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• CW effective potential from EFT at zero and finite temperatures.                 

• Resolving the problem of gauge dependence of  Coleman-Weinberg                      
effective potentials.                                                     



First Order Phase Transition Second Order Phase Transition
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<latexit sha1_base64="uONw7sahrDd30tTAiZfHXtppdPs=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KkkV9FjUg8cK9gPaUDbbSbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxjdTP3WE2gjYvWA4wT8iA2UCAVnaKV29xYkMtrslcpuxZ2BLhMvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRJsZsaSBgfsQF0LFUsAuNns3sn9NQqfRrG2pZCOlN/T2QsMmYcBbYzYjg0i95U/M/rpBhe+ZlQSYqg+HxRmEqKMZ0+T/tCA0c5toRxLeytlA+ZZhxtREUbgrf48jJpViveeaV6f1GuXedxFMgxOSFnxCOXpEbuSJ00CCeSPJNX8uY8Oi/Ou/Mxb11x8pkj8gfO5w9jS4+K</latexit>

• Baryogenesis


• Stochastic Gravitational Waves
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Gauge Independence of Effective Potential

• Debanjan Balui, Joydeep Chakrabortty, Debmalya Dey, SM, PRD (2025) , 


• Debanjan Balui, Tisa Biswas, Joydeep Chakrabortty, Debmalya Dey, Christof Englert,  SM, PRD (2025) , 


Scalar QED

Scalar massPseudoscalar mass Gauge boson mass
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VCW =
<latexit sha1_base64="2rRPlcHe8913LOd9ltWT5Hv1F9c=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUe/FYwTaFNpTNdtsu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxMpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYt0NquBSKN1Gg5O1EcxqFkvvhuD7z/SeujYjVI04SHkR0qMRAMIpW8lu9rO5Pb3ulsltx5yCrxMtJGXI0eqWvbj9macQVMkmN6XhugkFGNQom+bTYTQ1PKBvTIe9YqmjETZDNz52Sc6v0ySDWthSSufp7IqORMZMotJ0RxZFZ9mbif14nxcFNkAmVpMgVWywapJJgTGa/k77QnKGcWEKZFvZWwkZUU4Y2oaINwVt+eZW0qhXvslJ9uCrX7vI4CnAKZ3ABHlxDDe6hAU1gMIZneIU3J3FenHfnY9G65uQzJ/AHzucP5yiPSA==</latexit>

Goldestone boson mass

Coleman-Weinberg Potential is gauge dependent 

Jackiw and Dolan 1974
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Nielsen Identity

Hiren H. Patel1,  Michael J. Ramsey-Musolf (2015)

N. K. Nielsen, “On the Gauge Dependence of Spontaneous Symmetry Breaking in Gauge Theories,” (1975)
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Massless scalar QED

VCW =
<latexit sha1_base64="2rRPlcHe8913LOd9ltWT5Hv1F9c=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CIUe/FYwTaFNpTNdtsu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxMpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYt0NquBSKN1Gg5O1EcxqFkvvhuD7z/SeujYjVI04SHkR0qMRAMIpW8lu9rO5Pb3ulsltx5yCrxMtJGXI0eqWvbj9macQVMkmN6XhugkFGNQom+bTYTQ1PKBvTIe9YqmjETZDNz52Sc6v0ySDWthSSufp7IqORMZMotJ0RxZFZ9mbif14nxcFNkAmVpMgVWywapJJgTGa/k77QnKGcWEKZFvZWwkZUU4Y2oaINwVt+eZW0qhXvslJ9uCrX7vI4CnAKZ3ABHlxDDe6hAU1gMIZneIU3J3FenHfnY9G65uQzJ/AHzucP5yiPSA==</latexit>

In the    basis(ϕi, Aμ)

So what goes wrong in the standard calculation ?
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Block-diagonalise the propagator 
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VCW
<latexit sha1_base64="od4E52qvXGCyZQacdA06jaasUUU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiiR6JXDxiIgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSecNOd+54kqzaR4MNOEBjEeCRYxgo2VfH+QNTuzQbniVt0F0DrxclKBHK1B+as/lCSNqTCEY617npuYIMPKMMLprNRPNU0wmeAR7VkqcEx1kC2unaELqwxRJJUtYdBC/T2R4VjraRzazhibsV715uJ/Xi810U2QMZGkhgqyXBSlHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/XldeLXqt5VtXZfrzRu8ziKcAbncAkeXEMD7qAFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wdjf48B</latexit>

Then we factorise the determinant as

This is the step which is wrong and due to this we get a gauge dependent effective 
potential 

