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Two big events in the past decade

• The discover of Higgs boson in 2012 completed the SM

• Gravitational waves predicted by GR was observed in 2015
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Unsolved questions

[NASA]

[PDG]

[PDG]

• Dark matter

• Baryon asymmetry

• Neutrino masses

• …
[NASA]
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Electroweak baryogenesis

To alter the EW phase transition pattern, new physics must couple to the Higgs field

[hep-ph/9809291]

[hep-lat/9510020]

[arXiv:1206.2942]

[hep-ph/9302210]

Problems in the SM:

First-order electroweak phase transition is precluded in the SM

Not enough CP violation
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SU(2) dark sector and Higgs portal

Dark sector = dark SU(2) gauge sector + dark scalar sector 

Dark scalar sector consists of two scalar multiplets:  �1, �2
<latexit sha1_base64="sELgdsneFQmmCG4FaKKWBlyWmmQ=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCglqYIui25cVrAXaEKYTCft0MkkzEwKJfRN3LhQxK1v4s63cdpmoa0/DHz85xzOmT9MOVPacb6t0sbm1vZOebeyt39weGQfn3RUkklC2yThieyFWFHOBG1rpjntpZLiOOS0G47v5/XuhErFEvGkpyn1YzwULGIEa2MFtu21Rixwa14NLagR2FWn7iyE1sEtoAqFWoH95Q0SksVUaMKxUn3XSbWfY6kZ4XRW8TJFU0zGeEj7BgWOqfLzxeUzdGGcAYoSaZ7QaOH+nshxrNQ0Dk1njPVIrdbm5n+1fqajWz9nIs00FWS5KMo40gmax4AGTFKi+dQAJpKZWxEZYYmJNmFVTAju6pfXodOou1d15/G62rwr4ijDGZzDJbhwA014gBa0gcAEnuEV3qzcerHerY9la8kqZk7hj6zPH3Ojkjw=</latexit>

SM Dark sector
H

†
H

<latexit sha1_base64="zDhfUnQEyGH5o5769RRgzHxKH+M=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRS48V7AeksWw2m3TpZjfsboRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MONMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WuCG0TyaXqhVhTzgRtG2Y47WWK4jTktBuO7mZ+94kqzaR4MOOMBilOBIsZwcZKfvOxH+EkoQo1B9WaW3fnQKvEK0gNCrQG1a9+JEmeUmEIx1r7npuZYIKVYYTTaaWfa5phMsIJ9S0VOKU6mMxPnqIzq0QolsqWMGiu/p6Y4FTrcRrazhSboV72ZuJ/np+b+CaYMJHlhgqyWBTnHBmJZv+jiClKDB9bgoli9lZEhlhhYmxKFRuCt/zyKulc1L3Lunt/VWvcFnGU4QRO4Rw8uIYGNKEFbSAg4Rle4c0xzovz7nwsWktOMXMMf+B8/gCD0JC+</latexit>

'†
D'D

<latexit sha1_base64="XkneCSIMdrIapjczUwMjhBhUyFM=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KokKuizahcsK9gFtDJPJJB06eTAzKZTQhRt/xY0LRdz6Ee78G6dtFtp64MLhnHu59x4v5Uwqy/o2VlbX1jc2S1vl7Z3dvX3z4LAtk0wQ2iIJT0TXw5JyFtOWYorTbioojjxOO97wZup3RlRIlsT3apxSJ8JhzAJGsNKSa1b6IyzSAXvo+zgMqXAbqFDchmtWrZo1A1omdkGqUKDpml99PyFZRGNFOJayZ1upcnIsFCOcTsr9TNIUkyEOaU/TGEdUOvnsiQk60YqPgkToihWaqb8nchxJOY483RlhNZCL3lT8z+tlKrhychanmaIxmS8KMo5UgqaJIJ8JShQfa4KJYPpWRAZYYKJ0bmUdgr348jJpn9Xs85p1d1GtXxdxlKACx3AKNlxCHW6hCS0g8AjP8ApvxpPxYrwbH/PWFaOYOYI/MD5/AKDcmBE=</latexit>
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Lagrangian

