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❖ We are in the precision regime 
for EW physics 

❖ New physics has not been very 
obvious

❖ We may instead see indirect 
signals of decoupled new 
physics 

❖ EFT’s are increasingly useful to 
classify these signals
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SMEFT HEFT

❖ Invariant under the gauge group ❖ Invariant under the gauge group
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❖ Linearly realized EW symmetry ❖ Nonlinearly realized EW symmetry

Weinberg (1979)
Feruglio (1993)
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SMEFT HEFT
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❖ VV(H^2) contains higher 
dimensional operators

❖ V(h) contains higher dimensional operators
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❖ The HEFT is the more general EFT:

Cohen, Craig, Lu, Sutherland (2020)

Banta, Cohen, Craig, Lu, Sutherland (2021)
Cohen, Craig, Lu, Sutherland (2021)

❖ Quotient theory examples

❖ This talk focuses on the signals of 
quotient theories: HEFT/SMEFT

❖ Integrate out a state that gets 
all its mass from EWSB

❖ Integrate out BSM sources of 
EWSB
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Alonso, West (2021)

❖ In the HEFT, HH and XxX span a 4-dimensional manifold

❖ If the OO(4) invariant point is present in the manifold, the theory can be 
parameterized in the SMEFT

Alonso, Jenkins, Manohar (2015)
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SMEFT: HEFT:
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❖ Cosmology offers a global point of view 

❖ Scattering experiments can only probe to higher 
terms in the Taylor expansion around the vacuum, 
inherently local

❖ If the manifold gets very close the OI(4) point, quotient 
theories become difficult to identify at colliders

❖ The HEFT manifold can allow HI in (infinity to), doubling the range & revealing new minima

vs. 
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❖ The evolution of minima in the SMEFT

❖ SM-like, crossover 
transition

❖ First order phase 
transition, bubble 
nucleation
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❖ The evolution of minima in the HEFT

❖ Domain walls

❖ Possible crossover 
phase transition, 
possible bubble 
nucleation
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❖ The tree level Lagrangian for this quotient theory

❖ Around the h = 0 0minimum, matter interactions reproduce the SM
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� = h+ v⇤ = h+
vh
�a

<latexit sha1_base64="+wltP4F+Ys2GZRu+eR/Di3qMWxg=">AAAB+HicbZC7SgNBFIbPxluMl6xaKjIYBBvDrohaBm0sEzAXyC5hdjKbDJm9MDMrxCWlT2FjoYitVZ7DzmfwJZxNUmjiDwMf/zmHOef3Ys6ksqwvI7e0vLK6ll8vbGxubRfNnd2GjBJBaJ1EPBItD0vKWUjriilOW7GgOPA4bXqDm6zevKdCsii8U8OYugHuhcxnBCttdcyiE/cZclSETlGGHbNkla2J0CLYMyhVDsa178fDcbVjfjrdiCQBDRXhWMq2bcXKTbFQjHA6KjiJpDEmA9yjbY0hDqh008niI3SsnS7yI6FfqNDE/T2R4kDKYeDpzgCrvpyvZeZ/tXai/Cs3ZWGcKBqS6Ud+wpG+M0sBdZmgRPGhBkwE07si0scCE6WzKugQ7PmTF6FxVrYvyuc1ncY1TJWHfTiCE7DhEipwC1WoA4EEnuAFXo0H49l4M96nrTljNrMHf2R8/ABelJX3</latexit>

� ! ��

❖ There is an approximate mirror symmetry, more obvious using

<latexit sha1_base64="cvnMNPdoU20v7cBOn3AqFdg2e8g=">AAACF3icbVDLSgMxFM3UV62vqks3wSJUhGGmFHUjFAVxWcE+tB2HTJppQzOZMckUyjB/4cZfceNCEbe6829MHwttPXC5h3PuJbnHixiVyrK+jczC4tLySnY1t7a+sbmV396pyzAWmNRwyELR9JAkjHJSU1Qx0owEQYHHSMPrX4z8xoAISUN+o4YRcQLU5dSnGCktuXkzcO+KvUN4Btu+QDiBA5iW4OVIassHoRLYvS/BI9h1b3VP3XzBMq0x4Dyxp6QApqi6+a92J8RxQLjCDEnZsq1IOQkSimJG0lw7liRCuI+6pKUpRwGRTjK+K4UHWulAPxS6uIJj9fdGggIph4GnJwOkenLWG4n/ea1Y+adOQnkUK8Lx5CE/ZlCFcBQS7FBBsGJDTRAWVP8V4h7S+SgdZU6HYM+ePE/qJdM+NsvX5ULlfBpHFuyBfVAENjgBFXAFqqAGMHgEz+AVvBlPxovxbnxMRjPGdGcX/IHx+QN4dZxi</latexit>

