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ABSTRACT: We study twin Higgs models at non-zero temperature and discuss cosmological
phase transitions as well as their implications on electroweak baryogenesis and gravitational
waves. It is shown that the expectation value of the Higgs field at the critical temperature
of the electroweak phase transition is much smaller than the critical temperature, which
indicates two important facts: (i) the electroweak phase transition cannot be analyzed
perturbatively (ii) the electroweak baryogenesis is hardly realized in the typical realizations
of twin Higgs models. We also analyze the phase transition associated with the global
symmetry breaking, through which the Standard Model Higgs is identified with one of
the pseudo-Nambu-Goldstone bosons in terms of its linear realization, with and without
supersymmetry. For this phase transition, we show that, only in the supersymmetric case,
there are still some parameter spaces, in which the perturbative approach is validated
and the phase transition is the first order. We find that the stochastic gravitational wave
background is generated through this first order phase transition, but it is impossible to
be detected by DECIGO or BBO in the linear realization and the decoupling limit. The
detection of stochastic gravitational wave background with the feature of first order phase
transition, therefore, will give strong constraints on twin Higgs models.
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1 Introduction

Naturalness of electroweak symmetry breaking (EWSB) has been a guideline for exploring
physics beyond the Standard Model (SM). Popular scenarios of physics beyond the SM
include supersymmetry (SUSY) and composite Higgs, which are still promising solutions
to the (large) hierarchy problem, since they remove the sensitivity of the weak scale to
quadratically divergent quantum effects from physics at high energy scales such as the
Planck scale and the grand unification scale. However, the discovery of the SM-like Higgs
boson and nothing else at the Large Hadron Collider (LHC) poses a problem for naturalness.
No new colored particles predicted in these popular scenarios have been observed so far
at the LHC, which already leads to fine-tuning in the Higgs potential at sub-percent level.
Although we do not know whether nature takes thought for this little hierarchy problem
or not, it is interesting to pursue possibilities to ameliorate this fine-tuning and to explore
their implications for particle phenomenology and cosmology.

The twin Higgs mechanism [1] is an attractive idea to provide a solution to the little
hierarchy problem without introducing new colored states. There are several variations
to realize this idea, but every twin Higgs model starts with the assumption that the SM
Higgs field can be considered as one of the pseudo-Nambu-Goldstone bosons (pNGBs)
arising from spontaneous breaking of a global symmetry G, such as U(4) symmetry, that
contains SU(2)4 x SU(2)p symmetry in its subgroups, to a smaller group H, such as
U(3). Here SU(2) 4 and the mirror (or twin) SU(2)p are gauged and interchanged under a
(approximate) Zy symmetry. The SU(2)4 gauge symmetry is identified with the SU(2)w
symmetry in the SM and spontaneously broken by the vacuum expectation value (VEV) of
the Higgs field. By introducing a SU(3) & mirror color symmetry and mirror fermions that



are charged under SU(3)5 x SU(2) g, quadratic divergence to the Higgs potential coming
from the SM colored particles (and SU(2)y, gauge bosons) are canceled by the mirror
colored particles (and SU(2)p gauge bosons).

The original realization of the twin Higgs idea, which is now called the Mirror twin
Higgs model [1], has a mirror copy of all the SM particle content related to the Zy symme-
try. On the other hand, the Fraternal (minimal) twin Higgs model [2] has a smaller twin
particle content, that is, twin W bosons, twin gluons and twin fermions corresponding to
the third generation. Other twin particles are not required since the corresponding SM
particles give less important contributions to the Higgs potential. In any case, due to the
Z-> symmetry, the quadratic terms of the Higgs potential accidentally preserve the original
global symmetry G and the pNGBs associated with G — H breaking are protected from
radiative corrections, allowing the natural EWSB. Since every twin partner is not charged
under the SM gauge group, this mechanism realizes the so-called neutral naturalness' and
enables the model to evade stringent LHC bounds. In this mechanism, there still remains
the “large hierarchy problem”, that is, the hierarchy between the global G — H breaking
scale, expected to be up to 5-10 TeV, and more fundamental scales such as the Planck scale
or the grand unification scale. It is expected to be addressed by the UV completion such
as SUSY [4-10] or composite Higgs [11-15].

If the twin Higgs mechanism is really realized in nature, it may have significant impacts
on cosmology since the models predict new particles in the mirror (or twin) sector and
have a rich structure in the Higgs sector. One immediate concern in the Mirror twin Higgs
model is the existence of mirror copies of light SM particles. In fact, a twin photon and
twin neutrinos give sizable contributions to the radiation energy density, which is strongly
disfavored by measurements of Cosmic Microwave Background (CMB) [16] and Big Bang
Nucleosynthesis (BBN) [17]. This issue has been recently studied in [18-21]. The effects
of twin baryons on the large scale structure and CMB are also investigated in ref. [22]. On
the contrary, there is a candidate of dark matter in the Mirror twin Higgs model, which has
been investigated in ref. [23]. The Fraternal twin Higgs model does not lead to an extra
dark radiation component but still accommodates a dark matter candidate [24-27].

In addition to the modification in the relatively late-time cosmology described above,
we also naturally expect that the thermal history of earlier Universe can differ from the
standard one, such as cosmological phase transitions, in the twin Higgs models. For ex-
ample, in the SM without any extensions, the electroweak phase transition is known to be
crossover [28]. Since the Higgs sector is significantly different, it is non-trivial whether the
electroweak symmetry is really restored and how the EWSB proceeds even if any. Kilic
and Swaminathan addressed the first question and showed that the electroweak symmetry
is really restored at high temperature [29]. In this paper, we try to address the second
question, that is, how the EWSB proceeds in the twin Higgs models. If the electroweak
phase transition is first order, which means that it proceeds through the bubble nucleation,
then it is attractive in the cosmological point of view. A first order phase transition gener-
ates stochastic gravitational wave (GW) background from bubble collisions [30-34], sound
waves [35-38], and turbulence of the plasma [39-44]. The typical peak frequencies of GWs

! Another known realization of neutral naturalness is Folded SUSY [3].



originating from the first order phase transition associated with the EWSB are O(1073 ~ 1)
Hz, which are good targets of gravitational wave detectors such as DECIGO [45] and
BBO [46]. Therefore, if the twin Higgs models generally predict a first order phase transi-
tion associated with the EWSB, they can be tested by these observations. Moreover, if the
SM Higgs VEV at the critical temperature T, ¢ 4(T¢), is larger than the critical temper-
ature, ¢4(Tc)/Tc > 1, inside the bubble, the electroweak phase transition is strong first
order and the sphaleron decoupling condition is satisfied. (See appendix A.1 for the defi-
nitions of a first order phase transition and a strong first order phase transition.) A strong
first order electroweak phase transition accommodates electroweak baryogenesis [47, 48],
so that the present baryon asymmetry of the Universe can be explained depending on the
model parameters other than the (minimal standard) Higgs sector.

In this paper, we examine how the EWSB and the global symmetry breaking G — H
(typically, U(4) — U(3)) proceed in thermal history of the Universe. In particular, we
address the question if these phase transitions can be first order in that framework. We
find that in the non-supersymmetric case, thermal potential around both the electroweak
and global symmetry breaking cannot be analyzed perturbatively, which suggests that both
phase transitions are unlikely to be first order and hence we can expect for neither the
electroweak baryogenesis nor the generation of stochastic gravitational wave background.
Even in the case with supersymmetric UV completion, by limiting ourselves to the linear
realization and the decoupling limit where only the mirror stops are added to the non-
supersymmetric model, we find that the EWSB cannot still be analyzed perturbatively
and the conclusion is still robust. For the global symmetry breaking, however, we show
that, with an appropriate parameter choice, the symmetry breaking can be first order and
the associated gravitational wave background is generated, but unfortunately it is too small
to be detected by DECIGO or BBO.

We organize this paper as follows. In section 2, we see the electroweak vacuum struc-
ture of the non-supersymmetric twin Higgs models as well as supersymmetric ones and
discuss the fine-tuning in the model parameters. In section 3, we study twin Higgs models
with and without SUSY at non-zero temperature and examine how the EWSB proceeds.
In section 4, we examine how the global symmetry breaking proceeds and show that in
supersymmetric twin Higgs models the first order phase transition can be realized for appro-
priate parameter choices but the resultant gravitational wave background is undetectable
at planned gravitational wave detectors. Section 5 is devoted to our concluding remarks
and comments. In appendix A, we exhibit the detailed calculations and expression of the
thermal potential and the spectrum of the stochastic wave background from a first order
phase transition.

2 Twin Higgs models

In the first part of this section, we review the twin Higgs mechanism, which provides a
solution to the little hierarchy problem [1, 2]. The Higgs mass formulae are also presented.
We then discuss the degree of fine-tuning to realize the adequate EWSB in this scenario.
In the second part, we describe a supersymmetric realization of the twin Higgs mechanism.