VCW
<latexit sha1_base64="od4E52qvXGCyZQacdA06jaasUUU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiiR6JXDxiIgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSecNOd+54kqzaR4MNOEBjEeCRYxgo2VfH+QNTuzQbniVt0F0DrxclKBHK1B+as/lCSNqTCEY617npuYIMPKMMLprNRPNU0wmeAR7VkqcEx1kC2unaELqwxRJJUtYdBC/T2R4VjraRzazhibsV715uJ/Xi810U2QMZGkhgqyXBSlHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/XldeLXqt5VtXZfrzRu8ziKcAbncAkeXEMD7qAFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wdjf48B</latexit>
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A = ediag{1,2,3,··· } ,
<latexit sha1_base64="UK52prUwHIrzDzh6AZzwtASbJ44=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgIpSkFXQjVN24rGAf0MQymUzaoZMHMxOhhOzd+CtuXCji1h9w5984abPQ1gMDh3Pu5c45bsyokKb5rZVWVtfWN8qbla3tnd09ff+gK6KEY9LBEYt430WCMBqSjqSSkX7MCQpcRnru5Dr3ew+ECxqFd3IaEydAo5D6FCOppKFevbwg96nNA+hRNLJTy2gYTQPa2IuksLPMNoyhXjPr5gxwmVgFqYEC7aH+ZXsRTgISSsyQEAPLjKWTIi4pZiSr2IkgMcITNCIDRUMUEOGksywZPFaKB/2IqxdKOFN/b6QoEGIauGoyQHIsFr1c/M8bJNI/d1IaxokkIZ4f8hMGZQTzYlR+TrBk07wIzKn6K8RjxBGWqr6KKsFajLxMuo261aw3bk9rrauijjI4AlVwAixwBlrgBrRBB2DwCJ7BK3jTnrQX7V37mI+WtGLnEPyB9vkDOkWZQw==</latexit>

B = ediag{1,1,1,··· } ,
<latexit sha1_base64="yVeeHgc6H384ctMCLVBxIIXMBz8=">AAACC3icbVDNS8MwHE39nPOr6tFL2BA8jNFOQS/CmBePE9wHrHWkabqFpWlJUmGU3r34r3jxoIhX/wFv/jemWw+6+ULg8d7vR/KeFzMqlWV9Gyura+sbm6Wt8vbO7t6+eXDYlVEiMOngiEWi7yFJGOWko6hipB8LgkKPkZ43uc793gMRkkb8Tk1j4oZoxGlAMVJaGpqV1hW5Tx0RQp+ikZPatfxAB/uRkk6WObXa0KxadWsGuEzsglRBgfbQ/HL8CCch4QozJOXAtmLlpkgoihnJyk4iSYzwBI3IQFOOQiLddJYlgyda8WEQCX25gjP190aKQimnoacnQ6TGctHLxf+8QaKCSzelPE4U4Xj+UJAwqCKYF6PzC4IVm+ZFYEH1XyEeI4Gw0vWVdQn2YuRl0m3U7bN64/a82mwVdZTAMaiAU2CDC9AEN6ANOgCDR/AMXsGb8WS8GO/Gx3x0xSh2jsAfGJ8/NzKZQQ==</latexit>

AB = ediag{2,3,4,··· }
<latexit sha1_base64="tAx/Z9IJkOay932N1eYGZwzTfr8=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgIpSkLehGqHXjsoJ9QBPLZDJth04ezEyEErJ346+4caGIW3/AnX/jpM1CWw8MHM65lzvnuBGjQprmt1ZYW9/Y3Cpul3Z29/YP9MOjrghjjkkHhyzkfRcJwmhAOpJKRvoRJ8h3Gem50+vM7z0QLmgY3MlZRBwfjQM6ohhJJQ318lXrktwnNvehR9HYTmpG3WgY0MZeKIWdprYx1Ctm1ZwDrhIrJxWQoz3Uv2wvxLFPAokZEmJgmZF0EsQlxYykJTsWJEJ4isZkoGiAfCKcZJ4lhadK8eAo5OoFEs7V3xsJ8oWY+a6a9JGciGUvE//zBrEcXTgJDaJYkgAvDo1iBmUIs2JUfE6wZLOsB8yp+ivEE8QRlqq+kirBWo68Srq1qlWv1m4blWYrr6MITkAZnAELnIMmuAFt0AEYPIJn8AretCftRXvXPhajBS3fOQZ/oH3+AF3DmVw=</latexit>

tr logA
<latexit sha1_base64="9k7/EJTICnD3p8U2HRcM+wFkSZQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6rXjxWsB/QXUo2zbahyWZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbGmnMW0aZjhtJMoikXIaTsc3c389pgqzWT8aCYJDQQexCxiBBsrBb4SyCjkczlAN71yxa26c6BV4uWkAjkavfKX35ckFTQ2hGOtu56bmCDDyjDC6bTkp5ommIzwgHYtjbGgOsjmR0/RmVX6KJLKVmzQXP09kWGh9USEtlNgM9TL3kz8z+umJroOMhYnqaExWSyKUo6MRLMEUJ8pSgyfWIKJYvZWRIZYYWJsTiUbgrf88ipp1areRbX2cFmp3+ZxFOEETuEcPLiCOtxDA5pA4Ame4RXenLHz4rw7H4vWgpPPHMMfOJ8/qqCRYA==</latexit>