mZ(h) =
v

2
F (h)

q
g2 + g2Y

<latexit sha1_base64="syAN1zxgDm7P2yjR8fq08LEujPs=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQN2WmFHUjFAVxWcE+oB2GTJppQ5PMkGQKZejCjb/ixoUibv0Id/6NaTsLbT1w4XDOvdx7TxAzqrTjfFu5tfWNza38dmFnd2//wD48aqkokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjG5mfntMpKKReNCTmHgcDQQNKUbaSL5d5H67PDyDV7AXSoRTOIBjOK3CWyP6dsmpOHPAVeJmpAQyNHz7q9ePcMKJ0JghpbquE2svRVJTzMi00EsUiREeoQHpGioQJ8pL509M4alR+jCMpCmh4Vz9PZEirtSEB6aTIz1Uy95M/M/rJjq89FIq4kQTgReLwoRBHcFZIrBPJcGaTQxBWFJzK8RDZMLQJreCCcFdfnmVtKoV97xSu6+V6tdZHHlQBCegDFxwAergDjRAE2DwCJ7BK3iznqwX6936WLTmrGzmGPyB9fkDuuaVmQ==</latexit>

mW (h) =
gv

2
F (h)

where

<latexit sha1_base64="M/gik2QLuiNcFTCCGpvJqfXola8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9DC8dnvlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/NTp2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmU7IheIsvL5PmWdW7qJ7fn1dqN3kcRTiCYzgFDy6hBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBwQGNdg==</latexit>

h = 0
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HEFT at Tree Level
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<latexit sha1_base64="gof4fQt3IlsqcoA8SGFwn9RoAH8="></latexit>

V (h) =
m2

h

2
h2 +

mh

p
�

2
�4(1� ✏)h3 +

�

8
�2
4h

4❖ The tree level potential:

➡Eps sets the tilt of the minima ➡G4 sets the distance between minima<latexit sha1_base64="1gmJNmgEnXOgkuoex+247Wfi6YA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpbhJ3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkesabgRrJMohjIQrB2Mb2d++4kpzePowUwS5kscRjzkFI2VOr0hSon9Wr9ccavuHGSVeDmpQI5Gv/zVG8Q0lSwyVKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEUqm/Wx+75ScWWVAwljZigyZq78nMpRaT2RgOyWakV72ZuJ/Xjc14bWf8ShJDYvoYlGYCmJiMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx+3r4/F</latexit>�4
<latexit sha1_base64="pxCsljL5+1ZnkmpQIdJjuiELoIU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBPv5Ap</latexit>✏
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Useful to classify cosmological history
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The Finite T Effective Potential of the HEFT
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<latexit sha1_base64="zmRZGtVrnY1toEuSenJ6aLO+sBM="></latexit>

�V (h)CW =
1

64⇡2

X

i

⇢
m4

i (h)

✓
log

m2
i (h)

m2
i (0)

� 3

2

◆
+ 2m2

i (h)m
2
i (0)

�

❖ The 1-loop corrections to the potential are given by: 

<latexit sha1_base64="QPORAc4ea8XFIQVYnxC0C6dowIo=">AAACGHicbVDLSgMxFM3UV62vUZdugkVoQepMKepGKArisoJ9YGdaMmlqQ5OZIckIZZjPcOOvuHGhiNvu/BvTdha19UDgcM653NzjhYxKZVk/RmZldW19I7uZ29re2d0z9w8aMogEJnUcsEC0PCQJoz6pK6oYaYWCIO4x0vSGNxO/+UyEpIH/oEYhcTl68mmfYqS01DXPeKfcjZ24eQofnSSBhUERXkHI57ROGRasIrzVls6aeatkTQGXiZ2SPEhR65pjpxfgiBNfYYakbNtWqNwYCUUxI0nOiSQJER6iJ9LW1EecSDeeHpbAE630YD8Q+vkKTtX5iRhxKUfc00mO1EAuehPxP68dqf6lG1M/jBTx8WxRP2JQBXDSEuxRQbBiI00QFlT/FeIBEggr3WVOl2AvnrxMGuWSfV6q3Ffy1eu0jiw4AsegAGxwAargDtRAHWDwAt7AB/g0Xo1348v4nkUzRjpzCP7AGP8CjracUg==</latexit>