2.1 The non-supersymmetric twin Higgs

In the twin Higgs mechanism, the SM Higgs field is identified with pNGBs arising from
spontaneous breaking of an approximate U(4) symmetry (explicitly broken by the Yukawa
and gauge couplings).? Let us consider a linear realization of the mechanism and write a
U(4) symmetric potential of a complex scalar field H with the fundamental representation,

V(H) = —m?HTH + ) (HTH)2 , (2.1)

where A > 0 is required from the stability of the potential. This potential drives the scalar
field H to get a nonzero VEV, f = (|H|) = m/v2\. Then, the global U(4) symmetry
is broken down to U(3) yielding 7 NGBs. The U(4) symmetry contains the subgroups
SU(2)4 x SU(2)p and the scalar field can be decomposed as H = (Hy4, Hg), where H4
transforms as a doublet of SU(2)4 while Hp does as a doublet of SU(2)p. Hja is iden-
tified with the SM Higgs doublet and the SU(2) 4 symmetry is regarded as the ordinary
SU(2)w gauge symmetry. The SU(2) 5 symmetry is gauged and becomes the twin SU(2)-
Then, the 6 pNGBs are eaten by the gauge bosons after the symmetry breakings while the
remaining one is the observed SM-like Higgs boson h. A physical heavy exotic Higgs E,
corresponding to the radial direction, has the mass m; = V2\f from Higgs mechanism.
As described in the introduction, SU(2)4 and the twin SU(2)p are interchanged under a
Zy symmetry. In the Fraternal twin Higgs model [2], only the Zg partners of the third gen-
eration of quarks and leptons and the partners of gluons (twin gluons) as well as the twin
SU(2)/V[7 gauge bosons are introduced. Then, the twin Higgs doublet Hg has the following

Yukawa coupling similar to the SM top Yukawa coupling,
LS —§,HpQ" T + h.c., (2.2)

where @“ (a = 1,2,3) are twin left-handed top (bottom) quark doublet charged under
the twin SU(3)5 and tA‘]’% are twin right-handed top quarks. 7; is the twin top Yukawa
coupling whose value is almost the same as the ordinary top Yukawa coupling 3 due to
the approximate Zo symmetry.

The two scalar doublets H4 and Hp receive quadratically divergent corrections from
the top and twin top quarks respectively as well as corrections from the SU(2) 4 and SU(2)p
gauge bosons at one loop. In addition, they receive corrections from the gluons and twin
gluons at two-loop level. The quadratically divergent part of their potential is given by

3y . 995 3Yi93\ r21 4 2 39 | 995 3UiG3\ x2 4 2
vo (-2 — A2|H _ 2 — A2|Hp2, (2.3
< 8r2 T Gan? Bt Hal”+ 82 + 6472 8rt [H5 (23)

where ga, g2 are the SU(2)wy and SU(2)y gauge couplings, g3, g3 are the SU(3)c and
SU(3)5 gauge couplings and A is a cutoff scale. The exact Zy symmetry leads to y; = yr,
g2 = g2, g3 = g3 which guarantee that the quadratically divergent part of the potential

2Here, we confine a global group G to U(4) symmetry as a concrete realization. However, our conclusion
is still robust even for a generic gauge group G as long as we consider a Mexican-hat type potential given
by (2.1).



respects the full U(4) symmetry. Then, the NG nature of the Higgs field is not explicitly
broken by the quadratically divergent corrections, addressing the little hierarchy problem.
However, the SM Higgs would be exactly massless and inconsistent with our Universe if
the U(4) and Zy symmetries are exact. Thus we need small breakings of these symmetries.

Let us consider the breaking of the U(4) and the Zy symmetries to give the appropriate
effective Higgs potential. First of all, the gauged SU(2)4 x SU(2)p group has already
broken the U(4) symmetry explicitly. In addition to the quadratically divergent corrections,
this generates logarithmically divergent contributions to the quartic couplings of the form
(|Hal* + [Hp|*), which do not respect the U(4) symmetry and then contribute to the Higgs
boson mass. The explicit Zo symmetry breaking is also needed otherwise the hierarchy,
v4 < f?, is not fulfilled, which is required to satisfy the constraint from the Higgs coupling
measurement. We do not specify a mechanism to generate this breaking in this paper,
but just encapsulate the breaking effect in the quadratic and quartic terms of Ha4. The
effective potential of the scalar field H we consider here is then summarized as

2 2

VoA (JHAP + 1HoP = 2) o (HAl 1l + o1 PIHAP 4 pilE (2)
The first term is the U(4) conserving term coming from the original potential eq. (2.1)
rewritten in terms of Hy and Hp and the corrections in eq. (2.3), which determines the
U(4) symmetry breaking scale f. The second term that breaks the U(4) symmetry includes
the gauge (and top Yukawa) contributions in the Coleman-Weinberg potential. Thus k;
will be of order g5 /1672 1og (A/g2f). The third and fourth terms are the Zs breaking terms.
The third term is induced, e.g., by the quadratic corrections with Zy-breaking part in the
gauge and matter sector. p; in the fourth term includes the contribution of the one-loop
Coleman-Weinberg potential. In the Fraternal twin Higgs model, the fourth term could
arise from the Zo breaking effect such as the absence of the U(1)y gauge symmetry in the
twin sector. However, this effect is of order gf/167%, where g; is the U(1)y gauge coupling
constant and tiny. In summary, we take A, f, k1,01 and p; to be the model parameters
and require o1, k1, p1 < A so that the second, third and the forth terms in eq. (2.4) are
regarded as perturbations to the first term.

At energies well below the symmetry breaking scale f, we can integrate out the Higgs
field Hp, which enables us to work with an effective field theory of the SM Higgs field H4.
The effective potential of the SM Higgs field can be obtained by setting Hg as

2 [ 2
[Hp|" = 5 — [Hal". (2.5)
Using this relation, we find

Verr(Ha) = —(k1 — 1) f2[Hal* + (261 + p1)|Hal". (2.6)

This potential coincides with the SM Higgs potential when the parameters ki, o1 are
identified with

Moo _ Ui

= 2.
261 +p1 [ 27)

2k1 + p1 = Asm,



where Agpr ~ % is the SM Higgs self-coupling, v4 = 246 GeV is the VEV of the Standard
Model Higgs field. As denoted above, to satisfy the constraint from the Higgs coupling
measurement, the VEV of the Standard Model Higgs field is required to be satisfactorily
small compared to the U(4) symmetry breaking scale, that is, v3 < f2.

Let us discuss the EWSB conditions (v4 ~ 246GeV and mj, ~ 125GeV) in the twin
Higgs models precisely with the potential (2.4). By expressing the potential (2.4) in terms
of the two physical modes ¢4 and ¢p with Hq = (0,¢4/v2) and Hg = (0,¢5/v/?2) and
requiring the minimization conditions, 0V/d¢pa = 0V/0¢pp = 0, we find the potential
minimum given by

—01 + Hl( — %)
o1+ k12X + p1 + K1)

vy = Mf? (2.8)

Evaluating the mass matrix dV/0¢;0¢;(i,j = A, B) around the potential minimum,
we obtain the mass eigenvalues of the system, that is, the SM Higgs boson h and the heavy
exotic (global symmetry breaking) Higgs h as [7, 8]

m%h:plvi—l—fQ()\+m) (1:&\/1—/1),

2.9
V3 Ao 4 R (AN 4y 2m1) v Adpr 4 pd £ BA Ay b dm) )

A 12 (A + 11)2 Nz (A + K1)2 ’

2

where the plus sign in front of v/1 — A corresponds to m% and the negative sign corresponds
to m% With 0124 /f? < 1, the SM Higgs mass is approximately given by

2
9 K] + 2612 + K1p1 + Ap1 o
~ 2 . 2.10
my, PR v ( )

Since we have five parameters f, A\, o1, x1 and pp, after imposing the EWSB condi-
tions vg ~ 246 GeV (2.8) and mj, ~ 125GeV (2.9), the system is now described by three
parameters. As noted above, we impose the conditions A > o1, k1, p1 to keep the philos-
ophy of the twin Higgs models. Figure 1 shows the parameter space that satisfies these
conditions for va/f =0.223 (f = 1.1TeV) and 0.123 (f = 2TeV). We also confirmed that
the condition A > o1 is always satisfied. Note that the parameters A, k1 and p; cannot
take arbitrary small values because tiny A, k1 and p; cannot realize the SM-like Higgs
mass. In fact, we can see from figure 1 that the smallest values of A, x1 and p; are roughly
given by A ~ k1 ~ p; ~ 0.05. This bound will play important roles when we analyze the
dynamics of a phase transition as we will see in section 4. The smallest values of A, k1, p1
are not sensitive to the breaking scale v4/f and SM-like Higgs mass mj, ~ 125GeV. o1 > 0
guarantees our assumption of the two-step phase transition as we will see later.