tr log B
<latexit sha1_base64="+r0lNn6AvKdH5Abuj8b9KK/X64I=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY+lXjxWsB/QXUo2zbahSXZNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ28SppqxFYxHrbkgME1yxFnAQrJtoRmQoWCcc3839zoRpw2P1CNOEBZIMFY84JWClwNcSg8a+iIe40S9X3Kq7AF4nXk4qKEezX/7yBzFNJVNABTGm57kJBBnRwKlgs5KfGpYQOiZD1rNUEclMkC2OnuELqwxwFGtbCvBC/T2REWnMVIa2UxIYmVVvLv7n9VKIboOMqyQFpuhyUZQKDDGeJ4AHXDMKYmoJoZrbWzEdEU0o2JxKNgRv9eV10q5Vvatq7eG6Um/kcRTRGTpHl8hDN6iO7lETtRBFT+gZvaI3Z+K8OO/Ox7K14OQzp+gPnM8frCSRYQ==</latexit>

tr log[AB]
<latexit sha1_base64="MBDjKajrkz/0CF0WWNWcubF/u38=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRV0GWtG5cV7AOaUCbTSTt0HmFmopTYT3HjQhG3fok7/8Zpm4W2HrhwOOde7r0nShjVxvO+ncLa+sbmVnG7tLO7t3/glg/bWqYKkxaWTKpuhDRhVJCWoYaRbqII4hEjnWh8M/M7D0RpKsW9mSQk5GgoaEwxMlbqu+VAcWgUDJgc9uA1bIR9t+JVvTngKvFzUgE5mn33KxhInHIiDGZI657vJSbMkDIUMzItBakmCcJjNCQ9SwXiRIfZ/PQpPLXKAMZS2RIGztXfExniWk94ZDs5MiO97M3E/7xeauKrMKMiSQ0ReLEoThk0Es5ygAOqCDZsYgnCitpbIR4hhbCxaZVsCP7yy6ukXav659Xa3UWl3sjjKIJjcALOgA8uQR3cgiZoAQwewTN4BW/Ok/PivDsfi9aCk88cgT9wPn8AdYyS0w==</latexit>

Multiplicative anomaly



Under zeta-function regularisation

Multiplicative anomaly
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A = exp[diag(1, 2, 3 · · · )]
<latexit sha1_base64="OGpljEyHqeG1Qu2rGg+oml4vtl0=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVSklaQTdC1Y3LCvYBSSiT6aQdOsmEmYlYQrdu/BU3LhRx6x+482+ctFlo64GBwzn3cuccP2ZUKsv6NpaWV1bX1gsbxc2t7Z1dc2+/LXkiMGlhzrjo+kgSRiPSUlQx0o0FQaHPSMcfXWd+554ISXl0p8Yx8UI0iGhAMVJa6pnw8sIlD7GTuiKEfYoGk7JdqVXq0MV9ruSJ1zNLVtWaAi4SOyclkKPZM7/cPsdJSCKFGZLSsa1YeSkSimJGJkU3kSRGeIQGxNE0QiGRXjpNMoHHWunDgAv9IgWn6u+NFIVSjkNfT4ZIDeW8l4n/eU6ignMvpVGcKBLh2aEgYVBxmNWiowuCFRtnHWBB9V8hHiKBsNLlFXUJ9nzkRdKuVe16tXZ7Wmpc5XUUwCE4AmVggzPQADegCVoAg0fwDF7Bm/FkvBjvxsdsdMnIdw7AHxifP+qqmI4=</latexit>

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

tr log[AB] 6= tr log[A] + tr log[B]
<latexit sha1_base64="A0O84CGciEqCDQ0OgBODp6OumQ8=">AAACI3icbVDLSgMxFM34rPU16tJNsAiCUGaqoLiqdeOygn3AzFAyadqGZpIxyQhl6L+48VfcuFCKGxf+i5l2Frb1QOBwzrnc3BPGjCrtON/Wyura+sZmYau4vbO7t28fHDaVSCQmDSyYkO0QKcIoJw1NNSPtWBIUhYy0wuFd5reeiVRU8Ec9ikkQoT6nPYqRNlLHvvFlBLWEPhN9D97CWgB9Tp7gghzA8zkly3XsklN2poDLxM1JCeSod+yJ3xU4iQjXmCGlPNeJdZAiqSlmZFz0E0VihIeoTzxDOYqICtLpjWN4apQu7AlpHtdwqv6dSFGk1CgKTTJCeqAWvUz8z/MS3bsOUsrjRBOOZ4t6CYNawKww2KWSYM1GhiAsqfkrxAMkEdam1qIpwV08eZk0K2X3olx5uCxVa3kdBXAMTsAZcMEVqIJ7UAcNgMELeAMf4NN6td6tifU1i65Y+cwRmIP18wulX6Ep</latexit>