m2
{W,Z}(h) = m2

{W,Z}(0)F (h)2
<latexit sha1_base64="uqxC9z4igarR0Yg1gEGFnMePS/I="></latexit>

m2
{W,Z}L

(h) = (logF )0V 0 +m2
{W,Z}(h)

<latexit sha1_base64="0vBSxN3vXjEBQ1fpxqs7u+I1rxY=">AAAB+nicbZDLSgMxFIYzXmu9TXXpJlikdVNmSlE3QtGNywr2Au04ZNJMG5pkhiSjlLGP4saFIm59Ene+jWk7C239IfDxn3M4J38QM6q043xbK6tr6xubua389s7u3r5dOGipKJGYNHHEItkJkCKMCtLUVDPSiSVBPGCkHYyup/X2A5GKRuJOj2PicTQQNKQYaWP5doH7w/tqeXgKL2GrVDLg20Wn4swEl8HNoAgyNXz7q9ePcMKJ0JghpbquE2svRVJTzMgk30sUiREeoQHpGhSIE+Wls9Mn8MQ4fRhG0jyh4cz9PZEirtSYB6aTIz1Ui7Wp+V+tm+jwwkupiBNNBJ4vChMGdQSnOcA+lQRrNjaAsKTmVoiHSCKsTVp5E4K7+OVlaFUr7lmldlsr1q+yOHLgCByDMnDBOaiDG9AATYDBI3gGr+DNerJerHfrY966YmUzh+CPrM8ftheRtQ==</latexit>

m2
h(h) = V 00(h)

<latexit sha1_base64="tr7Z0qx1gopvInlm63sa3j83XYc=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFaDdlphR1IxQFcVnBXqCdDpk0bUOTzJBkhDIU3Pgqblwo4taXcOfbmLaz0NYfAl/+cw7J+YOIUaUd59vKrKyurW9kN3Nb2zu7e/b+QUOFscSkjkMWylaAFGFUkLqmmpFWJAniASPNYHQ9rTcfiFQ0FPd6HBGPo4GgfYqRNpZvH3Ffd8uFYRFewjk6RXhj7t2yb+edkjMTXAY3hTxIVfPtr04vxDEnQmOGlGq7TqS9BElNMSOTXCdWJEJ4hAakbVAgTpSXzHaYwFPj9GA/lOYIDWfu74kEcaXGPDCdHOmhWqxNzf9q7Vj3L7yEiijWROD5Q/2YQR3CaSCwRyXBmo0NICyp+SvEQyQR1ia2nAnBXVx5GRrlkntWqtxV8tWrNI4sOAYnoABccA6q4BbUQB1g8AiewSt4s56sF+vd+pi3Zqx05hD8kfX5A017lL4=</latexit>

m2
t (h) = m2

t (0)F (h)2

where field-dependent masses are: Alonso, Jenkins, Manohar (2015)

Alonso, Kanshin, Saa (2017)

❖ In the early universe, the thermal bath alters the Higgs potential

<latexit sha1_base64="Dmj5yZ+Z+LeoiMfjsK7kTR4z3E4="></latexit>

�Vth(h, T ) =
T 4

2⇡2

X
niJB/F

✓
m2

i (h)

T 2

◆ <latexit sha1_base64="vB/X90W1FsEoJzccHa2/fAKUZNs="></latexit>

JB/F

✓
m2

i

T 2

◆
=

Z 1

0
y2dy log

⇣
1⌥ e�

p
m2

i /T
2+y2

⌘

Quiros (1999)



Rachel Houtz June, 2023

Finite T Potential

13

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-0.1

0.0

0.1

0.2

0.3

❖ Parameters that affect the finite T potential
<latexit sha1_base64="KXM1sgUWmFkyFGWqmNNF6W0yH8A="></latexit>

� =
h⇤ � h+

vh
=

1

�4

3(1� ✏)�
p

1 + 9(✏2 � 2✏)