Let us finally examine the fine-tuning in this effective potential. We estimate the
degree of tuning by the measure defined in ref. [49],

01og O(p;)
0log p;

-1

Ap) = (2.11)

where p; are the model parameters and O(p;) are observables. In this measure, smaller
A(p;) means that larger fine-tuning is required. Thus A(p;) should not be too small for the
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Figure 1. The (yellow) region that satisfies A > p1, k1 and o1 > 0 is shown for vg ~ 246 GeV,
myp, ~ 125GeV, and va/f = 0.223 (left) and 0.123 (right). The regions above the blue, green and
red curves satisfy with the constraints A > p;, A > k1 and o1 > 0, respectively.

naturalness, say, at least all the measures should satisfy A(p;) > O(1072). If a measure
in the model is too small, A(p;) < O(1072), we conclude this model is unnatural. In our
effective potential, the set of the observable and parameter that gives the smallest measure
is the following one,

-1
_ M m

2%

0log (vi/fz)

A, =
a1 dlog oy

(2.12)

In this calculation, we simply assume the soft breaking scenario, o1 > p1, which means
that the twin Zs symmetry is only broken by the soft term o1 f2.% In order to solve the
little hierarchy problem in twin Higgs models, A,, should not take an arbitrary small value.
Thus, the symmetry breaking scale f is bounded from above in light of naturalness.

2.2 Supersymmetric twin Higgs models

To address the large hierarchy problem in the twin Higgs scenario, SUSY can provide an
attractive solution. Parallel to the case of the ordinary Minimal Supersymmetric Standard
Model (MSSM), where Higgs chiral multiplets consist of a pair of doublets, supersymmetric
twin Higgs models generally contain four Higgs doublets,

H;! H
H, = ., Hy= . 2.13

The chiral multiplets H,, H; are fundamental under the U(4) symmetry and the U(4)
multiplets are decomposed into the visible sector fields H{f, H 34 and the twin sector fields
HB. HB under the subgroups SU(2) 4 x SU(2) g. The superpotential contains an extended

3For the hard breaking scenario, p1 > o1, see ref. [7].



version of the ordinary p-term, W O u(HAH 214 +HBH f ). Including soft SUSY breaking
mass terms, the quadratic part of the U(4) symmetric potential in supersymmetric twin
Higgs models is given by

Vow O (i, +p2) (HL P+ [HE ) + (M3, + 1°) (|HP P + |HE?)

2.14
—b(HH} + HPHF +h.e.). (2.14)

The quartic part of the U(4) symmetric potential is model dependent. The first term
of (2.4) contains the quartic term |Ha|?|Hg|>. However, SUSY forbids this type of cou-
plings without further modification of the Higgs sector. There are several proposals to
obtain Higgs couplings with twin Higgs fields. Refs. [4-7] have introduced a massive sin-
glet chiral superfield S with a superpotential SH,H,. The effective theory after integrating
out this singlet contains the quartic term |H, Hy|?>. Ref. [8] has considered an additional
contribution to the D-term potential from a new U(1) gauge symmetry, under which both
the Higgs and the twin Higgs fields are charged. In this paper, we do not go into the details
of a specific supersymmetric twin Higgs model, instead, we simply assume the existence
of an appropriate U(4) symmetric quartic term and try to extract general features of a
supersymmetric twin Higgs scenario.

We next consider possible sources of the breaking of the U(4) and the Zs symmetries
in this scenario. In the non-supersymmetric minimal model, the U(4) symmetry breaking
arises only from quantum corrections or from some explicit breaking terms. On the other
hand, supersymmetric models have the D-term potential,

G+ 95 (a0 An2 95 (1B B2)2
VDZT(’HH*|Hd|)+§(’Hu|*|Hd|), (2.15)
which breaks the U(4) and the Zs symmetries. Here we have assumed the minimal real-
ization of the twin Higgs mechanism, where the twin partner of U(1)y is not introduced.
Unfortunately, the size of the Zs breaking in the above D-term potential is insufficient to
realize the required hierarchy between the electroweak breaking scale, v4, and the U(4)
breaking scale, f. Then, we simply assume the following Zs breaking soft mass terms,

Vit = Ay, |Hy | + Ay, |H 2. (2.16)

In order to make the discussion independent of the form of quartic couplings, we
take the decoupling limit of the SUSY heavy Higgses and match the theory to the non-
supersymmetric twin Higgs potential. In the decoupling limit, the four Higgs doublets can
be written as follows in terms of H4 and Hpg in the non-supersymmetric twin Higgs model,

H} = Hysin Ba, HP = Hpsin Bp,
(2.17)
Hf:HLcosﬁA, Hf:HjTBcosﬁB.

Here, tan B4 = v '/v} and tanfBp = vZ/vP with vﬁf = <H5&B)/ﬂ. Thanks to the
approximate Zs symmetry, they are almost equal, tan 84 ~ tan Sg. In the rest of the dis-
cussion, we simply assume 84 = 8 = 8 and g = go. Note that by taking the decoupling



limit (2.17), the structure of the Higgs potential is essentially the same as that of the poten-
tial given by (2.4) discussed in the previous subsection. When we require that the super-
symmetric twin Higgs potential is matched with eq. (2.4), we obtain the following relations,

—\f? =gy, sin® B+ mj;, cos® B+ u? — bsin 28,

o1f? = (04 60)f? = Aﬁﬁ{u sin? B + Aﬁz%{d cos? B+ do f2,

2 2.18

n1:5+6n:g§2cos225+5ﬁ:, ( )
¢

pr=p+op= §1COS22ﬁ+5p,

where 0o,k and Jdp represent the radiative corrections. With these expressions, we can
evaluate the SM-like Higgs mass from (2.9). Note that it is difficult to realize the SM-like

2
Higgs mass only with the quartic couplings in the D-term potential, kK = % cos? 28 and

p= % cos®2/3. We simply assume that there is an additional contribution or a radiative
correction to x and p to realize the SM-like Higgs mass. As mentioned in the previous
subsection, we impose the EWSB conditions and the conditions A > o1, k1, p1 to consider
the general feature of SUSY twin Higgs models. In section 3 and section 4, we will discuss
the order of the phase transitions with imposing these conditions.

3 The electroweak phase transition

As discussed in section 2, twin Higgs models generally accommodate breakings of the two
symmetries. One of them is the standard EWSB and another is the breaking of the U(4)
symmetry to the U(3) one, through which the SM Higgs field is identified with one of
the pNGBs. Let us call the phase transition corresponding to the latter breaking the
U(4)-breaking phase transition. In this paper, we analyze not only the electroweak phase
transition but also this U(4)-breaking phase transition in cosmology. In this section, we
study the order of the electroweak phase transition in twin Higgs models, with and without
SUSY, especially.

Before going to the detailed calculation, we would like to discuss the thermal history
in the early Universe. At high-temperature, both of ¢4 and ¢p fields are trapped at the
origin of the potential due to the thermal mass terms. When the temperature cools down,
another minimum different from the origin appears. Below the critical temperature, ¢ 4 and
¢p fields eventually roll down or tunnel to the true vacuum, and the U(4) symmetry and
its subgroup, the SM electroweak symmetry, finally break down. However, we do not know
how these two phase transitions proceed. Let us denote the temperatures when ¢4 and ¢p
fields acquire their VEVs by T4 and Tz, respectively. In general, there are three possible
trajectories of these two phase transitions, which are schematically described in figure 2.
The red line (1) shows the trajectory of a two-step phase transition with Tp > Ty, in
which ¢p field acquires its VEV first and ¢4 field does later. The blue solid line (2) shows
the trajectory of a one-step phase transition with T4 ~ T, in which the Higgs field rolls
(or tunnels) to the true vacuum directly. The green dotted line (3) shows the trajectory of
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Figure 2. This figure shows three possible trajectories of the phase transitions. In this figure, v 4
and vp are the vacuum expectation values of the H4 and Hpg fields at the zero temperature. The
black point represents the true vacuum at the zero temperature. We consider only the path (1).

another two-step phase transition with T4 < T'g, in which ¢4 field acquires its VEV first
and ¢p field does later. In this paper, we consider the case with Tz > T4 and we call the
phase transition at which ¢p field acquires its VEV, the U(4)-breaking phase transition.
Let us consider the condition under which this case happens. The thermal mass terms for
¢4 and ¢p fields are given by

mi(Ha, T)) = (CaT? — (A — 01) f*)|Hal%, (3.1)
mp(Hp, T) = ((gT* — Mf?)|Hp|?, (3.2)

where (4 and (p represent the numerical coefficients depending on the coupling constants.
The critical temperatures T4 and Tz are evaluated by the condition m4(T4)=mp(Tp)=0,

Ta_ SB[, _ o1
TB_\/;A1 . (3.3)

Taking into account the twin Zg symmetry (4 ~ (p, we obtain Ty /Tp ~ /1 — o1/
Therefore, o1 > 0 is a necessary condition to realize Ty < Tg. The region with o1 > 0 is

which yields

also shown in figure 1.

We shall study the strength of the electroweak phase transition. The thermal re-
summed effective potential for both of H4 and Hp Higgs fields are calculated at the one-
loop order in the same way as ref. [29]. We take account of the top, twin top quarks,
SU(2)w x U(1)y gauge bosons, and SU(2)y; gauge bosons, respectively, because they give
dominant contributions to the effective potential. The general expression of the thermal
effective potential is summarized in appendix A.1.