tr log[A] = log detA
<latexit sha1_base64="c+CryHlIZbvAdaI+8zYeqj4HL78=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCpJFXQjtLpxWcG2QhLKZDJph04uzJwIpXTlxldx40IRtz6DO9/GSZuFtv4w8PGfczhzfj8VXIFlfRulpeWV1bXyemVjc2t7x9zd66gkk5S1aSISee8TxQSPWRs4CHafSkYiX7CuP7zO690HJhVP4jsYpcyLSD/mIacEtNUzD10ZYZDYFUnfwU3s4cscsRswwM2eWbVq1lR4EewCqqhQq2d+uUFCs4jFQAVRyrGtFLwxkcCpYJOKmymWEjokfeZojEnElDeenjHBx9oJcJhI/WLAU/f3xJhESo0iX3dGBAZqvpab/9WcDMILb8zjNAMW09miMBMYEpxnggMuGQUx0kCo5PqvmA6IJBR0chUdgj1/8iJ06jX7tFa/Pas2roo4yugAHaETZKNz1EA3qIXaiKJH9Ixe0ZvxZLwY78bHrLVkFDP76I+Mzx9W0pce</latexit>

) log det[AB] 6= log det[A] + log det[B]
<latexit sha1_base64="1q8h1OFna57muhXs1JkRM9E2aEs=">AAACMXicbVBNSwMxEM3Wr1q/qh69BIsgKGW3CnrUeumxglVhdynZdNqGZrNrMiuU4l/y4j8RLz0o4tU/Ybb2oNUXAo/3ZpiZF6VSGHTdsVOYm19YXCoul1ZW19Y3yptb1ybJNIcWT2SibyNmQAoFLRQo4TbVwOJIwk00uMj9m3vQRiTqCocphDHrKdEVnKGV2uVGgH3Q0E00BIf5o4GOaSCTHg06gP55PQwU3M2q4cFvoR62yxW36k5A/xJvSipkima7/Bx0Ep7FoJBLZozvuSmGI6ZRcAkPpSAzkDI+YD3wLVUsBhOOJhc/0D2rdKjd2n6FdKL+7Bix2JhhHNnKmGHfzHq5+J/nZ9g9DUdCpRmC4t+DupmkmNA8PtoRGjjKoSWMa2F3pbzPNONoQy7ZELzZk/+S61rVO6rWLo8rZ/VpHEWyQ3bJPvHICTkjDdIkLcLJI3khr+TNeXLGzrvz8V1acKY92+QXnM8vbxuohg==</latexit>

det[AB] 6= det[A] det[B]
<latexit sha1_base64="ZtiDYKY6JSmcVCRb3XFEfBmVRA8=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEV2WmCrqsdeOygr1AZyiZzGkbmsmMSUYopSs3voobF4q49Rnc+TamnVlo6w+BL/85h+T8QcKZ0o7zbS0tr6yurRc2iptb2zu79t5+U8WppNCgMY9lOyAKOBPQ0ExzaCcSSBRwaAXD62m99QBSsVjc6VECfkT6gvUYJdpYXfvIC0F3rmq+J+AeZxcfZ1Dzu3bJKTsz4UVwcyihXPWu/eWFMU0jEJpyolTHdRLtj4nUjHKYFL1UQULokPShY1CQCJQ/nq0xwSfGCXEvluYIjWfu74kxiZQaRYHpjIgeqPna1Pyv1kl179IfM5GkGgTNHuqlHOsYTzPBIZNANR8ZIFQy81dMB0QSqk1yRROCO7/yIjQrZfesXLk9L1VreRwFdIiO0Sly0QWqohtURw1E0SN6Rq/ozXqyXqx36yNrXbLymQP0R9bnD2Rel8o=</latexit>

det[AB] = det[A] det[B] + A(A,B)
<latexit sha1_base64="hcluMPPSTarSEkrrn1pCMIlYIDM=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARKpWSVEE3Qhs3LivYC6ShTCaTdujkwsxEKKEP4cZXceNCEbcu3Pk2TtostPWHgY//nMOc87sxo0IaxrdWWFldW98obpa2tnd29/T9g46IEo5JG0cs4j0XCcJoSNqSSkZ6MScocBnpuuObrN59IFzQKLyXk5g4ARqG1KcYSWUN9GrfI9JuWs41nJMD52A5sNoPkBy5btqcVppn1ulALxs1Yya4DGYOZZCrNdC/+l6Ek4CEEjMkhG0asXRSxCXFjExL/USQGOExGhJbYYgCIpx0dtQUnijHg37E1QslnLm/J1IUCDEJXNWZrSkWa5n5X81OpH/lpDSME0lCPP/ITxiUEcwSgh7lBEs2UYAwp2pXiEeIIyxVjiUVgrl48jJ06jXzvFa/uyg3rDyOIjgCx6ACTHAJGuAWtEAbYPAInsEreNOetBftXfuYtxa0fOYQ/JH2+QP7BZxB</latexit>
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Correct the CW calculation taking into account the multiplication anomaly