Z2 symmetries are imposed: �1 ! ��1, �2 ! ��2
<latexit sha1_base64="gYDlrlwihRvoBQtyd0/1BVflAwk=">AAACIHicbZDLSsNAFIYnXmu9RV26GSyCi1qSKtRl0Y3LCvYCTQiT6aQZOpmEmYlSQh/Fja/ixoUiutOncZpmoW0PDHz8/zmcOb+fMCqVZX0bK6tr6xubpa3y9s7u3r55cNiRcSowaeOYxaLnI0kY5aStqGKklwiCIp+Rrj+6mfrdByIkjfm9GifEjdCQ04BipLTkmQ2nFVLPho6gw1AhIeJHeD7Tqk41h/oSs+6ZFatm5QUXwS6gAopqeeaXM4hxGhGuMENS9m0rUW6GhKKYkUnZSSVJEB6hIelr5Cgi0s3yAyfwVCsDGMRCP65grv6dyFAk5TjydWeEVCjnvam4zOunKrhyM8qTVBGOZ4uClEEVw2lacEAFwYqNNSAsqP4rxCESCCudaVmHYM+fvAides2+qFl3l5XmdRFHCRyDE3AGbNAATXALWqANMHgCL+ANvBvPxqvxYXzOWleMYuYI/Cvj5xdpU6Hh</latexit>

Total Lagrangian can be written as

We set                 to partially break dark SU(2) into dark U(1)v1 = 0
<latexit sha1_base64="r+m0MiQIn0rfFwZeWZ0nDQOcX5A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxgv2ANpTNdtMu3WzC7qRQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0f3Mb425NiJWTzhJuB/RgRKhYBSt1Br3PHJL3F654lbdOcgq8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPi11U8MTykZ0wDuWKhpx42fzc6fkzCp9EsbalkIyV39PZDQyZhIFtjOiODTL3kz8z+ukGN74mVBJilyxxaIwlQRjMvud9IXmDOXEEsq0sLcSNqSaMrQJlWwI3vLLq6R5UfUuq+7jVaV2l8dRhBM4hXPw4Bpq8AB1aACDETzDK7w5ifPivDsfi9aCk88cwx84nz+oT451</latexit>

are eaten by dark gauge bosons to form two massive vector DM

!1, !2, and !3
<latexit sha1_base64="wx9qBCgx1rqYGLhTjaMLr3Pie8g=">AAACEnicbZA9SwNBEIb34leMX1FLm8UgKIRwp4KWQRvLCCYRciHsbSZxyd7esTsnhiO/wca/YmOhiK2Vnf/GTXKFJr6w8PDODLPzBrEUBl3328ktLC4tr+RXC2vrG5tbxe2dhokSzaHOIxnp24AZkEJBHQVKuI01sDCQ0AwGl+N68x60EZG6wWEM7ZD1legJztBaneKRH4XQZx2v7JczPC77CA+YUqa6dJSZJ7RTLLkVdyI6D14GJZKp1il++d2IJyEo5JIZ0/LcGNsp0yi4hFHBTwzEjA9YH1oWFQvBtNPJSSN6YJ0u7UXaPoV04v6eSFlozDAMbGfI8M7M1sbmf7VWgr3zdipUnCAoPl3USyTFiI7zoV2hgaMcWmBcC/tXyu+YZhxtigUbgjd78jw0jiveScW9Pi1VL7I48mSP7JND4pEzUiVXpEbqhJNH8kxeyZvz5Lw4787HtDXnZDO75I+czx95rZy1</latexit>

are three massive scalar DM
'2

<latexit sha1_base64="0c24gj3TW3eshfwiuAtYRi8Abdk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GPRi8cK9kPapWTTbBuaZEOSLZSlv8KLB0W8+nO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bJkk1oQ2S8ES3I2woZ5I2LLOctpWmWESctqLR3cxvjak2LJGPdqJoKPBAspgRbJ301B1jrYasV+2Vyn7FnwOtkiAnZchR75W+uv2EpIJKSzg2phP4yoYZ1pYRTqfFbmqowmSEB7TjqMSCmjCbHzxF507pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRkUXQrD88ippVivBZcV/uCrXbvM4CnAKZ3ABAVxDDe6hDg0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBp9SQTQ==</latexit>