2
+

1

�a

➡DD sets the tilt of high-T potential ➡G4 affects Higgs-matter interactions
<latexit sha1_base64="M5itHDYOSPegjKKFv19CdKt76Xk=">AAAB7HicbVBNS8NAEN34WetX1aMiwSJ4KomIeix68diCaQttKJvtpF262YTdiVBCj569eFDEq7+hv8Obv8E/4fbjoK0PBh7vzTAzL0gE1+g4X9bS8srq2npuI7+5tb2zW9jbr+k4VQw8FotYNQKqQXAJHnIU0EgU0CgQUA/6t2O//gBK81je4yABP6JdyUPOKBrJawWAtF0oOiVnAnuRuDNSLB+Nqt+Px6NKu/DZ6sQsjUAiE1Trpusk6GdUIWcChvlWqiGhrE+70DRU0gi0n02OHdqnRunYYaxMSbQn6u+JjEZaD6LAdEYUe3reG4v/ec0Uw2s/4zJJESSbLgpTYWNsjz+3O1wBQzEwhDLFza0261FFGZp88iYEd/7lRVI7L7mXpYuqSeOGTJEjh+SEnBGXXJEyuSMV4hFGOHkiL+TVktaz9Wa9T1uXrNnMAfkD6+MHs8OSVA==</latexit>

�
<latexit sha1_base64="/hBleKqi3hN4VAMKmFyYTnoGd0k=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEXUjFt24rGAv0A4lk8m0sZlkSM4IpfQd3LhQxI0LH8W9G/FtTC8Lbf0h8PH/55BzTpgKbsDzvp3cwuLS8kp+1V1b39jcKmzv1IzKNGVVqoTSjZAYJrhkVeAgWCPVjCShYPWwdzXK6/dMG67kLfRTFiSkI3nMKQFr1VoRE0DahaJX8sbC8+BPoXjx4Z6nb19upV34bEWKZgmTQAUxpul7KQQDooFTwYZuKzMsJbRHOqxpUZKEmWAwnnaID6wT4Vhp+yTgsfu7Y0ASY/pJaCsTAl0zm43M/7JmBvFZMOAyzYBJOvkozgQGhUer44hrRkH0LRCquZ0V0y7RhII9kGuP4M+uPA+1o5J/Ujq+8YrlSzRRHu2hfXSIfHSKyugaVVAVUXSHHtATenaU8+i8OK+T0pwz7dlFf+S8/wD0AZJi</latexit>

�

Useful to classify cosmological history

<latexit sha1_base64="MlxKpfNC+ht5pgCMcK71+gLR250="></latexit>

F (h) =

s

sin2� + cos2�

✓
1 +

h

v⇤

◆2
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Regime of Validity
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<latexit sha1_base64="O7PQCtPSIdkplSu/AH1I38ZK/LM="></latexit>

✏IR =
g2T

⇡mew(�)

❖ Finite T field theory suffers from an IR problem due to high bosonic mode 
occupation at high temperatures

<latexit sha1_base64="ZY4C7kqqKyW1QHS+Gi/xLbJCIys="></latexit>

g2 ! g2nB(E, T ) =
g2

eE/T � 1
⇡ g2T

E
⇠ g2T

m
➡Grows with T 

❖ Lose perturbativity in the effective loop expansion parameter 

➡One can employ resummation, etc, to 
ameliorate but not fully solve this issue 

❖ We define an IR band, within which we do not claim to track the critical point evolution

Arnold, Espinosa (1992)

Linde (1980)

Croon, Gould, Schicho, 
Tenkanen, White (2020)

<latexit sha1_base64="xsdMeW7xMX22pXlFBABzDzUxdwM="></latexit>✓
�

T

◆2

>
1

�2
a

"✓
2g

C⇡ cos�

◆2

� tan2�
v2h
T 2

#
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❖ The gray region is the IR band. If the critical points emerge in that region, we cannot 
say whether there was a FOPT or a crossover