Let us calculate the thermal one-loop resummed effective potential eq. (A.1) for Hy
and Hp in the non-supersymmetric case starting from the effective potential (2.4). Since
we take account of not only the H 4 field but also the Hp field, we consider the following
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background fields,
0 0
Hy=|¢a |, Hp= | ¢B|. (3.4)
V2 V2

The number of degrees of freedom (d.o.f) and the field dependent masses of SU(2)w x U(1)y
gauge bosons, SU(2)W gauge bosons, top quark and twin top quark are given by respectively

2,2
nw =6, md = %, (3.5)
2 N
nz =3, mz=(g1+ 92)17 (3.6)
~9 19
_ 2 _ 9298
2,9
ne =12, m?= % (3.8)
~9 9
ny =12, mt2 = %. (3.9)

Note that here we considered the Fraternal model where the mirror U(1) gauge fields are
absent, but that we expect that the basic results are unchanged even if we include them
since the U(1) gauge coupling is tiny. With the supersymmetric completions visible and
mirror stops might also contribute, but we do not take account of them by assuming they
are sufficiently heavy through the Higgs ¢p’s VEV. With this assumption, our conclusion
is applicable also to the case with the supersymmetric UV completions.

The one-loop effective potential Vg is then given by

‘/eff = ‘/E)+VCW+V:5hermal; (310)
Vo(6a,08) = 5 (63 +6%— 22+ (6 +05)+ 564+ 2 264, (3.11)
VCW(¢A7 ¢B) = _%m?((bA) <10g <WL?/E;¢A)> - g) - 16:;'2 m%((ﬁB) <10g

g (oa) o ("B ) =) om0 o

0] P
3
= | =
DRSS

5
N—

|
N W
N—

9 mi(é5)\ 3
+ 6472 m%((ﬁB) <10g< WMQ - ) _2> ) (3.12)
6 2 6 tg
‘/thermal((ZSAﬂZﬁB,T) = _§T4JF |:m,t,1(?2514) _§T4JF [méfB)
3 wioa)| | 3 Soa)] | 9 2 (65)
+ﬁT4JB [mv‘;g Y T 272 T4J ijE2A) + 2772 T4JB WT2
(3.13)

See the appendix A.l for the details. Here, k, p and o are the tree-level couplings and
do not include the contribution of the one-loop Coleman-Weinberg potential. In addition,
we consider the ring diagram contributions denoted by Vine discussed in appendix A.1 to
improve the perturbativity. Since the masses of the SU(2)W gauge bosons originating from
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the VEV of the Hp field are much larger than thermal corrections to the masses around
the critical temperature, the SU(2 )A ring diagram contributions can be neglected. On the
other hand, the ring diagram contributions coming from SU(2)y x U(1)y gauge bosons
are not negligible and we need to take them into account. Vjins was computed in ref. [50]
and is given by

Vig=T Y~ (@H(0a, T)F = (m¥(64))3). (3.14)

‘ 1272
=W, Z1, 7L
with
nw, =2, Ty, (64, T)=miy (6a)+ = 92T2 (3.15)
1
TZZL:]_, mZL ¢A, 5 m 92+91)T2+A(¢A, ):|, (316)
—2 1 11 2 2 2
M =1 T2, (0a T)= 5 [m3(6a) 4 (B HgDT>~A6A.T)] (317)

11 (g2 —g?)2 11
A=\/mé<m>+(g;2 g;) [ Z+12<g%+g%>:f2] 2. (3.18)

Here, n; represents the number of d.o.f. for each longitudinal mode. We do not take
account of transverse modes of the SU(2)y x U(1)y gauge bosons because the magnetic
masses they receive from the environment are suppressed by gf or g3 and hence give minor
contributions.

In our case, the electroweak phase transition occurs after the U(4)-breaking phase tran-
sition. Therefore, during the electroweak phase transition, ¢p already gets a non-zero VEV,
¢p(T) # 0. Then, in the same way as eq. (2.5), we integrate out the ¢pg(7T") field by setting

¢5(T) = f* — ¢4(T). (3.19)

Here, ¢ 4(p)(T) represent the temperature dependent VEVs, respectively. It should be no-
ticed that, when we take the 7" = 0 limit, eq. (3.19) is reduced to eq. (2.5). The one-loop
resummed effective potential eq. (A.1) for ¢4 can be written as

V(¢A7T) == %(¢A7f2_¢?4)+VCW(¢A7 f2_¢A2A)+‘[Dhermal(¢Au f2_¢§17T)+Vring(¢A)T)7
(3.20)

where Vo, Vew, Vihermal, and Viing are given by eq. (3.11), (3.12), (3.13), and (3.14), re-
spectively. For the zero temperature part Vy 4+ Vow, we set the renormalization conditions

given by
d
Vot VCW)‘ =0, (3.21)
¢ p=va
d? 9
Fre) (Vo + Vcw)‘ = 2A\gMV}%. (3.22)
¢ p=va
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Figure 3. The ratio ¢ 4(T¢)/T¢ for each U(4) symmetry breaking scale f. The blue curve repre-
sents ¢4 (Tc)/Te evaluated by use of eq. (3.20). The dashed red line represents the same ratio but
with only the Standard Model contributions being taken into account.

Neglecting O(¢%) terms, we obtain the following expression,

)\SM 4
1 A

+ 53 i <m§(¢f‘) (log (W) - 2) + 2m?(vA)m?(¢A)> . (3.23)

m; (va)

)\SM 2

Vo + Vew = —Twﬁ +

where the suffix i represents only the SM contribution. Now the system is parameterized
only by the U(4)-breaking scale f since the condition (3.19) and renormalization condition
egs. (3.21) and (3.22) completely fix the other model parameters, x1, 01, p1, and A.

In ref. [29], it was shown that the one-loop effective potential obtained by use of the re-
lation eq. (3.19) exhibits the restoration of the electroweak symmetry at high temperature,
which guarantees the presence of the electroweak phase transition. In this paper, we try to
clarify the order of the electroweak phase transition. For this purpose, we will first check the
validity of perturbative expansion near the critical temperature. As is seen in appendix A,
the perturbative expansion is valid only when the following condition is satisfied,

O gy C
mw(oa(le))  2oa(lc)

where T is the critical temperature of the EWSB. Here the critical temperature T¢ is

<1, (3.24)

defined so that the electroweak symmetry preserving and breaking vacua are degenerate.
o A(Tc) represents the expectation value of ¢4 for a breaking phase at T¢. In figure 3, the
ratio ¢4 (T¢)/Tc is plotted for each U(4) symmetry breaking scale f. We have evaluated
the one-loop resummed effective potential given in eq. (3.20) without resort to the high
temperature expansions. It is easily seen that the larger a breaking scale f is, the smaller
oA(Te)/Te is. This fact can be easily understood as follows. The thermal contributions
from the twin particles could strengthen the first order nature of the EWSB. However, the
twin partners acquire masses proportional to ¢p(7") through the Higgs mechanism. Thus,
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a larger breaking scale f leads to larger masses of the twin particles, which easily induces
thermal decoupling of twin particles during the electroweak phase transition. This decou-
pling makes ¢ 4(7T¢)/T¢ in our case approach the value in the standard model case. Hence
a larger v4/f indeed increases ¢4(T¢)/Tc. However, the largest value of ¢4(T¢)/T¢ for
f > 2v4 required by the constraint of the Higgs coupling measurement is at most 0.2, which
is not large enough to satisfy the criteria (3.24). Therefore, we conclude that the higher
order effects cannot be neglected and the perturbative expansion is not valid near T. For
the correct analysis, lattice simulations are required. This result has an important implica-
tion for the electroweak baryogenesis because it requires the sphaleron decoupling condition
®a(Tc)/Te > 1 around the critical temperature. Our results strongly suggest that this con-
dition is hardly satisfied in the Fraternal twin Higgs model as long as the condition (3.19) is
valid, and we cannot expect for the implementation of the electroweak baryogenesis. This
conclusion remains unchanged even if we go beyond the Fraternal model, as long as the con-
dition (3.19) and the assumption of the trajectory of two-step phase transition are adopted.
We do not exclude the possibility to have the strong first order electroweak phase transition
once we relax one of these assumptions, which is beyond the scope of the present study.

Finally let us comment on some issues on UV completions. We here do not assume
concrete UV physics (SUSY and composite Higgs) in our analysis and analyze the elec-
troweak phase transition by use of effective field theory for the ¢4 field. As long as its
usage is valid, our result is still robust in supersymmetric and composite twin Higgs models.
However, it was shown in refs. [51, 52] that the electroweak phase transition can be the
strong first order in the composite Higgs scenario. In the setup adopted in refs. [51, 52],
the electroweak phase transition and the confinement phase transition, which corresponds
to the U(4)-breaking phase transition in twin Higgs models, occurred simultaneously. In
addition, the SM-like Higgs field couples with an additional scalar field. Thus this approach
does not apply to our consideration.

4 The U(4)-breaking phase transition

In this section, we explore the U(4)-breaking phase transition in twin Higgs models with and
without supersymmetric completion. For the concrete calculation, we adopt the Fraternal
model, but general features would apply to other models.* As discussed in section 3, we
assume that the U(4)-breaking phase transition occurs first and the electroweak phase
transition does next in the following discussion.