+A(�1�2)
<latexit sha1_base64="mVoc2eo2grga0Y/sBTzLhe7lYkQ=">AAACB3icbZDLSsNAFIZP6q3WW9SlIINFqAglqYIu62XhsoK9QBPCZDpth04uzEyEErpz46u4caGIW1/BnW/jpM1Cqz8MfPznHOac3485k8qyvozCwuLS8kpxtbS2vrG5ZW7vtGSUCEKbJOKR6PhYUs5C2lRMcdqJBcWBz2nbH11l9fY9FZJF4Z0ax9QN8CBkfUaw0pZn7h87AVZD308vJhXnmnKFPRvlUDvyzLJVtaZCf8HOoQy5Gp756fQikgQ0VIRjKbu2FSs3xUIxwumk5CSSxpiM8IB2NYY4oNJNp3dM0KF2eqgfCf1Chabuz4kUB1KOA193ZkvL+Vpm/lfrJqp/7qYsjBNFQzL7qJ9wpCKUhYJ6TFCi+FgDJoLpXREZYoGJ0tGVdAj2/Ml/oVWr2ifV2u1puX6Zx1GEPTiACthwBnW4gQY0gcADPMELvBqPxrPxZrzPWgtGPrMLv2R8fAMTR5gn</latexit>
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A. A. Bytsenko, G. Cognola, E. Elizalde, V. Moretti and S. Zerbini, “Analytic Aspects of Quantum Fields,”               
World Scientific”                        

E. Elizalde, L. Vanzo and S. Zerbini, “Zeta function regularization, the multiplicative anomaly and the Wodzicki residue,” 
Commun. Math. Phys. 194, 613-630 (1998) [arXiv:hep-th/9701060 [hep-th]]

q = d/2 > 1
<latexit sha1_base64="qm2T4x2NsEYADReY1fHDm93mINs=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBbBU02qoBel6MVjBfsBbSibzaZdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzz084U9pxvq3Cyura+kZxs7S1vbO7Z+8fNFWcSkIbJOaxbPtYUc4EbWimOW0nkuLI57TlD++mfuuJSsVi8ajHCfUi3BcsZARrI7VH18FZFd24PbvsVJwZ0DJxc1KGHPWe/dUNYpJGVGjCsVId10m0l2GpGeF0UuqmiiaYDHGfdgwVOKLKy2b3TtCJUQIUxtKU0Gim/p7IcKTUOPJNZ4T1QC16U/E/r5Pq8MrLmEhSTQWZLwpTjnSMps+jgElKNB8bgolk5lZEBlhiok1EJROCu/jyMmlWK+55pfpwUa7d5nEU4QiO4RRcuIQa3EMdGkCAwzO8wps1sl6sd+tj3lqw8plD+APr8wdHmo7Q</latexit>

No MA in spacetime dimensions d=3 and d=2 

Multiplicative anomaly 



14

Taking into account the MA, the CW potential

Coleman-Weinberg potential is gauge invariant!

VCW
<latexit sha1_base64="od4E52qvXGCyZQacdA06jaasUUU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiiR6JXDxiIgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSecNOd+54kqzaR4MNOEBjEeCRYxgo2VfH+QNTuzQbniVt0F0DrxclKBHK1B+as/lCSNqTCEY617npuYIMPKMMLprNRPNU0wmeAR7VkqcEx1kC2unaELqwxRJJUtYdBC/T2R4VjraRzazhibsV715uJ/Xi810U2QMZGkhgqyXBSlHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/XldeLXqt5VtXZfrzRu8ziKcAbncAkeXEMD7qAFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wdjf48B</latexit>
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For the Standard Model Higgs,

The Landau gauge  result is actually  the correct gauge invariant answer. ξ = 0

VCW
<latexit sha1_base64="od4E52qvXGCyZQacdA06jaasUUU=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiiR6JXDxiIgsJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eMTX8tUEdomkkvVDbGmnAnaNsxw2k0UxXHIaSecNOd+54kqzaR4MNOEBjEeCRYxgo2VfH+QNTuzQbniVt0F0DrxclKBHK1B+as/lCSNqTCEY617npuYIMPKMMLprNRPNU0wmeAR7VkqcEx1kC2unaELqwxRJJUtYdBC/T2R4VjraRzazhibsV715uJ/Xi810U2QMZGkhgqyXBSlHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/XldeLXqt5VtXZfrzRu8ziKcAbncAkeXEMD7qAFbSDwCM/wCm+OdF6cd+dj2Vpw8plT+APn8wdjf48B</latexit>

In d=3 and d=2 there is no gauge dependence of  in the standard                  
calculation. And MA=0 in d=3 and d=2.