❖ The pink region is where the high-T expansion for the J functions is no longer valid
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Cosmological Histories, eps>0
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<latexit sha1_base64="aQPXlguRaxFQcwQDbnE7LjRoTLU=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgFe5E1MIiaGMZwXxgcoS9vblkyd7esTsnhJB/YWOhiK3/xs5/4ya5QhMfDDzem2FmXpBKYdB1v53Cyura+kZxs7S1vbO7V94/aJok0xwaPJGJbgfMgBQKGihQQjvVwOJAQisY3k791hNoIxL1gKMU/Jj1lYgEZ2ilx24IEhm9pm6vXHGr7gx0mXg5qZAc9V75qxsmPItBIZfMmI7npuiPmUbBJUxK3cxAyviQ9aFjqWIxGH88u3hCT6wS0ijRthTSmfp7YsxiY0ZxYDtjhgOz6E3F/7xOhtGVPxYqzRAUny+KMkkxodP3aSg0cJQjSxjXwt5K+YBpxtGGVLIheIsvL5PmWdW7qJ7fn1dqN3kcRXJEjskp8cglqZE7UicNwokiz+SVvDnGeXHenY95a8HJZw7JHzifPzecj/k=</latexit>

� < 0

Crossover PT HEFT first order PT

:

Bubble Nucleation 
possible 

<latexit sha1_base64="xvWXywbyMBXVN+OwW1XewSQwk84=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1JMUvXisYD+wDWWzmbRLN5uwOxFK6b/w4kERr/4bb/4bt20O2vpg4PHeDDPzglQKg6777RRWVtfWN4qbpa3tnd298v5B0ySZ5tDgiUx0O2AGpFDQQIES2qkGFgcSWsHwduq3nkAbkagHHKXgx6yvRCQ4Qys9dkOQyOg1dXvlilt1Z6DLxMtJheSo98pf3TDhWQwKuWTGdDw3RX/MNAouYVLqZgZSxoesDx1LFYvB+OPZxRN6YpWQRom2pZDO1N8TYxYbM4oD2xkzHJhFbyr+53UyjK78sVBphqD4fFGUSYoJnb5PQ6GBoxxZwrgW9lbKB0wzjjakkg3BW3x5mTTPqt5F9fz+vFK7yeMokiNyTE6JRy5JjdyROmkQThR5Jq/kzTHOi/PufMxbC04+c0j+wPn8ATqoj/s=</latexit>

� > 0

Crossover PT SMEFT-like FOPT

:

Bubble Nucleation 
possible

<latexit sha1_base64="c3Z5vBK7sUQJAIaHZzMcx+x1JJQ="></latexit>

✏ > 0
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<latexit sha1_base64="aQPXlguRaxFQcwQDbnE7LjRoTLU=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgFe5E1MIiaGMZwXxgcoS9vblkyd7esTsnhJB/YWOhiK3/xs5/4ya5QhMfDDzem2FmXpBKYdB1v53Cyura+kZxs7S1vbO7V94/aJok0xwaPJGJbgfMgBQKGihQQjvVwOJAQisY3k791hNoIxL1gKMU/Jj1lYgEZ2ilx24IEhm9pm6vXHGr7gx0mXg5qZAc9V75qxsmPItBIZfMmI7npuiPmUbBJUxK3cxAyviQ9aFjqWIxGH88u3hCT6wS0ijRthTSmfp7YsxiY0ZxYDtjhgOz6E3F/7xOhtGVPxYqzRAUny+KMkkxodP3aSg0cJQjSxjXwt5K+YBpxtGGVLIheIsvL5PmWdW7qJ7fn1dqN3kcRXJEjskp8cglqZE7UicNwokiz+SVvDnGeXHenY95a8HJZw7JHzifPzecj/k=</latexit>

� < 0 :

Never biased towards h=0 minima

Unphysical

<latexit sha1_base64="xvWXywbyMBXVN+OwW1XewSQwk84=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1JMUvXisYD+wDWWzmbRLN5uwOxFK6b/w4kERr/4bb/4bt20O2vpg4PHeDDPzglQKg6777RRWVtfWN4qbpa3tnd298v5B0ySZ5tDgiUx0O2AGpFDQQIES2qkGFgcSWsHwduq3nkAbkagHHKXgx6yvRCQ4Qys9dkOQyOg1dXvlilt1Z6DLxMtJheSo98pf3TDhWQwKuWTGdDw3RX/MNAouYVLqZgZSxoesDx1LFYvB+OPZxRN6YpWQRom2pZDO1N8TYxYbM4oD2xkzHJhFbyr+53UyjK78sVBphqD4fFGUSYoJnb5PQ6GBoxxZwrgW9lbKB0wzjjakkg3BW3x5mTTPqt5F9fz+vFK7yeMokiNyTE6JRy5JjdyROmkQThR5Jq/kzTHOi/PufMxbC04+c0j+wPn8ATqoj/s=</latexit>

� > 0

Unphysical

:

Doomsday 
Scenario?