'1 and '3
<latexit sha1_base64="5OsPnMWmRgYdLr42fNui0Mzf/5c=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBIr6LHoxWMF+wFNKJvtpl262YTdSbGE3rz4V7x4UMSrf8Gb/8ZtG0FbHww83pthZl6QCK7Bcb6speWV1bX1wkZxc2t7Z9fe22/oOFWU1WksYtUKiGaCS1YHDoK1EsVIFAjWDAbXE785ZErzWN7BKGF+RHqSh5wSMFLHPvKGRCV93nE9YPeQYSK7ePwjVjp2ySk7U+BF4uakhHLUOvan141pGjEJVBCt266TgJ8RBZwKNi56qWYJoQPSY21DJYmY9rPpH2N8YpQuDmNlSgKeqr8nMhJpPYoC0xkR6Ot5byL+57VTCC/9jMskBSbpbFGYCgwxnoSCu1wxCmJkCKGKm1sx7RNFKJjoiiYEd/7lRdI4K7uVsnN7Xqpe5XEU0CE6RqfIRReoim5QDdURRQ/oCb2gV+vRerberPdZ65KVzxygP7A+vgHrCJlT</latexit>

mixes with SM Higgs serving as a portal to the dark sector

�1 =
1p
2
(!1, !2, v1 + !3), �2 =

1p
2
('1, v2 + '2, '3)

<latexit sha1_base64="6wfYz/EvFlokkbNYnpoVPnz2Ioo="></latexit>
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Higgs signal rate

Higgs-SM interactions

Higgs signal strength

µh1 =
�SM
h1

cos4 ✓

�SM
h1

cos2 ✓ + �DS
h1

⇡ cos2 ✓
<latexit sha1_base64="jcGQpY5IJlIdS84jxlL7C5BjjWk="></latexit>

| sin ✓| < 0.35
<latexit sha1_base64="MOGR62ALH+wyZ7et/6TlhF8xYTQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgKiQ+0IWLohuXFewDmlAm00k7dDIJMzdiafsrblwo4tYfceffOG2z0NYDFw7n3Mu994Sp4Bpc99sqrKyurW8UN0tb2zu7e/Z+uaGTTFFWp4lIVCskmgkuWR04CNZKFSNxKFgzHNxO/eYjU5on8gGGKQti0pM84pSAkTp2eexrLn3oMyDja+w6Zxcdu+I67gx4mXg5qaActY795XcTmsVMAhVE67bnphCMiAJOBZuU/EyzlNAB6bG2oZLETAej2e0TfGyULo4SZUoCnqm/J0Yk1noYh6YzJtDXi95U/M9rZxBdBSMu0wyYpPNFUSYwJHgaBO5yxSiIoSGEKm5uxbRPFKFg4iqZELzFl5dJ49Txzhz3/rxSvcnjKKJDdIROkIcuURXdoRqqI4qe0DN6RW/WxHqx3q2PeWvBymcO0B9Ynz++tZOT</latexit>

Current bound from Higgs couplings measurements

Compared with the SM case, the Higgs couplings are universally suppressed by cos ✓
<latexit sha1_base64="rYNYV5xlMcHD8LIRAq1qpzR2XTI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthabUDbbTbt0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuhNRwKRRvoUDJO6nmNA4lfwhHN1P/4YlrIxJ1j+OUBzEdKBEJRtFKjz5LjI9DjrRXrbl1dwayTLyC1KBAs1f98vsJy2KukElqTNdzUwxyqlEwyScVPzM8pWxEB7xrqaIxN0E+u3hCTqzSJ1GibSkkM/X3RE5jY8ZxaDtjikOz6E3F/7xuhtFVkAuVZsgVmy+KMkkwIdP3SV9ozlCOLaFMC3srYUOqKUMbUsWG4C2+vEzaZ3XvvO7eXdQa10UcZTiCYzgFDy6hAbfQhBYwUPAMr/DmGOfFeXc+5q0lp5g5hD9wPn8AvKWQ8w==</latexit>

[arXiv:1509.00672]
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Higgs phenomenology

• High mass region
W mass corrections

• Medium mass region
Di-boson searches (ggF and VBF)

• Low mass region
LEP and LHC (                         )