VCW

In the Heat-Kernel calculation of  , the  dependent term is a total divergence.VCW ξ



SM + Singlet UV complete theory

hep-ph/2403.01591 
V.K. Oikonomou , Apostolos Giovanakis

Parameter space for FOPT

16



Cosmological phase transitions: is effective field theory just a toy?

Marieke Postma and Graham White, hep-ph/2012.03953 

• The parameter space for FOPT is restricted in EFT compared to the full UV model.


• Effective theory expansion breaks down for the values of parameters for which FOPT 
takes place. 

We need to calculate finite temperature corrections to Wilson coefficients.
17



Heat-Kernel calculation of effective theories at zero and finite temperature

Second order elliptic operator

Aµ = gAa
µ T

a
<latexit sha1_base64="fESRJMq2yR5R+brWzxb8kFXoR2U=">AAACAHicbZDLSgMxFIYzXmu9jbpw4SZYBBdSZqqgG6HqxmWF3qAzHTJp2oYmmSHJCGXoxldx40IRtz6GO9/GdDoLbf0h8PGfczg5fxgzqrTjfFtLyyura+uFjeLm1vbOrr2331RRIjFp4IhFsh0iRRgVpKGpZqQdS4J4yEgrHN1N661HIhWNRF2PY+JzNBC0TzHSxgrsw5vA48k1HMAMYBdB76zeRYFdcspOJrgIbg4lkKsW2F9eL8IJJ0JjhpTquE6s/RRJTTEjk6KXKBIjPEID0jEoECfKT7MDJvDEOD3Yj6R5QsPM/T2RIq7UmIemkyM9VPO1qflfrZPo/pWfUhEnmgg8W9RPGNQRnKYBe1QSrNnYAMKSmr9CPEQSYW0yK5oQ3PmTF6FZKbvn5crDRal6m8dRAEfgGJwCF1yCKrgHNdAAGEzAM3gFb9aT9WK9Wx+z1iUrnzkAf2R9/gAcwZTP</latexit>

Dµ = @µ +Aµ
<latexit sha1_base64="96Tqy5f+QPZA9VmobkbCcJmLZ70=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQSgzVdCNUB8LlxXsAzrDkEkzbWiSGZKMUIbixl9x40IRt36FO//GTNuFth4IOTnn3iT3hAmjSjvOt1VYWFxaXimultbWNza37O2dpopTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh4Dr3Ww9EKhqLez1MiM9RT9CIYqSNFNh7N4HH0wsvQVJTxPIDPL7Mt8AuOxVnDDhP3Ckpgynqgf3ldWOcciI0Zkipjusk2s/yizEjo5KXKpIgPEA90jFUIE6Un41HGMFDo3RhFEuzhIZj9XdHhrhSQx6aSo50X816ufif10l1dO5nVCSpJgJPHopSBnUM8zxgl0qCNRsagrCk5q8Q95FEWJvUSiYEd3bkedKsVtyTSvXutFy7msZRBPvgABwBF5yBGrgFddAAGDyCZ/AK3qwn68V6tz4mpQVr2rML/sD6/AF6tpbW</latexit>

� = �DµD
µ + U(x) +M2

<latexit sha1_base64="vc0JJ/CWLy4d5c4IiOS3f6D8AR0=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQKZaZKuhGKNqFG6GCfUA7HTJp2oYmM0OSEcvQnRt/xY0LRdz6C+78GzNtF9p64F4O59xLco8XMiqVZX0bqYXFpeWV9GpmbX1jc8vc3qnJIBKYVHHAAtHwkCSM+qSqqGKkEQqCuMdI3RtcJX79nghJA/9ODUPicNTzaZdipLTkmvutMmEKXRyX3RaPYLmd9Hw193AE8zftomtmrYI1Bpwn9pRkwRQV1/xqdQIcceIrzJCUTdsKlRMjoShmZJRpRZKECA9QjzQ19REn0onHd4zgoVY6sBsIXb6CY/X3Roy4lEPu6UmOVF/Oeon4n9eMVPfciakfRor4ePJQN2JQBTAJBXaoIFixoSYIC6r/CnEfCYSVji6jQ7BnT54ntWLBPikUb0+zpctpHGmwBw5ADtjgDJTANaiAKsDgETyDV/BmPBkvxrvxMRlNGdOdXfAHxucPQ12W/Q==</latexit>

