EWBG scenario via the multi-step PT could be realized.
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