[arXiv:1808.02380]

p
s = 7 TeV

<latexit sha1_base64="gE89GH6ZDFvgtCZFQcUWC5ANECk=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuVIiNELSxjJAvSELY20ySJXsf7s6J4TgL/4qNhSK2/gw7/42b5ApNfDDweG+GmXluKIVG2/62MkvLK6tr2fXcxubW9k5+d6+ug0hxqPFABqrpMg1S+FBDgRKaoQLmuRIa7uh64jfuQWkR+FUch9Dx2MAXfcEZGqmbP2jrO4WxTuglLT22ER4wrkI96eYLdtGegi4SJyUFkqLSzX+1ewGPPPCRS6Z1y7FD7MRMoeASklw70hAyPmIDaBnqMw90J54+kNBjo/RoP1CmfKRT9fdEzDytx55rOj2GQz3vTcT/vFaE/YtOLPwwQvD5bFE/khQDOkmD9oQCjnJsCONKmFspHzLFOJrMciYEZ/7lRVI/LTpnRfv2vFC+SuPIkkNyRE6IQ0qkTG5IhdQIJwl5Jq/kzXqyXqx362PWmrHSmX3yB9bnD74Vln4=</latexit>

[arXiv:1502.01361]

[arXiv:1406.1043]
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Benchmark points

Criteria: 

(1) Vacuum stability, partial wave unitarity, 
and electroweak precision measurements.

(2) Higgs, DM and DR phenomenology 
bounds. 

(3) Strong first-order phase transition and 
produce strong GW signal.

mW̃+ ⌧ m!+ . m!2
<latexit sha1_base64="02qWKrYcemCnPOMQ7YJCU/iombg=">AAACHnicbZDLSgMxFIYzXmu9VV26CRZBEMpMVXRZdOOygr1Apw6ZzJk2NJkZkoxQhnkSN76KGxeKCK70bUwvoLb+EPjznXNIzu8nnClt21/WwuLS8spqYa24vrG5tV3a2W2qOJUUGjTmsWz7RAFnETQ00xzaiQQifA4tf3A1qrfuQSoWR7d6mEBXkF7EQkaJNsgrnQkvczXjAWSt/O44dznHIxQL6BFzxy4HpRQTP9Sr5l6pbFfssfC8caamjKaqe6UPN4hpKiDSlBOlOo6d6G5GpGaUQ150UwUJoQPSg46xERGgutl4vRwfGhLgMJbmRBqP6e+JjAilhsI3nYLovpqtjeB/tU6qw4tuxqIk1RDRyUNhyrGO8SgrHDAJVPOhMYRKZv6KaZ9IQrVJtGhCcGZXnjfNasU5qdg3p+Xa5TSOAtpHB+gIOegc1dA1qqMGougBPaEX9Go9Ws/Wm/U+aV2wpjN76I+sz287hKMl</latexit>

DM Masses ordering
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Dark matter annihilation
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Phenomenology constraints
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Procedure of gravitational wave calculations

Particle physics model

Finite T effective potential

Portal Parameters

GW

Tn, �/Hn, ↵, vw
<latexit sha1_base64="oTi1USwO4cpw0u+eYoUl9q6YAik=">AAACB3icbZDLSsNAFIYn9VbrLepSkGARXJSaqKDLopsuK/QGTQgn02k7dDIJM5NKCd258VXcuFDEra/gzrdx2mahrT8MfPznHM6cP4gZlcq2v43cyura+kZ+s7C1vbO7Z+4fNGWUCEwaOGKRaAcgCaOcNBRVjLRjQSAMGGkFw7tpvTUiQtKI19U4Jl4IfU57FIPSlm8e131ecktuQBScV+cMLB6AhpH/4JtFu2zPZC2Dk0ERZar55pfbjXASEq4wAyk7jh0rLwWhKGZkUnATSWLAQ+iTjkYOIZFeOrtjYp1qp2v1IqEfV9bM/T2RQijlOAx0ZwhqIBdrU/O/WidRvRsvpTxOFOF4vqiXMEtF1jQUq0sFwYqNNQAWVP/VwgMQgJWOrqBDcBZPXobmRdm5LNv3V8XKbRZHHh2hE3SGHHSNKqiKaqiBMHpEz+gVvRlPxovxbnzMW3NGNnOI/sj4/AHQApgA</latexit>