L = �†��
<latexit sha1_base64="pzG/D15wavR9ZArmcW3Ul3ZhlZw=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhd0oaCMEtbCwiGAekI3h7uRuMmT2wcysEJbUNv6KjYUitn6BnX/j5FFo4oELh3Pu5d57vFhwpW3728osLC4tr2RXc2vrG5tb+e2dmooSybDKIhHJhgcKBQ+xqrkW2IglQuAJrHv9y5Fff0CpeBTe6UGMrQC6Ifc5A22kdn4/dRkIejM8d+Mev3c70O2ipO4VCg10pLXzBbtoj0HniTMlBTJFpZ3/cjsRSwIMNROgVNOxY91KQWrOBA5zbqIwBtaHLjYNDSFA1UrHrwzpoVE61I+kqVDTsfp7IoVAqUHgmc4AdE/NeiPxP6+ZaP+slfIwTjSGbLLITwTVER3lQjtcItNiYAgwyc2tlPVAAtMmvZwJwZl9eZ7USkXnuFi6PSmUL6ZxZMkeOSBHxCGnpEyuSYVUCSOP5Jm8kjfryXqx3q2PSWvGms7skj+wPn8AWOGaCg==</latexit>

Effective action e�W (�c) =

Z
D� e��†��

<latexit sha1_base64="ecpRaq41IgRPv9v6RS/X6cWGrGc="></latexit>

� = �c(x) + �(x)
<latexit sha1_base64="0sSA0o8gOn//GSn8MYLtpx0LDXw=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIlSEklRBN0LRjcsK9gJNCJPppBk6mYSZiVhCN76KGxeKuPUx3Pk2TtostPWHgY//nMOZ8/sJo1JZ1rdRWlpeWV0rr1c2Nre2d8zdvY6MU4FJG8csFj0fScIoJ21FFSO9RBAU+Yx0/dFNXu8+ECFpzO/VOCFuhIacBhQjpS3PPHBaIb1ykpB6uPZ4Ak9z1OCZVatuTQUXwS6gCgq1PPPLGcQ4jQhXmCEp+7aVKDdDQlHMyKTipJIkCI/QkPQ1chQR6WbTAybwWDsDGMRCP67g1P09kaFIynHk684IqVDO13Lzv1o/VcGlm1GepIpwPFsUpAyqGOZpwAEVBCs21oCwoPqvEIdIIKx0ZhUdgj1/8iJ0GnX7rN64O682r4s4yuAQHIEasMEFaIJb0AJtgMEEPINX8GY8GS/Gu/Exay0Zxcw++CPj8weqfpUo</latexit>

,
<latexit sha1_base64="q6zCDYXs2BSzlDW6xbJ7xw9qA5E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuFPQY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2qVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3RXjLQ=</latexit>

[Dµ, D⌫ ] = Gµ⌫
<latexit sha1_base64="M5niwN2QAxdsV3qwuHXp2Izuo1g=">AAACBHicbVC7TsMwFHXKq6Q8AoxdLAoSA6qSMsCCVAESjEWiDymNIsd1W6uOE9lOpSrqwMKvsDCAEIws/AEbHwIz7mOAliPZOj7nXl3fE8SMSmXbn0ZmYXFpeSW7aubW1jc2ra3tmowSgUkVRywSjQBJwignVUUVI41YEBQGjNSD3vnIr/eJkDTiN2oQEy9EHU7bFCOlJd/Km6Z74TfD5FDfPPFOL/1Uv6DmQ98q2EV7DDhPnCkplPe+Xt/7ue+Kb300WxFOQsIVZkhK17Fj5aVIKIoZGZrNRJIY4R7qEFdTjkIivXS8xBDua6UF25HQhys4Vn93pCiUchAGujJEqitnvZH4n+cmqn3ipZTHiSIcTwa1EwZVBEeJwBYVBCs20ARhQfVfIe4igbDSuZk6BGd25XlSKxWdo2LpWqdxBibIgjzYBQfAAcegDK5ABVQBBrfgHjyCJ+POeDCejZdJacaY9uyAPzDefgCMTJs1</latexit>

,
<latexit sha1_base64="q6zCDYXs2BSzlDW6xbJ7xw9qA5E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuFPQY9OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6he9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2qVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3RXjLQ=</latexit>
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e�W (�c) =

