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Table 1: Parameters Tn, �B(Tn)/Tn, ↵ and �/H(Tn) for the evaluation of the spectrum
of gravitational wave background with the benchmark point � = 0.05, bg3 = 1, 1 =

0.05, Mdstop = 0, Xbt = 0, vA/f = 0.123 and tan� = 10.

As discussed in App. A.1, in order to have the first order phase transition and gravi-
tational wave production, �B(TC)/TC & bg2 is required. This ratio gets larger for a smaller
�+ 1 (see App. A.1.). As discussed in Sec. 2 (see Fig. 1), we have the conditions � > 0.05

and 1 > 0.05, from the requirements � > ⇢1, 1 and mh ' 125 GeV. Thus hereafter we
take � ' 0.05 and 1 ' 0.05 as the benchmark point. For simplicity we require the quartic
coupling 1 is dominated by the D-term,  ' (bg22/8) cos2 2�, so that tan� ' 10. The value
of the twin QCD coupling constant bg3 can be somewhat different from the value of the
visible QCD coupling constant g3 because the exact Z2 symmetry is not necessary from the
view point of naturalness [2, 18]. Here we simply set the twin QCD coupling to be bg3 = 1.
The change of the value of bg3 allowed by naturalness leads to a 10% effect for �B(TC)/TC .
In addition, we take Xbt = 0 in our evaluation for the following reason. A non-zero Xbt 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 Xbt, �B(TC)/TC will get smaller compared to the case
with a vanishing Xbt.

Now the ratio �B(TC)/TC is determined by the twin stop soft parameters and the
U(4)-breaking scale f . Figure 4 shows the ratio �B(TC)/TC as the function of the left and
right-handed twin stop (common) soft masses |em2

bQ
| = |em2

btR
| ⌘ M2

dstop for vA/f = 0.123. The
renormalization scale is set to be µ = T . We can see that the ratio �B(TC)/TC takes the
maximal value for the massless limit of the light twin stop Mdstop ' 0, which is roughly 0.9.
For other choices of the ratio vA/f & 0.1, required from the point of view of naturalness,
we confirmed that �B(TC)/TC ' 0.9 > bg2 for Mdstop ' 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 Z2 symmetry in the soft stop
mass, but we assume that the Z2 symmetry is hold for tan� 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 Tn, the latent
heat density ↵ and the duration of the phase transition � (see App. A.2 for the detailed def-
inition). They can be obtained by solving the bounce equations for the thermal resummed
effective potential V (�B, T ) = V0 + VCW + Vthermal + Vring + V (2)

thermal. Table 1 shows the
values of these parameters for our benchmark points, � = 0.05, 1 = 0.05, bg3 = 1, tan� =

10, Xbt = 0, and vA/f = 0.123.
Figure 5 shows the spectrum of the gravitational wave background for our benchmark

point (see App. 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
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pNGB (SM-like Higgs) is insensitive to the mass correction.
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SM Higgs is considered as pseudo-Nambu-Goldstone Boson.
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U(4) symmetry is spontaneously broken to U(3).
7 NG-bosons appear (4 of them are identified with SM-like Higgs)
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There are three sources of the GWs.

Bubble collisions
Sound Waves of the plasma
Turbulence of the plasma 
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To realize adequate EWSB, following conditions must be satisfied.

There are two spontaneous symmetry breakings
(twin EW symmetry and EW symmetry)
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We consider the case (1) and analyze the U(4) breaking  phase transition.
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Potential barrier is generated by bosonic 
thermal loop. 
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SU(2) gauge coupling:
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(a : const.)
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<latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="UFuiCZLx+5NUzQFC4z1Qkmq+E+4="></latexit><latexit sha1_base64="6wM4jWhT5/KU4AX96AWT0YXIsRY="></latexit><latexit sha1_base64="9d5dem8r5oYYv25C+whDaO+qs/c="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit><latexit sha1_base64="NvHGqffnHL92EXNLjNFwZDN/mAg="></latexit>
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<latexit sha1_base64="zrdYOmWuNlwr28YXbx6t+s/7/do="></latexit><latexit sha1_base64="zrdYOmWuNlwr28YXbx6t+s/7/do="></latexit><latexit sha1_base64="zrdYOmWuNlwr28YXbx6t+s/7/do="></latexit><latexit sha1_base64="zrdYOmWuNlwr28YXbx6t+s/7/do="></latexit>