Theoretical calculations + numerical simulations

Solve bounce solutions

Ve↵(T )
<latexit sha1_base64="58AqAK24zc8EhaW8hUWW73b7AW4=">AAAB+nicbVBNS8NAEN34WetXqkcvwSLUS0lU0GPRi8cK/YI2lM120i7dfLA7UUvMT/HiQRGv/hJv/hu3bQ7a+mDg8d4MM/O8WHCFtv1trKyurW9sFraK2zu7e/tm6aClokQyaLJIRLLjUQWCh9BEjgI6sQQaeALa3vhm6rfvQSoehQ2cxOAGdBhynzOKWuqbpVY/7SE8Ygq+n2WVxmnfLNtVewZrmTg5KZMc9b751RtELAkgRCaoUl3HjtFNqUTOBGTFXqIgpmxMh9DVNKQBKDednZ5ZJ1oZWH4kdYVozdTfEykNlJoEnu4MKI7UojcV//O6CfpXbsrDOEEI2XyRnwgLI2uagzXgEhiKiSaUSa5vtdiISspQp1XUITiLLy+T1lnVOa/adxfl2nUeR4EckWNSIQ65JDVyS+qkSRh5IM/klbwZT8aL8W58zFtXjHzmkPyB8fkDNUeT8w==</latexit>
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Phase transition pattern
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Phase transition pattern
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Benchmark points

We use CosmoTransitions to 
solve the bounce solutions 

[arXiv: 1109.4189]

A smaller             

and larger
        
will result in stronger GWs

↵
<latexit sha1_base64="vJ0DjKp/7H4i62d8sCAN4zbogsQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhN7JbDJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8nfrNJ6YNV/LBjlIWJtiXPOYUrZMaHRTpALulsl/xZyDLJMhJGXLUuqWvTk/RLGHSUoHGtAM/teEYteVUsEmxkxmWIh1in7UdlZgwE45n107IqVN6JFbalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlMM8sknS+KM0GsItPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwUfHvL8vVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbp7wX7937mLeuePnMEfyB9/kDjCuPGg==</latexit>

�/H⇤
<latexit sha1_base64="RQYxVOt3cIFkZCV4qfla9m8oza8=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgHuKuCnoMeskxgnlIsoTZySQZMrO7zPQKYclXePGgiFc/x5t/4yTZgyYWNBRV3XR3BbEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSrYAaLkXI6yhQ8lasOVWB5M1gdDf1m09cGxGFDziOua/oIBR9wSha6bETcKTn1e5Zt1hyy+4MZJl4GSlBhlq3+NXpRSxRPEQmqTFtz43RT6lGwSSfFDqJ4TFlIzrgbUtDqrjx09nBE3JilR7pR9pWiGSm/p5IqTJmrALbqSgOzaI3Ff/z2gn2b/xUhHGCPGTzRf1EEozI9HvSE5ozlGNLKNPC3krYkGrK0GZUsCF4iy8vk8ZF2bssu/dXpcptFkcejuAYTsGDa6hAFWpQBwYKnuEV3hztvDjvzse8NedkM4fwB87nD+W2j84=</latexit>
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GW spectrum

Sound wave

Magnetohydrodynamic turbulence 

GW sources:

[arXiv: 2007.08537]
[arXiv: 1512.06239]

[arXiv: 1512.06239]
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GW spectrum
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<latexit sha1_base64="C2DA0F2fGhb7CVmQ6Rg0DL5Xiio=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBA8hLCrgl4EjRcFQUUTA9klzM72miGzD2Z6xbDkV7z4K148KJKb+DNuYpCYWKeiqpvuKjeWQqNpfhpT0zOzc/O5hfzi0vLKamFtvaajRHGo8khGqu4yDVKEUEWBEuqxAha4Eu7c9mnfv3sApUUU3mInBidg96HwBWeYSc3Coe2BREaPqEVthEdMqR8penF+c9It2aVfd3fUrVQuu81C0SybA9BJYg1JkQxx1Sz0bC/iSQAhcsm0blhmjE7KFAouoZu3Ew0x4212D42MhiwA7aSDhF26nSne4LYfhUgH6uhGygKtO4GbTQYMW3rc64v/eY0E/UMnFWGcIIT855CfSIoR7ddFPaGAo+xkhHElsl8pbzHFOGal5rMSrPHIk6S2W7b2yub1fvG4MqwjRzbJFtkhFjkgx+SMXJEq4eSJvJA38m48G6/Gh9H7GZ0yhjsb5A+Mr29vnqE2</latexit>