Bubble nucleation 

Cosmological Histories, eps>0
<latexit sha1_base64="A+4pZqgrouGjx4FhXKNNHIewmtQ="></latexit>

✏ < 0
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Domain Walls
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Gelmini, Pascoli, Vitagliano, Zhou (2020)

Gelmini, Glesier, Kolb (1988)

❖ If VV(h) is nearly symmetric under phi -> - phi, domain walls form

Image lifted from Hiramatsu, Kawasaki,  
Saikawa, Sekiguchi, arXiv:1207.3166

❖ These walls evaporate if there is a bias in the T=0000 potential (eps != 0 ), leaving 
behind GW signals
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<latexit sha1_base64="+wltP4F+Ys2GZRu+eR/Di3qMWxg=">AAAB+HicbZC7SgNBFIbPxluMl6xaKjIYBBvDrohaBm0sEzAXyC5hdjKbDJm9MDMrxCWlT2FjoYitVZ7DzmfwJZxNUmjiDwMf/zmHOef3Ys6ksqwvI7e0vLK6ll8vbGxubRfNnd2GjBJBaJ1EPBItD0vKWUjriilOW7GgOPA4bXqDm6zevKdCsii8U8OYugHuhcxnBCttdcyiE/cZclSETlGGHbNkla2J0CLYMyhVDsa178fDcbVjfjrdiCQBDRXhWMq2bcXKTbFQjHA6KjiJpDEmA9yjbY0hDqh008niI3SsnS7yI6FfqNDE/T2R4kDKYeDpzgCrvpyvZeZ/tXai/Cs3ZWGcKBqS6Ud+wpG+M0sBdZmgRPGhBkwE07si0scCE6WzKugQ7PmTF6FxVrYvyuc1ncY1TJWHfTiCE7DhEipwC1WoA4EEnuAFXo0H49l4M96nrTljNrMHf2R8/ABelJX3</latexit>

� ! ��
<latexit sha1_base64="3QzIwOS/VgB1MwL8A5LZlPfWRFg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LC1CRSiJiHosevFYwX5AG8pmu2mW7iZhdyOE0L/gRUERr/4hb/03btoetPXBwOO9GWbmeTFnStv21CqsrW9sbhW3Szu7e/sH5cOjtooSSWiLRDySXQ8ryllIW5ppTruxpFh4nHa88V3ud56oVCwKH3UaU1fgUch8RrDOpXYtOBuUq3bdngGtEmdBqo1K//x12kibg/J3fxiRRNBQE46V6jl2rN0MS80Ip5NSP1E0xmSMR7RnaIgFVW42u3WCTo0yRH4kTYUazdTfExkWSqXCM50C60Ate7n4n9dLtH/jZiyME01DMl/kJxzpCOWPoyGTlGieGoKJZOZWRAIsMdEmnpIJwVl+eZW0L+rOVf3ywaRxC3MU4QQqUAMHrqEB99CEFhAI4Bne4N0S1ov1YX3OWwvWYuYY/sD6+gFZNpDF</latexit>

V (h)

<latexit sha1_base64="ep18GR+KsEDqIenHpldI7TcdxRs=">AAAB6nicbZDLSsNAFIZP6q3GW9Slm8EiuCqJiLopFt24rNgbtKFMppN26GQSZiZCCX0ENy4Ucanv4t6N+DZOLwtt/WHg4//PYc45QcKZ0q77beWWlldW1/Lr9sbm1vaOs7tXV3EqCa2RmMeyGWBFORO0ppnmtJlIiqOA00YwuB7njXsqFYtFVQ8T6ke4J1jICNbGuquW3I5TcIvuRGgRvBkULj/sUvL2ZVc6zme7G5M0okITjpVqeW6i/QxLzQinI7udKppgMsA92jIocESVn01GHaEj43RRGEvzhEYT93dHhiOlhlFgKiOs+2o+G5v/Za1Uhxd+xkSSairI9KMw5UjHaLw36jJJieZDA5hIZmZFpI8lJtpcxzZH8OZXXoT6SdE7K57euoXyFUyVhwM4hGPw4BzKcAMVqAGBHjzAEzxb3Hq0XqzXaWnOmvXswx9Z7z8CH5Cf</latexit>