Little Hierarchy Problem

⇠ 5TeV⇠ 102GeV 1019GeV

SUSY and Composite Higgs provide solution

Twin Higgs provides solution

L ' vw��1
<latexit sha1_base64="mrn1g031GbEGTVHVqFM/MZkN7AY="></latexit><latexit sha1_base64="mrn1g031GbEGTVHVqFM/MZkN7AY="></latexit><latexit sha1_base64="mrn1g031GbEGTVHVqFM/MZkN7AY="></latexit><latexit sha1_base64="mrn1g031GbEGTVHVqFM/MZkN7AY="></latexit>
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<latexit sha1_base64="F5ULVH2a5fizx4qjfFRF18CO+VY="></latexit><latexit sha1_base64="F5ULVH2a5fizx4qjfFRF18CO+VY="></latexit><latexit sha1_base64="F5ULVH2a5fizx4qjfFRF18CO+VY="></latexit><latexit sha1_base64="F5ULVH2a5fizx4qjfFRF18CO+VY="></latexit>
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<latexit sha1_base64="aeCIXhJJUsm67XWUh/BjTeLy//c="></latexit><latexit sha1_base64="aeCIXhJJUsm67XWUh/BjTeLy//c="></latexit><latexit sha1_base64="aeCIXhJJUsm67XWUh/BjTeLy//c="></latexit><latexit sha1_base64="aeCIXhJJUsm67XWUh/BjTeLy//c="></latexit>

! L ' vw��1
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<latexit sha1_base64="coVJJmyYQ+pMb8HOIjMXuAStQOU="></latexit><latexit sha1_base64="coVJJmyYQ+pMb8HOIjMXuAStQOU="></latexit><latexit sha1_base64="coVJJmyYQ+pMb8HOIjMXuAStQOU="></latexit><latexit sha1_base64="coVJJmyYQ+pMb8HOIjMXuAStQOU="></latexit>
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<latexit sha1_base64="AiUVdzVmHk3XZqu082pIhCSXLmg="></latexit><latexit sha1_base64="AiUVdzVmHk3XZqu082pIhCSXLmg="></latexit><latexit sha1_base64="AiUVdzVmHk3XZqu082pIhCSXLmg="></latexit><latexit sha1_base64="AiUVdzVmHk3XZqu082pIhCSXLmg="></latexit>
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<latexit sha1_base64="F8a5l7auVt3Tf2nfPvQo/fKSu8g="></latexit><latexit sha1_base64="F8a5l7auVt3Tf2nfPvQo/fKSu8g="></latexit><latexit sha1_base64="F8a5l7auVt3Tf2nfPvQo/fKSu8g="></latexit><latexit sha1_base64="F8a5l7auVt3Tf2nfPvQo/fKSu8g="></latexit>
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<latexit sha1_base64="i9UGEpyRMQ7KsvT+AdqlM3t3bjI="></latexit><latexit sha1_base64="i9UGEpyRMQ7KsvT+AdqlM3t3bjI="></latexit><latexit sha1_base64="i9UGEpyRMQ7KsvT+AdqlM3t3bjI="></latexit><latexit sha1_base64="i9UGEpyRMQ7KsvT+AdqlM3t3bjI="></latexit>
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<latexit sha1_base64="PhEnu2ytQdM9eL8DIV8iJ9HUf1M="></latexit><latexit sha1_base64="PhEnu2ytQdM9eL8DIV8iJ9HUf1M="></latexit><latexit sha1_base64="PhEnu2ytQdM9eL8DIV8iJ9HUf1M="></latexit><latexit sha1_base64="PhEnu2ytQdM9eL8DIV8iJ9HUf1M="></latexit>
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<latexit sha1_base64="NQiISTdBPee43WRWJF5DU1fNi7A="></latexit><latexit sha1_base64="NQiISTdBPee43WRWJF5DU1fNi7A="></latexit><latexit sha1_base64="NQiISTdBPee43WRWJF5DU1fNi7A="></latexit><latexit sha1_base64="NQiISTdBPee43WRWJF5DU1fNi7A="></latexit>
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<latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="wH87sxidbkZDDPT+8JqDNRF8z1E="></latexit><latexit sha1_base64="wH87sxidbkZDDPT+8JqDNRF8z1E="></latexit><latexit sha1_base64="mh8wct/GqbFORY09337jK1tG3l4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit><latexit sha1_base64="OMgIT7nPWMcGs3M42xFGoO5d8n4="></latexit>
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<latexit sha1_base64="NyISHEFYcIZrO95g/wKjgoMQ+UU="></latexit><latexit sha1_base64="NyISHEFYcIZrO95g/wKjgoMQ+UU="></latexit><latexit sha1_base64="NyISHEFYcIZrO95g/wKjgoMQ+UU="></latexit><latexit sha1_base64="NyISHEFYcIZrO95g/wKjgoMQ+UU="></latexit>
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<latexit sha1_base64="bXJqtuvDXHqqilPwL00adwBsKC4="></latexit><latexit sha1_base64="bXJqtuvDXHqqilPwL00adwBsKC4="></latexit><latexit sha1_base64="bXJqtuvDXHqqilPwL00adwBsKC4="></latexit><latexit sha1_base64="bXJqtuvDXHqqilPwL00adwBsKC4="></latexit>