<latexit sha1_base64="H4nEJKnGdnyXNkqXKJo2IMd6gyU=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpvjZC0Y3LCn1BG8pkOmmHTiZhZiLU0C9x40IRt36KO//GSZuFth4YOJxzL/fM8WPOlHacb6uwtr6xuVXcLu3s7u2X7YPDtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yV3mdx6pVCwSTT2NqRfikWABI1gbaWCX+yHWY4J52pyhG3QxsCtO1ZkDrRI3JxXI0RjYX/1hRJKQCk04VqrnOrH2Uiw1I5zOSv1E0RiTCR7RnqECh1R56Tz4DJ0aZYiCSJonNJqrvzdSHCo1DX0zmcVUy14m/uf1Eh1ceykTcaKpIItDQcKRjlDWAhoySYnmU0MwkcxkRWSMJSbadFUyJbjLX14l7VrVvazWHs4r9du8jiIcwwmcgQtXUId7aEALCCTwDK/wZj1ZL9a79bEYLVj5zhH8gfX5A7wAknw=</latexit>

T = 5Duration                  (yr)

Independent channel
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The two stable massive gauge bosons associated with the broken dark gauge group and the 

pseudo-Goldstone boson can serve as cold DM candidates. 

We have found both the two-step and three-step phase transitions with the cooling of the 

universe. Due to the rich vacuum pattern, the scalar sectors can introduce a strong FOPT, for 

the benchmark points BM1 with a successful EW FOPT, and BM2 with a FOPT in the dark 

sector. 

We found that the two-step EWPT in our BM1 can produce strong GW signals and can be 

detectable using the future space-based interferometers LISA and BBO, while the GW signal 

for BM2 may be difficult to observe at LISA due to the rather low signal-to-noise ratio.  

 

Thanks!

Conclusions
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Back-up slides
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Phenomenological constraints 

Vacuum stability:

Partial wave unitarity:
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Dark matter relic density

DM relic density can be estimated by

The s-wave annihilation cross section at leading order 

[arXiv: 0810.5126]

[Nucl. Phys. B 310 (1988) 693]



�35

Dark matter direct detection
The effective interactions of DM with light quarks and gluons

f�
q

<latexit sha1_base64="bqQRtkigkVe3cSgks8o6E/19LiE=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjBfkAby2Y7aZduNunuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNJ1Sax/LBjBP0I9qXPOSMGiu1wu7oscMGvFsquxV3BrJMvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJnBQ7qcaEsiHtY9tSSSPUfja7d0JOrdIjYaxsSUNm6u+JjEZaj6PAdkbUDPSiNxX/89qpCa/9jMskNSjZfFGYCmJiMn2e9LhCZsTYEsoUt7cSNqCKMmMjKtoQvMWXl0njvOJdVNz7y3L1Jo+jAMdwAmfgwRVU4Q5qUAcGAp7hFd6ckfPivDsf89YVJ585gj9wPn8AAUaP8A==</latexit>

is the effective couplings between DM and light quarks

The coupling between DM and gluon comes from the effective coupling after 

integrating-out of heavy quarks

�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

q
<latexit sha1_base64="nxGPQlJsIVZ7SxHmKwMseyKkWCM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3EeM9w==</latexit>

q
<latexit sha1_base64="nxGPQlJsIVZ7SxHmKwMseyKkWCM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3EeM9w==</latexit>
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The effective interactions of DM and nucleon

To obtain the DM-nucleon scattering cross section, we have to 

evaluate the DM-quark operator in the nucleon matrix elements.