4.1 The case of the twin Higgs model without UV completion

Let us first consider the twin Higgs model without any UV completions, in the sense that no
new particles other than the mirror particles to the SM are involved. The U(4)-breaking
phase transition generally depends on UV physics such as SUSY and composite Higgs.
However, if new particles in the UV completion are sufficiently heavy during the phase

4See ref. [53] for general discussions of gravitational wave productions from a first order phase transition
associated with SU(V) breaking into SU(N — 1) in a hidden sector.
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transition, we can safely neglect the effect of these particles. We shall study the strength
of the U(4)-breaking phase transition by using the potential (2.4) with this assumption.

In our set up, the Higgs field H 4 is trapped at the origin of the potential H4 = 0 due
to the thermal mass term during the U(4)-breaking phase transition. Thus, we take the
background fields as

0 0
ne () e (). "
V2

and calculate the resummed one-loop potential given by eq. (A.1) for the field Hg. We
take account of the twin top and SU(2)y; gauge bosons which give dominant contributions
to the effective potential. On the other hand, a larger quartic coupling A > g3 makes the
U(4)-breaking phase transition weaker ¢p(T¢)/Tc < g2 (see eq. (A.18)) hence we consider
a small quartic coupling A < g3. Since the quartic coupling A < g3 is smaller than gy
and y;, we neglect the H4 and Hp loop contributions to the effective potential in the
following discussion.

With the field dependent masses of the twin top and SU(Q)W gauge bosons given by
egs. (3.7) and (3.9), The one-loop effective potential Veg is expressed as

Vet = Vo+Vew + Vihermals (4.2)
p A A A
Vo(op) = (6h— 22+ 505 =5 26+ oh+ 31 (4.3)
3y m2(¢s)\ 3 9 4 mZ(¢5)\ 3
Vow (0m) =~ esamon) (tog ("5 ) =3 )+ gty o) (g (")) - 3.
(4.4)
6 2 9 2 (¢
‘/thermal(¢Ba T) = _ﬁTAlJF mtj(—va) +ﬁT4JB mv{;fg B) (45)

In order to find the ring diagram contribution Vi g, we need to evaluate the thermal masses
of the SU(2);;; gauge bosons denoted by (A.10). We here take account of the one-loop self-
energy of longitudinal modes [54]

(e
HWL = 692

72, (4.6)
in which only one generation (third generation) is included for the Fraternal model. The
transverse modes receive the magnetic masses, but they are suppressed by the factor of §§1
and hence we omit them as is the case of the electroweak phase transition. We then obtain
the ring diagram contribution Vi, given by

Vs =~ 1= (2, (0. 1)) = (3 (6m) ). (@7)
mZWL = m%(¢p) + i, - (4.8)
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When we use the high-temperature expansions given by eq. (A.6) and eq. (A.7), the re-
summed one-loop effective potential takes the following form:

V= ‘/0 + VCW + VThermal + V}ing

3
1 T (3262\Y? T (5242 2 Atwy (T)
— S MA(T)¢h—— (298)  _ L (%% q_ AR 4 4.9
where
~2 ~2
MX(T) = —\f% + %T2 + %TZ, (4.10)
3y} agT?\ 3 995 aT?\ 3
T)=r— 1 _: 1 —2). 411
) = K = 16 <°g< 12 2) " osenz B\ 2 ) T 2 (4-11)

Thanks to the twin Zg symmetry, y; ~ 7 and g2 ~ go, the U(4)-breaking phase transition
described by the potential (4.9) is similar to the electroweak phase transition in the SM
which has been analyzed by perturbative [55] and non-perturbative [28, 56] methods. The
most reliable approach to clarify the order of the phase transition is the lattice simula-
tion [28, 56]. It was shown that the electroweak phase transition in the SM is the first
order when mpy < 70 — 80 GeV (or Agm < 0.04) is satisfied.

One might wonder if the difference between U(4)-breaking sector and the SM sector
prevents us from adopting the results of the SM to the U(4)-breaking case. But these
differences are negligible for our purpose in the following reasons. First of all, the breaking
scale of the U(4)-breaking phase transition, f, is different from that of the electroweak
phase transition, v4. However, the order of the electroweak phase transition in the SM
depends on the parameter Asni/g3 [56], but not v4. Thus, we have only to identify A + x;
in our model with Agy in the SM electroweak phase transition. Second, there is no U(l)?
gauge boson in the Fraternal twin Higgs model. Since the U(1)y gauge coupling g; is tiny
compared to the SU(2)y; gauge coupling g2, we can neglect this effect safely. Indeed, the
original paper [56] also does not include U(1)y and they concluded that the error due to
this assumption is small enough. Finally, the coefficient of the thermal mass (4.6) for the
Fraternal model® differs from that of the SU(2)y gauge bosons in the SM. In the lattice
simulation [56], they use the three-dimensional effective Lagrangian obtained by integrating
out all fermions and the longitudinal modes of SU(2)y gauge bosons [57-59], which affects
the values of the parameters Agy and go. We confirmed that this difference gives only 10
percent changes in the parameters of three-dimensional effective Lagrangian, and hence we
can safely neglect it. Therefore, the order of the U(4)-breaking phase transition can be
analyzed by use of the result of the electroweak phase transition in the SM. We conclude
that the U(4)-breaking phase transition is the first order when A + k1 < 0.04 is satisfied,
thanks to y; ~ y; and g2 ~ go.

As discussed in section 2.1, the parameters k1 and A are bounded below, A+ k1 = 0.1,
due to the EWSB conditions and the conditions A > o1, k1, p1 as we can see from figure 1.
Therefore, it cannot satisfy the condition for the first order U(4)-breaking phase transition,

®In the Mirror twin Higgs models the coefficient of the thermal mass is the same to the SM.
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A+ k1 < 0.04. We also expect no gravitational wave production because of the absence of a
first order phase transition in the case of twin Higgs models without any UV completions.
The differences in the Fraternal and Mirror models give minor effects and are within the
uncertainties in our estimate. More generally, our conclusion is robust in any models as
long as the tree-level potential is given by eq. (2.4) and there are no additional light degrees
of freedom so that the thermal masses for twin SU(2);; gauge bosons do not differ so much.

4.2 The case of supersymmetric twin Higgs models

In the previous subsection, we do not consider effects of UV physics such as composite
Higgs and SUSY on the U(4)-breaking phase transition. If other fields strongly couple to
the Higgs field Hp, we cannot apply the argument in the previous subsection. We here
consider supersymmetric twin Higgs models and explore the order of the U(4)-breaking
phase transition. Especially, since any such models contain twin stops, which are strongly
coupled to the Higgs field Hp and possibly light at the restored phase in the absence of the
Higgs VEV, we focus on the effect of light twin stops. Hereafter, we take the decoupling
limit, simply assuming that every supersymmetric partner except for twin stops acquires
a large soft mass and decouples with thermal plasma during the U(4)-breaking phase
transition. We will show that there is some parameter space where the U(4)-breaking
phase transition is the first order and estimate the gravitational wave amplitude generated
through this phase transition.

Let us calculate the one-loop resummed effective potential (A.1). Since we take the
decoupling limit as explained in section 2.2, the background fields are given by

0 0 0 ¢—B cos
V2 0

We take account of the left and right-handed twin stops, the twin top quarks and the
SU(2)W gauge bosons, which give dominant contributions to the effective potential. We
neglect the Higgs loop correction as is the non-supersymmetric case. The tree level potential
Vo in eq. (A.1) is concretely written as

Vo= 3(6% — 2+ Soh, (113)

where the second term includes the D-term contribution, x O g3 cos?23/8. The thermal
one-loop corrections Vow and Vipermal are evaluated as follows. The field dependent masses
of twin top quarks and SU(2); gauge bosons are given by egs. (3.9) and (3.7). Those of
the left and right-handed twin stops can be written as

" 2
2 _ = m% * mtg(d)B) TR Opeos26 mi(op) X X;=A-—pcot B, (4.14)
stop mf(¢B)XtA mth + m%(¢B) t t
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where ﬁ%, ﬁl% and Az are the twin left, right-handed stop soft mass-squared and the twin

A-term, respectively. The diagonalized masses are given by

1(2) _
nz" =6, (4.15)
2
(ML)H—F(ML )22 (MQ/-\)ll—(Mz/-\)QQ 2
2 o stop stop stop stop 2
mis (65) = ; + ; +((M2)i2) s (416)
where ntl@) and the superscript of /\/lz%\p represent the number of d.o.f for the left (or

right)-handed twin stop and the component of MLEEE)\p matrix, respectively. The one-loop
effective potential is then written as

Vew(dp)=— 16?;2 mz(¢5) (10g (mi(bf )) - 2) + 6497r2 me=(ép) <10g <mwu(2¢3)) - 2)

m?p (¢5) m?s (6n)
amiton) (o (7)1 omtyon (i) -3).