Decay rate
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<latexit sha1_base64="XRZP5DP+7PS8oKEnPD8G6Efs+yY="></latexit><latexit sha1_base64="XRZP5DP+7PS8oKEnPD8G6Efs+yY="></latexit><latexit sha1_base64="XRZP5DP+7PS8oKEnPD8G6Efs+yY="></latexit><latexit sha1_base64="XRZP5DP+7PS8oKEnPD8G6Efs+yY="></latexit>

Duration of phase 
transition:
Latent heat 
density: ↵

<latexit sha1_base64="lVMTRZiREHVyif9bP2VI3qDMXRc="></latexit><latexit sha1_base64="lVMTRZiREHVyif9bP2VI3qDMXRc="></latexit><latexit sha1_base64="lVMTRZiREHVyif9bP2VI3qDMXRc="></latexit><latexit sha1_base64="lVMTRZiREHVyif9bP2VI3qDMXRc="></latexit>
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We (numerically) calculate the decay rate and found the following statement.
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<latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit><latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit><latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit><latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit>
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<latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit><latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit><latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit><latexit sha1_base64="7IPXbsdqMkn9/UUI5lPfH1FtEaU="></latexit>

Large latent heat density and long-duration 

Small latent heat density and short-duration 

⌦GW
<latexit sha1_base64="tSVoX0G0VxKrja/Iw/8z+Q8bcjE="></latexit><latexit sha1_base64="tSVoX0G0VxKrja/Iw/8z+Q8bcjE="></latexit><latexit sha1_base64="tSVoX0G0VxKrja/Iw/8z+Q8bcjE="></latexit><latexit sha1_base64="tSVoX0G0VxKrja/Iw/8z+Q8bcjE="></latexit>
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<latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="1tqRKu4qqxHI8AQAeehg2wQidig="></latexit><latexit sha1_base64="z8yOa9EIxzvItO8eBBQNtjm3pdA="></latexit><latexit sha1_base64="chKBR2QcW9L2rTAD1lReK+hpbxY="></latexit><latexit sha1_base64="baPuT0JIKrmkYrmnnhPAi6sk4Vo="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit><latexit sha1_base64="8JBOm9PfDJOUrnbPO4ammbWT8SY="></latexit>

0.00 0.02 0.04 0.06 0.08 0.10
0.00

0.02

0.04

0.06

0.08

0.10

κ1

λ λ>ρ1

σ1>0

λ>κ1

Allowed region

Large GW amplitude!

U(4) breaking phase transition with light twin stop is first order. 
However, GW amplitude cannot be detected by DECIGO and BBO.

We consider SUSY twin Higgs models and take into account light twin stop effects. 

[arXiv:1810.00574]
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Why?

We analyze phase 
transitions and calculate 
gravitational wave 
amplitudes generated by a 
first-order phase transition!

HPNP2019

http://gwplotter.com