T = 0
<latexit sha1_base64="QfSGt5IoeqZCUevBxXoX786SjWk=">AAAB9HicbVA9SwNBEN3zM0aNUUstFoNgFe5E1DLExjKC+YDkCHubuWTJ3u5ldy8QjvwOGwtFbK39HXb+EwsLNx+FJj4YeLw3w8y8IOZMG9f9dFZW19Y3NjNb2e2d3dxefv+gpmWiKFSp5FI1AqKBMwFVwwyHRqyARAGHetC/mfj1ISjNpLg3oxj8iHQFCxklxkp+C2LNuBQtAQO3nS+4RXcKvEy8OSmUjt/L7vdXrtLOf7Q6kiYRCEM50brpubHxU6IMoxzG2VaiISa0T7rQtFSQCLSfTo8e41OrdHAolS1h8FT9PZGSSOtRFNjOiJieXvQm4n9eMzHhtZ8yEScGBJ0tChOOjcSTBHCHKaCGjywhVDF7K6Y9ogg1NqesDcFbfHmZ1M6L3mXx4s6mUUYzZNAROkFnyENXqIRuUQVVEUUD9ICe0LMzdB6dF+d11rrizGcO0R84bz+aWJWv</latexit>

✏ 6= 0
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Weir, “The sound of gravitational waves from a 
[confinement] phase transition,” saoghal.net/slides/ectstar/

❖ Find the bounce solution to 
describe the tunneling from the 
false vacuum 

❖ Calculate the frequency and power 
spectrum of the stochastic GW 
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Weir, “The sound of gravitational waves from a 
[confinement] phase transition,” saoghal.net/slides/ectstar/

fGW |peak = fGW

✓
TN ,

�

H

◆

<latexit sha1_base64="sGXEW2oxyeC8H68lH0r913WyIQQ="></latexit>

⌦GW |peak = ⌦GW

✓
↵,

�

H

◆

<latexit sha1_base64="iRoyz1LrcLV8glpfIIJTAReYr/I="></latexit>

Parameterizes speed of the 
phase transition

Latent heat, �L
⇢rad

<latexit sha1_base64="y7FBjGJ8onmVPbluNNt13AT5K0E=">AAACF3icbZA7SwNBEMf3fMb4ilraLAbBKtypoGVQCwuLCCYKuRDmNnPJkr0Hu3NiOPItbPwqNhaK2Grnt3HzKHz9YeHPb2bYmX+QKmnIdT+dmdm5+YXFwlJxeWV1bb20sdkwSaYF1kWiEn0TgEElY6yTJIU3qUaIAoXXQf90VL++RW1kEl/RIMVWBN1YhlIAWdQuVfxQg8i5f4aKgPsRUE+Ayi+GfGip7iVtn/COcg0di9qlsltxx+J/jTc1ZTZVrV368DuJyCKMSSgwpum5KbVy0CSFwmHRzwymIPrQxaa1MURoWvn4riHftaTDw0TbFxMf0+8TOUTGDKLAdo72Nr9rI/hfrZlReNzKZZxmhLGYfBRmilPCRyHxjtQoSA2sAaGl3ZWLHtigyEZZtCF4v0/+axr7Fe+gsn95WK6eTOMosG22w/aYx45YlZ2zGqszwe7ZI3tmL86D8+S8Om+T1hlnOrPFfsh5/wJnJ6AX</latexit>