The mass-fraction parameters

The spin-independent cross section of DM with nucleon can be calculated with

�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

N
<latexit sha1_base64="wSc44W5ATsYVfLIWUQNEcgEHJZ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVTc+mW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/pzuM1A==</latexit>

N
<latexit sha1_base64="wSc44W5ATsYVfLIWUQNEcgEHJZ4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVTc+mW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/pzuM1A==</latexit>

[arXiv: 1305.0237]

Dark matter direct detection
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Effective potential at finite temperature 
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<latexit sha1_base64="oZMWS19wTrMYqR8IPCEg0gwYlv0="></latexit>

The dynamics of the phase transition is determined by the effective potential at the 

finite temperature. At high temperature approximation: 



�41

The bag model

In the bag model, pressure (p), energy density (e) and enthalpy 
(ω) in the symmetric and broken phase are

 =
⇢fl
✏

<latexit sha1_base64="f+i2rLHZRgsgOIaQzjNICreOeaQ=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYF3QhFNy4r2Ad0SrmTZtrQTBKSjFCG+QA3/oobF4q49QPc+Temj4W2HggczjmXm3sixZmxvv/tLS2vrK6tFzaKm1vbO7ulvf2GkakmtE4kl7oVgaGcCVq3zHLaUppCEnHajIY3Y7/5QLVhUtzbkaKdBPqCxYyAdVK3VA6HoBTgKxzGGkgW6oHsZjHP8yykyjAuRe5SfsWfAC+SYEbKaIZat/QV9iRJEyos4WBMO/CV7WSgLSOc5sUwNVQBGUKfth0VkFDTySbH5PjYKT0cS+2esHii/p7IIDFmlEQumYAdmHlvLP7ntVMbX3YyJlRqqSDTRXHKsZV43AzuMU2J5SNHgGjm/orJAFwp1vVXdCUE8ycvksZpJTir+Hfn5er1rI4COkRH6AQF6AJV0S2qoToi6BE9o1f05j15L9679zGNLnmzmQP0B97nD5qIm/0=</latexit>
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<latexit sha1_base64="+ojKMsRfMKF8TItVhoHqWjenX/8="></latexit>
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<latexit sha1_base64="opdU/jWtBAoDO+BdgW8zoV2/35Q="></latexit>

The kinetic energy fraction

The efficiency factor     indicates how much of the latent heat can go to the fluid 
kinetic energy


<latexit sha1_base64="18r8yYB2Nzt/s+9vHzWlMOtVkv4=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jGCeUCyhN7JbDJmdnaYmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFSnBjff/bW1ldW9/YLGwVt3d29/ZLB4cNk2aasjpNRapbERomuGR1y61gLaUZJpFgzWh4O/WbT0wbnsoHO1IsTLAvecwpWic1OkNUCrulsl/xZyDLJMhJGXLUuqWvTi+lWcKkpQKNaQe+suEYteVUsEmxkxmmkA6xz9qOSkyYCcezayfk1Ck9EqfalbRkpv6eGGNizCiJXGeCdmAWvan4n9fObHwdjrlUmWWSzhfFmSA2JdPXSY9rRq0YOYJUc3croQPUSK0LqOhCCBZfXiaN80pwUfHvL8vVmzyOAhzDCZxBAFdQhTuoQR0oPMIzvMKbl3ov3rv3MW9d8fKZI/gD7/MHltaPIQ==</latexit>
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<latexit sha1_base64="Eup4CZmLGc9IJzEQId0KdLkEcBM="></latexit>

bubble wall

symmetric phase broken phase 

Vs = Vb + ✏
<latexit sha1_base64="1F7cNHmtrsL9v81REJoT44K5Tes=">AAAB/XicbVBNS8NAEN34WetX/bh5WSyCIJREBb0IRS8eK9i00Iaw2U7apZtN2N0INRT/ihcPinj1f3jz37hpc9DWBwOP92aYmRcknClt29/WwuLS8spqaa28vrG5tV3Z2XVVnEoKTRrzWLYDooAzAU3NNId2IoFEAYdWMLzJ/dYDSMVica9HCXgR6QsWMkq0kfzKvusrfIVdP8AnuAuJYjyXq3bNngDPE6cgVVSg4Ve+ur2YphEITTlRquPYifYyIjWjHMblbqogIXRI+tAxVJAIlJdNrh/jI6P0cBhLU0Ljifp7IiORUqMoMJ0R0QM16+Xif14n1eGllzGRpBoEnS4KU451jPMocI9JoJqPDCFUMnMrpgMiCdUmsLIJwZl9eZ64pzXnrGbfnVfr10UcJXSADtExctAFqqNb1EBNRNEjekav6M16sl6sd+tj2rpgFTN76A+szx91/ZPy</latexit>