(4.17)
6 29 9 mZ,(¢5)
Whermal(@sB;T) = —ﬁTZLJF mtj(QB) _|_277r2T4J WT2 B
2 2
3 ?(¢B) 3 m~QB(¢B)
+§T4JB tTQ +§T4JB [ tT2 . (418)

In order to calculate the ring diagram contribution Ve, we need to evaluate thermal
masses of the longitudinal mode of the SU(2); gauge bosons. As a result of the twin Z
symmetry, thermal masses of the SU(2)W gauge bosons can be calculated in the same way
as the case of the MSSM [54]. The thermal masses of the longitudinal mode of the SU(2)
gauge bosons, the left and right-handed twin stops are given by

595 o
g, = ?T , (4.19)
4 v? 1
M- =-g2T?+ 2L (1 T 4.20
R ( +sm2ﬂ> ’ (420)
4/\ @\2 /g\2
Ms=-02T>+ 2L (1 T? + 2272, 4.21
Q= g% +12( +sin26> T (4.21)

Then the temperature dependent mass matrix is given by

~2 2 95 12
L 2+ m2 + 22 28+ 114 X+
Wiy — M T O+ SOpeon2THllg mﬂjB) t , (4.22)
my(éB) Xz ms +mi(en) + 10z,
1(2) _
n-"" =6, (4.23)
where ntl@) represents the number of d.o.f for the left (or right)-handed twin stop. From
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this expression, the ring diagram contributions are calculated as follows.

Vim = 1 (% (655, TN~ (mZ,(0))?)
o (2 9m))F —(m2p (9))F + (M2 (0))F —(mZp (0))?) . (4.24)
YRy )1y — (V2 )\
mthQ (¢B) _ (Mst0p>11‘g(Mstop)22 + <(Mst0p>11 . (Mstop)22> i ((mgﬂ)\p)m)% (4‘25)

Moreover, in our set up, the twin QCD two-loop contribution is non-negligible com-
pared to the resummed one-loop effective potential because the strong coupling g3 and the
top Yukawa coupling 7; are large compared to the other matter couplings. In the MSSM,
the sunset diagram, which gives the dominant contribution, is evaluated in ref. [60]. We
adopt it and calculate the two-loop twin QCD contribution as

2@%3 (¢B)

~2 2mgB (CZ)B)
(4.26)

In this expression, the high-temperature expansion [61] and mass-averaging approxima-
tion [62] are used. According to the discussions in refs. [63, 64], their usage is justified
for our purpose. It should be noticed that this negative logarithmic dependence of ¢p in
eq. (4.26) gives an additional contribution to the potential barrier between the origin and
another minimum. Without taking this contribution into account, we would underestimate
op(Tc)/Tc.

As discussed in appendix A.l, in order to have the first order phase transition and
gravitational wave production, ¢p(T¢)/Tc 2 o is required. This ratio gets larger for a
smaller A + k1 (see appendix A.1.). As discussed in section 2 (see figure 1), we have the
conditions A > 0.05 and k1 > 0.05, from the requirements A > p1, k1 and my ~ 125 GeV.
Thus hereafter we take A ~ 0.05 and k1 ~ 0.05 as the benchmark point. For simplicity we
require the quartic coupling 1 is dominated by the D-term, x ~ (§3/8) cos? 283, so that
tan 8 ~ 10. The value of the twin QCD coupling constant g3 can be somewhat different
from the value of the visible QCD coupling constant g3 because the exact Zg symmetry
is not necessary from the view point of naturalness [2, 18]. Here we simply set the twin
QCD coupling to be g3 = 1. The change of the value of g3 allowed by naturalness leads
to a 10% effect for ¢p(T¢)/Tc. In addition, we take X7 = 0 in our evaluation for the
following reason. A non-zero X; tends to induce unwanted color-breaking vacua. In order
to avoid the appearance of such vacua, larger soft masses are required, which reduces the
ratio between the effective mass and the cubic term. Thus, with a non-zero Xz, ¢p(T¢)/Tc
will get smaller compared to the case with a vanishing X

Now the ratio ¢p(T¢)/Tc is determined by the twin stop soft parameters and the
U(4)-breaking scale f. Figure 4 shows the ratio ¢p(T¢)/Tc as the function of the left and
right-handed twin stop (common) soft masses \ﬁ"%| = |77~1%R\ = Ms%o\p forva/f = 0.123. The

renormalization scale is set to be p = T. We can see that the ratio ¢pp(T¢)/Tc takes the
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Figure 4. This graph shows ¢5(T¢)/Tc and common left, right-handed twin stop soft masses. We
set some physical parameters as A = 0.05, g3 =1, tanf =10, X; =0 and vs/f = 0.123.

T, [GeV] ¢B (Tn)/Tn (e} /B/H(Tn)
682 1 7x 1073 7 x 10*

Table 1. Parameters T, ¢p(T,)/T,, « and B/H(T,) for the evaluation of the spectrum of
gravitational wave background with the benchmark point A = 0.05, g3 = 1, k1 = 0.05, ME@ =0,
X;=0,v4/f =0.123 and tan g = 10.

maximal value for the massless limit of the light twin stop M stop = 0, which is roughly 0.9.
For other choices of the ratio v4/f 2 0.1, required from the point of view of naturalness,
we confirmed that ¢p(T¢)/Tc ~ 0.9 > ga for M siop = 0. Thus, for this parameter choice,
the phase transition is the first order, which leads to the generation of the gravitational
wave. Note that here we admit the strong violation of the Zs symmetry in the soft stop
mass, but we assume that the Zs symmetry is hold for tan 5 otherwise we cannot have the

Mexican-hat type U(4)-breaking potential.

Now let us evaluate the spectrum of gravitational wave background generated in this
model. For this purpose, we need to estimate the nucleation temperature T;,, the latent
heat density o and the duration of the phase transition 5 (see appendix A.2 for the de-
tailed definition). They can be obtained by solving the bounce equations for the thermal
resummed effective potential V(¢p, T') = Vo + Vew + Vihermal + Viing + Vt(}i)rmal. Table 1
shows the values of these parameters for our benchmark points, A = 0.05, k1 = 0.05, g3 = 1,
tan 3 =10, X; =0, and va/f = 0.123.

Figure 5 shows the spectrum of the gravitational wave background for our benchmark
point (see appendix A.2 for the formalism to calculate it). The most dominant source
of the gravitational wave for our benchmark point is found to be the sound wave of the
plasma bulk motion after the bubble collision, ngh2 ~ Quwh? given by (A.33). The
peak frequency is around O(10)Hz and the peak amplitude of gravitational wave is around
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Figure 5. The gravitational wave amplitude is shown. Orange and blue regions show the detectable
regions by BBO and DECIGO, respectively.

O(10719) due to the large 3/H(T;) ~ 7 x 10* and small a ~ 7 x 1073. We can easily see
that it is well below the sensitivities of DECIGO and BBO. It was pointed out in ref. [65]
that the formula (A.33) overestimates the gravitational wave amplitude in the region of
large 3/H (typically, 3/H 2 102 for a > 5 x 1073). Thus it should be emphasized that
the gravitational wave amplitude in figure 5 is an upper bound and we expect that it will
be much weaker in reality.

It is nontrivial whether our benchmark point, which gives the maximal ratio
oB(Tc)/Te, gives the maximal amplitude of the gravitational wave background. We nu-
merically confirmed that it is approximately maximal for our benchmark point. Concretely,

e For A, k1 and M stop> e confirmed that smaller A + x1 and M o

tional wave amplitude. Since we restrict them as A > 0.05, k1 > 0.05, and M_—~ > 0.6

stop

give larger gravita-

our benchmark point gives the maximal amplitude.

e The peak amplitude of gravitational wave, Qpeakh2 does not depend on the breaking

scale f. We can write the effective potential as V (¢, T, f, btop) T4,u(qz~5, f, Mﬁ)),
where d), f and M~ are parameters normalized by the temperature, 5 = ¢/T,

stop

f f/T and Mtop = stop
by (A.21) is S3/T = Ss/T(¢, f, Stop) after rescaling the radial coordinate as
r" =r/T. Then by definitions of v and § parameters given by (A.29) and (A.30),
we obtain o = oz(qb, f7 sTo\p) and B/H = B/H(gb, f, %) The peak ampli-

tude of gravitational wave, Q5" h2, only depends on the o and §/H parameters

/T. One can show that the bounce action S3/T given

SNote that when we allow the negative twin stop soft masses, the gravitational wave amplitude would
be larger. In this case, however, we have to take account of the SU(3)s breaking minimum hence we do
not consider such a scenario in this paper.

- 21 —



at T = T, hence we get QBSp2 = QP*p2(¢. f, ]TJ/S op)|T=1,- The nucleation
temperature is roughly given by T,, ~ Tp ~ Ty, where Tp and T¢ are given in
section 3 and appendix A.1, respectively. From the expression (3.2), we can easily
find f/T,, ~ f/Tp = const. In addition, from the expression (A.18), the fraction
op(Th) /T, ~ ¢5(Tc)/Tc does not depend on the breaking scale f (the quartic cou-
pling ¢ is less sensitive to the change of T;,). Thus, when we vary the breaking scale
f with M siop = 05 the peak amplitude of gravitational wave does not change. On the
other hand, the peak frequency vpeax is proportional to the nucleation temperature,
Ty, hence a smaller f leads to a lower peak frequency due to the lower nucleation

temperature. We numerically confirm this behavior.

e We numerically confirm that a smaller tan 8 makes the gravitational wave ampli-
tude larger. However, a smaller tan 8 leads to a larger up-type Higgs-top Yukawa
coupling, Y; = y;/sin 8. Here we impose the perturbative condition of the Yukawa
coupling Ytg /(4m) < 1 at the electroweak scale. This condition gives tan 8 2 0.28.
For tan 8 = 0.28, the peak amplitude of gravitational wave is larger than that of
tan 8 = 10 by merely around factor 10.