↵ =
<latexit sha1_base64="1CpM48roL/Vr7Eo/C5NN3GL+8Zc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh6MVjBfsBbSiT7aZdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH47uZ335iSvNYPppJwvwIh5KHnKKxUruHIhnhTb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+7pScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMvudDLhi1IiJJUgVt7cSOkKF1NiESjYEb/nlVdKqVb2Lau3hslK/zeMowgmcwjl4cAV1uIcGNIHCGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx8Qoo9j</latexit>
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<latexit sha1_base64="V81t+3k4+MTleycbA23eZk8xcmM=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeskxgnlAdgmzk95kyOzDmdlAWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfiK40rb9ba2tb2xubRd2irt7+weHpaPjlopTybDJYhHLjk8VCh5hU3MtsJNIpKEvsO2P7md+e4xS8Th61JMEvZAOIh5wRrWRPDeQlLk+akrqt71S2a7Yc5BV4uSkDDkavdKX249ZGmKkmaBKdR070V5GpeZM4LTopgoTykZ0gF1DIxqi8rL50VNybpQ+CWJpKtJkrv6eyGio1CT0TWdI9VAtezPxP6+b6uDGy3iUpBojtlgUpILomMwSIH0ukWkxMYQyyc2thA2pyUGbnIomBGf55VXSqlacy0r14apcu8vjKMApnMEFOHANNahDA5rA4Ame4RXerLH1Yr1bH4vWNSufOYE/sD5/AP0SkZU=</latexit>

TN =
<latexit sha1_base64="bV21cQqBDLSchm0AgK/gNB/XM0Q=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQS9C0YsnqdBtC+1Ssmm2Dc1mlyQrlKW/wYsHRbz6g7z5b0zbPWjrg4HHezPMzAsSwbVxnG9UWFvf2Nwqbpd2dvf2D8qHRy0dp4oyj8YiVp2AaCa4ZJ7hRrBOohiJAsHawfhu5refmNI8lk0zSZgfkaHkIafEWMlr9h/wTb9ccarOHHiVuDmpQI5Gv/zVG8Q0jZg0VBCtu66TGD8jynAq2LTUSzVLCB2TIetaKknEtJ/Nj53iM6sMcBgrW9Lgufp7IiOR1pMosJ0RMSO97M3E/7xuasJrP+MySQ2TdLEoTAU2MZ59jgdcMWrExBJCFbe3YjoiilBj8ynZENzll1dJq1Z1L6q1x8tK/TaPowgncArn4MIV1OEeGuABBQ7P8ApvSKIX9I4+Fq0FlM8cwx+gzx/bAo4O</latexit>

Nucleation temperature

❖ Dynamics from tunneling to the T=. 00  vacuum give:T = 0
<latexit sha1_base64="n7JRzpv4tCkLhmqZbqQ6UCGHPns=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiHlBsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rGsm3GCfkQHkoecUWOlx/qN2yuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJ3Ua48XJaqt1kceTiBUzgHD66gCvdQgwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBoOmNXQ==</latexit>

❖ Interested in the power spectrum 

fGW |peak = fGW
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�4 = 1.4

Eps sets the tilt of the minima<latexit sha1_base64="pxCsljL5+1ZnkmpQIdJjuiELoIU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBPv5Ap</latexit>✏

DD sets the tilt of high-T 
potential

<latexit sha1_base64="/hBleKqi3hN4VAMKmFyYTnoGd0k=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZEXUjFt24rGAv0A4lk8m0sZlkSM4IpfQd3LhQxI0LH8W9G/FtTC8Lbf0h8PH/55BzTpgKbsDzvp3cwuLS8kp+1V1b39jcKmzv1IzKNGVVqoTSjZAYJrhkVeAgWCPVjCShYPWwdzXK6/dMG67kLfRTFiSkI3nMKQFr1VoRE0DahaJX8sbC8+BPoXjx4Z6nb19upV34bEWKZgmTQAUxpul7KQQDooFTwYZuKzMsJbRHOqxpUZKEmWAwnnaID6wT4Vhp+yTgsfu7Y0ASY/pJaCsTAl0zm43M/7JmBvFZMOAyzYBJOvkozgQGhUer44hrRkH0LRCquZ0V0y7RhII9kGuP4M+uPA+1o5J/Ujq+8YrlSzRRHu2hfXSIfHSKyugaVVAVUXSHHtATenaU8+i8OK+T0pwz7dlFf+S8/wD0AZJi</latexit>
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�4 = 1.6
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DD sets the tilt of high-T 
potential
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❖ Reviewed the unique cosmology of a 
class of HEFT/SMEFT quotient theories

❖ Cosmology is a window to provide 
evidence for quotient theories

❖ Classified phenomenologically 
interesting cosmological histories 

❖ Domain wall network decay
❖ New FOPTs and bubble nucleation
❖ Doomsday scenario 

SMEFT HEFT

❖ Promising prospects for GW detection
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