Vb
<latexit sha1_base64="9Ana1h/AsF7ehSr4TPPHwztfKNs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh1Y/6JcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+y6t7XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAi0o2x</latexit>

vw
<latexit sha1_base64="08Bmq2MPsFGaOgP7yrtXeQ6PI5w=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68VjRfkAbyma7aZduNmF3UimhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg4bJk4143UWy1i3Amq4FIrXUaDkrURzGgWSN4Ph7dRvjrg2IlaPOE64H9G+EqFgFK30MOo+dUtlt+LOQJaJl5My5Kh1S1+dXszSiCtkkhrT9twE/YxqFEzySbGTGp5QNqR93rZU0YgbP5udOiGnVumRMNa2FJKZ+nsio5Ex4yiwnRHFgVn0puJ/XjvF8NrPhEpS5IrNF4WpJBiT6d+kJzRnKMeWUKaFvZWwAdWUoU2naEPwFl9eJo3zindRce8vy9WbPI4CHMMJnIEHV1CFO6hBHRj04Rle4c2Rzovz7nzMW1ecfOYI/sD5/AFzZo3m</latexit>

      is the latent heat, which is the difference of the potential in two phases. 
The strength of the phase transition can be parametrized by the ratio of the 
latent heat to the total radiation density

✏
<latexit sha1_base64="+mOb6mxgnpOnQS8/dG//ntotF2U=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DJoYxnBxEByhL3NXLJkb/fc3RNCyJ+wsVDE1r9j579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7tX3j9oGpVphg2mhNKtiBoUXGLDciuwlWqkSSTwIRreTP2HJ9SGK3lvRymGCe1LHnNGrZNaHUwNF0p2yxW/6s9AlkmQkwrkqHfLX52eYlmC0jJBjWkHfmrDMd WWM4GTUiczmFI2pH1sOyppgiYcz+6dkBOn9EistCtpyUz9PTGmiTGjJHKdCbUDs+hNxf+8dmbjq3DMZZpZlGy+KM4EsYpMnyc9rpFZMXKEMs3drYQNqKbMuohKLoRg8eVl0jyrBudV/+6iUrvO4yjCERzDKQRwCTW4hTo0gIGAZ3iFN+/Re/HevY95a8HLZw7hD7zPH017kCI=</latexit>
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Source lifetime

[arXiv: 2007.08537]

mean bubble separation

root mean squared velocity 

<latexit sha1_base64="/UkFy5J1FRusmC2mynXaf7cgQGw="></latexit>
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<latexit sha1_base64="+Qh32mWs/Ov7ER53zjAc+DqWJoA=">AAACBXicbVC7TsNAEDzzDOFloITiRIREldghAsoIGsogkYcUR9b5sk5OOfusuzMostLQ8Cs0FCBEyz/Q8TdcHgUkjLTSaGZXuztBwpnSjvNtLS2vrK6t5zbym1vbO7v23n5DiVRSqFPBhWwFRAFnMdQ10xxaiQQSBRyaweB67DfvQSom4js9TKATkV7MQkaJNpJvH3kigh7xVQl8hT3Jen1NpBQPuFI68+2CU3QmwIvEnZECmqHm219eV9A0glhTTpRqu06iOxmRmlEOo7yXKkgIHZAetA2NSQSqk02+GOETo3RxKKSpWOOJ+nsiI5FSwygwnRHRfTXvjcX/vHaqw8tOxuIk1RDT6aIw5VgLPI4Ed5kEqvnQEEIlM7di2ieSUG2Cy5sQ3PmXF0mjXHTPi+XbSqF6NYsjhw7RMTpFLrpAVXSDaqiOKHpEz+gVvVlP1ov1bn1MW5es2cwB+gPr8wdvy5fi</latexit>

!s/es ! 4/3For an ultra-relativistic fluid