Note also that the change of the value of the twin QCD coupling constant allowed by
naturalness affects the amplitude of gravitational wave by around factor 10 at most, and
hence this effect does not change our result significantly. Thus, we conclude that, even
if we take the effect of a light twin stop into account, it is almost impossible to generate
gravitational wave background detectable by DECIGO or BBO.

Finally, we would like to give some comments. We have assumed that ¢p acquires the
VEYV first and ¢4 does later. In order to verify this assumption, we have calculated the
thermal resummed effective potential V (¢4, ¢p, T),) for both of the Higgs fields ¢4 and ¢p
when ¢p gets the VEV at T' = T,,. We numerically confirmed that the potential minimum
appears only in the ¢p direction at T,, given in table 1. Therefore, the assumption of
two-step phase transition is validated.

The resummed effective potential at finite temperature depends on a gauge-fixing pa-
rameter. In our calculation, we adopted the Landau gauge. The effect of gauge dependence
is discussed in, e.g., refs. [66, 67]. According to ref. [67], the uncertainty due to gauge choice
is roughly one or two order magnitude for nghQ. Even when we take this uncertainty into
account, the gravitational wave amplitude shown in figure 5 still does not reach the de-
tectable regions by DECIGO and BBO. Therefore, our conclusion is still robust.

5 Discussion and conclusion

We have investigated the dynamics of the electroweak phase transition and the phase
transition associated with global U(4) breaking in twin Higgs models with and without
supersymmetric completion. In section 3, we found that the electroweak phase transition
in twin Higgs models cannot be analyzed perturbatively as long as the effective potential
is given by (2.4) and (3.19). It does not satisfy the condition of a strong first order phase
transition, and hence we cannot expect for the realization of the electroweak baryogenesis
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as well as the generation of gravitational wave background. In section 4.1, we considered
the U(4)-breaking phase transition in twin Higgs models without any UV completions such
as composite Higgs and SUSY. We confirmed that the U(4)-breaking phase transition is
the first order only when A+ k1 < 0.04 is satisfied. However, as discussed in section 2.2, we
obtained the relation A\4x1 > 0.1 in order to realize the adequate EWSB and the conditions
A > o1, k1, p1. Thus, the U(4)-breaking phase transition cannot be the first order, and
we expect that there is no gravitational wave production. In section 4.2, we considered the
U(4)-breaking phase transition with supersymmetric UV completions in the decoupling
limit where only the effect of light twin stops is taken into account. We calculated the
resummed effective potential including the dominant two-loop twin QCD contribution.
Then, we confirmed that the U(4)-breaking phase transition can be analyzed perturbatively
only when the light twin stop masses with M—z ~ 0 are realized. We calculated the
largest possible gravitational wave amplitude within the parameters for which the EWSB
conditions and the conditions A > o1, k1, p1 are satisfied. However, we found that the
gravitational wave amplitude cannot reach the detectable regions by DECIGO and BBO.

We conclude that it is impossible to produce large enough amplitude of gravitational
wave to be detected by DECIGO or BBO in twin Higgs models, under our assumptions
such as taking the decoupling limit, the perturbative conditions A > o1, 1, p1 and the
trajectory of two-step phase transition. We need to give a comment. If there is an additional
field strongly coupled to the Higgs fields H4 and Hp, the dynamics of the electroweak phase
transition and the U(4)-breaking phase transition will be changed due to the additional
contribution to the effective potential. For example, as mentioned in section 2.2, there is a
singlet scalar field coupled to the Higgs field H4 and Hp in F-term twin Higgs models. If
such a singlet scalar field is sufficiently light during the U(4)-breaking phase transition, the
situation might be dramatically changed. In this paper, we do not consider such specific
cases because we are mostly interested in giving model independent predictions.
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A Finite temperature effective potential and phase transition

In this appendix, we give the details of the calculations used for evaluating thermal po-
tential and stochastic gravitational wave background from the first order phase transition
in sections 3 and 4. We also give the criteria to judge the validity of the perturbative
calculation for thermal potential.

A.1 Thermal effective potential and validity of perturbation theory

Here we give the way to calculate the thermal potential used in sections 3 and 4. We
mainly follow the discussions in ref. [68].

The thermal effective potential is divided into three parts and can be schematically
written as

Veg = Vo + Vow + AVin. (A1)

Here Vy, Vow and AVyy, represent the tree level potential, the one-loop Coleman-Weinberg
potential and the thermal contributions respectively. Since we shall see that the pertur-
bative calculation is not necessarily justified at high-temperature, we will later take into
account higher order effects partially to improve the perturbativity.

The Coleman-Weinberg potential Vow is given by

2

Vow = S gt (@) (o8 (") -3 (A2)

where n; is the number of degrees of freedom of a particle i, m;(¢) represents the field

dependent mass of the particle 4, and y is a renormalization scale, and (—)%* gives 1 for
bosons and —1 for fermions. Here we adopt the DR renormalization scheme.
Thermal contributions to the effective potential include the one-loop effective potential

given by
Tt T
Ve = 3 (" Talio)/ T2+ g drlo)/1Y) . (A3)
Jp[m?*(¢)/T?% = /OO dza? log (1 —e Vv x2+m2(¢)/Tz> , (A.4)
0
Jr[m?(¢)/T?% = /oo dza? log (1 +e x2+m2(¢)/T2> 7 (A.5)
0

where ¢ runs the particle species and the suffixes B and F' represent Boson and Fermion
contributions, respectively. We here adopt the imaginary time formalism. For later use,
we note that at high temperature m?(¢)/T? < 1, they are approximated as

Tt 12m2 T /m2 3 m? m2
JB[m2(¢)/T2] = _E + 12T(2¢) - g (T(Q(b)> - 32;(?1) log < ab’;"(z)> ’ (AG)

Tt wtmi(e) mhe) (m?(@) | A7)

- afT?

Jr[m®(9)/T?) = 360 24 T2 3274
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with

3 3
ap = 1672 exp [2 — 273] , af = 72 exp [2 — 27E] , (A.8)

where vg is the Euler’s constant.

However, it will be immediately seen that this perturbative expansion breaks down
at high temperature. The quadratic divergent contributions to the self-energy from the
n-loop diagram, often called as the ring diagram or daisy diagram [62], behave as [69]

o (m?Tw) (4.9)

where a is a constant determined by the coupling constants, which are the expanding

parameters in the zero-temperature perturbative calculations. Thus, for aT?/m?(¢) > 1,
the perturbative calculation is not valid especially in calculating the critical temperature
at the phase transition.

By taking a closer look at the structure of the divergences, we can see that they
come from the Matsubara zero mode of bosonic particles. Thus this problem is relaxed
by “resumming” the ring diagrams of bosonic particles where we replace the mass of the
bosonic particle mp;(¢) in the one-loop thermal potential by the dressed one,

Mh (¢, T) ~mp(¢) +IL(T), IL(T) = cT?, (A.10)

where I1;(T") is the one-loop self energy of the bosonic particle corresponding to the ring di-
agrams. Here c denotes the contribution of gauge and Yukawa couplings. This is equivalent

to adding
R ) Ay g S (2068
Ving = =0 ((*(6, 1)) = (m*(9))?) (A11)
to the thermal potential so that
AVin = Vihermal + ‘/ring- (A12)

After the resummation, the n-loop quadratically divergent diagram behaves as

an-{—l T2n+1 aT
1) <m<¢>) | (4.13)

Thus for a < 1, the condition for the perturbative expansions to be validated is improved as

aTl

m(¢)

When non-Abelian gauge fields are involved, we need to take into account another

<1 (A.14)

subtle issue. Although the transverse modes of the gauge fields are massless at the one-
loop perturbative calculation, it is known that through the non-perturbative process it
receives the so-called magnetic mass, ~ ¢g*T2, with ¢ being the gauge coupling. Then, with
a similar discussion given above, the higher loop of non-Abelian gauge bosons will give the
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contributions with the powers of g?T/m(¢) [70, 71] and the perturbation breaks down at
high temperature [72],

T
2
g —— > 1. (A.15)
m(¢)

In this case, even the resummed effective potential (A.1) is not reliable and the dynamics of
phase transition should be analyzed by lattice simulations. Since we expect the parameter
a given above is at most unity, we conclude that the resummed effective potential is valid
for v9 = ¢*T/m(¢) ~ gT/$ < 1 when m(¢) ~ gé.

Let us now give our criteria for a first order phase transition and a “strong” first order
phase transition to occur. Starting from the one-loop effective potential (A.1), we can
approximate it as

1

V= §M2(T)q§2 — ET¢® +

£(1)

1 Pt (A.16)

Here M?(T), E and £(T) represent a temperature dependent mass, a numerical coefficient
depending on coupling constants, and a temperature dependent self-coupling, respectively.
Note that the coefficient E' comes from the loops from bosonic particles (see egs. (A.6)
and (A.7)). The thermal potential (A.16) can have two minima. One is at the origin,
while the other is not, depending on the temperature and other model parameters. As the
temperature decreases, the two minima can get degenerated. We define the temperature
at which the two minima degenerate as the critical temperature, T>. At that temperature,
the effective potential (A.16) is written as

Tc
Veor, = 20220 — gme))? (A7)
where ¢(T¢) # 0 is the other minimum at To. Or we can write

o(Tc)  2E

Below the critical temperature, the minimum other than the origin is energetically favored
and hence tunneling from the origin (symmetric phase) to the other minimum (broken
phase) can occur and the symmetry breaks down. We have seen that at the small field
values, including the origin, the resummed effective potential (A.1) or its approximated
one (A.16) is not reliable. However, we here give the criteria that the perturbative cal-
culation is allowed to use and the symmetry breaking is first order if the potential mini-
mum in the broken phase satisfies the condition that the perturbative calculation is valid,
9Tc/d(Te) < 1, since the tunneling rate is determined mainly by the information of the
potential around the broken phase but not the symmetric phase. Moreover, we define the
phase transition as strong first order if

<1, (A.19)
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is satisfied. The difference between first order phase transition (97¢/¢(T¢) < 1) and
strong first order phase transition (T¢/¢(T¢) < 1) is important when we consider elec-
troweak baryogenesis because the sphaleron decoupling condition is given by eq. (A.19).
On the other hand, this difference is not important when we discuss the gravitational wave
background generated by first order phase transition. Since a first order phase transition
proceeds through bubble nucleation, the production of gravitational wave background re-
quires a first order phase transition, not a strong first order phase transition as we will
see later. From (A.18), we can see that a strong first order phase transition takes place if
the self-coupling £(7¢) is small enough and the cubic prefactor E is large enough. This is
because the parameter £ determines the height of the barrier between the origin and the
other minimum. Since the cubic term comes from the bosonic loop contribution, bosons
strongly coupled to ¢ are needed for a strong first order phase transition.

Before closing this subsection, let us comment on the effect of the ring diagram on the
strength of the phase transition. In the expression of the ring diagram contribution (A.11),
the thermal field dependent mass m(¢, T) is roughly given by eq. (A.10). After the
resummation, if the thermal mass is much larger than the zero-temperature part, that is,
m%(¢) < I at T = T¢, (mz)% behaves like a constant term ~ H%(TC) which does not
give the potential barrier. This effect makes ¢(T) small hence the resummation generally
makes the phase transition weaker.

A.2 Phase transition and gravitational waves

In this appendix, we review how a first order phase transition proceeds and the stochastic
gravitational wave background generated from it is evaluated.

A first order phase transition occurs as a result of true vacuum bubble nucleations.
This is understood as quantum or thermal tunneling from a false vacuum to a true vacuum
that is separated by a potential barrier. The tunneling rate or the bubble nucleation rate
I'(T') per unit volume and unit time at finite temperature is evaluated as [73]

[(T) = A(T)e /T, (A.20)

%: /O drdmr? (; (dfl“) +V(6(r), T>>, (A.21)

where the prefactor A(T) ~ T* is determined by the quantum effects, S3 represents the

O(3) symmetric bounce action and ¢(r) is the “bounce solution” of the following equation

of motion

d*¢ 2d¢ OV(e, T)

st =0 A.22

dr? =~ rdr 1J0) ’ ( )
with boundary conditions

d
¢(T — OO) = ¢Fals07 d7¢ =0. (A23)
T lr=0

Here r is the radial coordinate in the three dimensional polar coordinate system and ¢paise
is the field value of the false vacuum.
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The time or the temperature of the phase transition is characterized by the nucleation
time t, or the temperature T}, defined as a temperature when the nucleation probability
inside one Hubble volume H?3(T) gets unity,

() [°dT T(T)
| -, T .

Since the dominant contribution in the integral (A.24) comes from that around ¢ ~ ¢, or
T ~ T,, it can be approximated as

I(T5)
HA(T,,)

=1, (A.25)

which can be used to determine 7T;,. Since the EWSB takes place at T}, ~ O(100) GeV, the
bounce action at the time of bubble nucleation is roughly given by

;S:Z’ = 4log <ZI;T;> ~ 140. (A.26)
Generally speaking, the nucleation temperature is lower than the critical temperature
T, < To. In order to determine the nucleation temperature as well as the bubble pro-
file accurately, we need to solve the equation of motion (A.22) with the boundary con-
dition (A.23) numerically. We here adopt a method dubbed as the under/over-shooting
method, developed in ref. [74].

Now let us give the expressions of the spectrum of the gravitational background from
the first order phase transition. Since the broken phase is energetically favored, the nucle-
ated bubbles expand, and collide each other, and finally the whole Universe settles down
to the true vacuum. Since the bubble collisions as well as the plasma bulk motion induced
by the bubble dynamics are highly inhomogeneous and violent process, gravitational waves
are emitted through such processes.

The spectrum of the gravitational wave is determined by the (initial) kinetic energies
of the bubbles and the duration of the phase transition. The former is provided by the
latent heat density Ap = p(draise, Tn) — P(@True; In), where p(¢,T') is the thermodynamic
internal energy, but not the potential energy. By identifying the effective thermal potential
with the free energy, F(¢,T) = V(¢,T), we obtain

p(6,T) = F(6.T) + 5T = F(9,T) ~ T F(6,T) (A2
so that

Ap = AV(T) — TdiTAV(T), AV = V(CbFalsea T) - V(quruea T) (A28)

We parameterize the kinetic energy of bubbles by a dimensionless parameter « representing
the ratio between the latent heat density and the radiation energy density,

Ap
o= ,
Prad

(A.29)
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where praq = g.m2T2/30 denotes the energy density of radiation. Here T, ~ T;, is the
temperature at which the gravitational waves are emitted. The duration of the phase
transition is characterized by the parameter 5, defined by

[(t) ~ Tye, (A.30)

with I'g being a constant. [ is expressed in terms of the bounce action as

B d (53
Ppd () e

It has been argued that not only the bubble collision or the scalar field dynamics,
but also the plasma dynamics caused by the bubble dynamics source the gravitational
waves [30-34]. It is indeed found to be the dominant contribution to the gravitational
wave background since due to the interaction between the scalar field bubble wall and the
plasma, the energy originally carried by bubble walls is quickly taken away to the plasma
bulk motion. According to the popular convention, we further classify it into the sound
waves in the plasma described in the linear regime, which are generated by the bubble
motion and generate gravitational waves around the bubble collision, and the turbulence
of plasma bulk motion further developed in the non-linear regime after the bubble collision.
Then the total contribution can be schematically written as

nghQ = Qbubbleh2 + sthz + Qtuth =~ sth2 + Qturh27 (A32)

where Qpubbles, Qsw and iy denote the contributions from the bubble collisions, sound
waves and turbulence of the plasma, respectively.
For the contributions from sound waves, we adopt the expressions in refs. [37, 41, 75, 76]

as,

2

B o (HT) [ koa \2/100\: [ v \? 7
Qswh?(v) =2.65%10 6< 3 ><1+a> (g*) Ub(vsw) e (A.33)

5 )
4+3(i§)
(6%
U: bl A. 4
T 0.7310.083/ata (A.34)
sw=1.9x10""Hz— , A.
Vow = 1.9 1077k (H(Tn)> (100GeV> (100) (A.35)

with x, being the fraction of vacuum energy that gets converted into the fluid kinetic
energy. vy is the bubble wall velocity. For the contributions from the turbulence plasma,

3
Quurh?(v) = 3.35 x 1074 <H(ﬁT") ) <’1“J‘;Z> : v <”u> . (A36)
() )

Ftur ~ 0.1 X Ky, (A.37)

- -5 i gx % Tn ﬁ
Vour = 2.7 1077Hz <100> 100GeV ) \H(T}) ) (4.38)
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The estimate for the bubble wall velocity has ambiguities, but here we assume the so-called
detonation and adopt the formula in ref. [77],

oy — 1/V3 + \/a2+20z/37 (A.30)

1+«

so that it gives the maximal estimate for the amplitude of the gravitational wave
background. In our setup the latent heat density is small, « = O(1073~~2). If the bubble
wall velocity is smaller and in the deflagration regime, the gravitational wave background
is much smaller. It should be also noted that the formula of the gravitational wave coming
from the sound waves, (A.33), does not necessarily work and is likely to overestimate the
gravitational wave amplitude for large 8/H (typically, 3/H > 10% for a > 5 x 1073) [65].
Thus, to be precise, our estimate based on the formula (A.33) should be regarded as the
upper bound of the gravitational wave amplitude.

Note that by adopting the formula with the envelope approximation in ref. [78] the
contributions from bubble collisions turned out to be subdominant in our setup.” Thus we
safely omitted the contributions from the bubble collisions in our plots.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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