Z
D� e��†��

<latexit sha1_base64="ecpRaq41IgRPv9v6RS/X6cWGrGc="></latexit>

W = ln det�
<latexit sha1_base64="0qsVsLoGLKZooiHOujoIsr6Q3NA=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7AbBb0IQT14jGAekA1hdtJJhszOLjO9Soj5FC8eFPHql3jzb5w8DppY0FBUddPdFSZSGPS8byezsrq2vpHdzG1t7+zuufn9molTzaHKYxnrRsgMSKGgigIlNBINLAol1MPB9cSvP4A2Ilb3OEygFbGeEl3BGVqp7ebrl4FUNOgA0uAGJLK2W/CK3hR0mfhzUiBzVNruV9CJeRqBQi6ZMU3fS7A1YhoFlzDOBamBhPEB60HTUsUiMK3R9PQxPbZKh3ZjbUshnaq/J0YsMmYYhbYzYtg3i95E/M9rpti9aI2ESlIExWeLuqmkGNNJDrQjNHCUQ0sY18LeSnmfacbRppWzIfiLLy+TWqnonxZLd2eF8tU8jiw5JEfkhPjknJTJLamQKuHkkTyTV/LmPDkvzrvzMWvNOPOZA/IHzucPHDiTQg==</latexit>

= (det�)�1
<latexit sha1_base64="MKp4/QTdXBWrK2jIgv3rxnpRNKE=">AAAB/HicbVDJSgNBEO1xjXGL5uilMQjxYJiJgl6EoB48RjALJDH09FSSJj0L3TXCMMRf8eJBEa9+iDf/xs5y0MQHBY/3qqiq50ZSaLTtb2tpeWV1bT2zkd3c2t7Zze3t13UYKw41HspQNV2mQYoAaihQQjNSwHxXQsMdXo/9xiMoLcLgHpMIOj7rB6InOEMjdXP5y2LbA6TtG5DIjh/SE2fUzRXskj0BXSTOjBTIDNVu7qvthTz2IUAumdYtx46wkzKFgksYZduxhojxIetDy9CA+aA76eT4ET0yikd7oTIVIJ2ovydS5mud+K7p9BkO9Lw3Fv/zWjH2LjqpCKIYIeDTRb1YUgzpOAnqCQUcZWII40qYWykfMMU4mryyJgRn/uVFUi+XnNNS+e6sULmaxZEhB+SQFIlDzkmF3JIqqRFOEvJMXsmb9WS9WO/Wx7R1yZrN5MkfWJ8/9P6Trg==</latexit>

= tr ln�
<latexit sha1_base64="+IDGbYTgVVn5nyWlG5JQ6+zf2H0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JUQTdCURcuK9gHNKFMppN26GQSZm6EGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+QCK7Bcb6twtLyyupacb20sbm1vWPv7jV1nCrKGjQWsWoHRDPBJWsAB8HaiWIkCgRrBcPrid96YErzWN7DKGF+RPqSh5wSMFLXPrjMPBVhUGPsCYm9GyaAdO2yU3GmwIvEzUkZ5ah37S+vF9M0YhKoIFp3XCcBPyMKOBVsXPJSzRJCh6TPOoZKEjHtZ9Prx/jYKD0cxsqUBDxVf09kJNJ6FAWmMyIw0PPeRPzP66QQXvgZl0kKTNLZojAVGGI8iQL3uGIUxMgQQhU3t2I6IIpQMIGVTAju/MuLpFmtuKeV6t1ZuXaVx1FEh+gInSAXnaMaukV11EAUPaJn9IrerCfrxXq3PmatBSuf2Ud/YH3+AJTvlKk=</latexit>

ln� = �
Z 1

0

ds

s
e�s�

<latexit sha1_base64="JS7TjswTk9toj/funfS6P1NUdhk=">AAACHHicbVDLSgMxFM34rPVVdekmWAQ3LTMq6EYQdeGygm2FTlsy6R0bmskMyR2hDPMhbvwVNy4UceNC8G9MHwtfB0IO55xLck+QSGHQdT+dmdm5+YXFwlJxeWV1bb20sdkwcao51HksY30TMANSKKijQAk3iQYWBRKaweB85DfvQBsRq2scJtCO2K0SoeAMrdQtHfhSUf8CJLKTii8Udt2OvUIcUj/UjGc9k2cmh05WMZMYzbulslt1x6B/iTclZTJFrVt693sxTyNQyCUzpuW5CbYzplFwCXnRTw0kjA/YLbQsVSwC087Gy+V01yo9GsbaHoV0rH6fyFhkzDAKbDJi2De/vZH4n9dKMTxuZ0IlKYLik4fCVFKM6agp2hMaOMqhJYxrYf9KeZ/ZTtD2WbQleL9X/ksa+1XvoLp/dVg+PZvWUSDbZIfsEY8ckVNySWqkTji5J4/kmbw4D86T8+q8TaIzznRmi/yA8/EF3Fih4A==</latexit>

W = �
Z 1

0

ds

s
tr e�s�

<latexit sha1_base64="zQxk4FmVZynHajadctBv2iwkcno="></latexit>

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>
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 Heat Kernel: K(x, y;�, s) = hx|e�s�|yi
<latexit sha1_base64="3uoMFtM690OzvfKASYLba8TJtPk="></latexit>

Obeys the ‘heat equation’
✓

@

@s
+�

◆
K(x, y;�, s) = 0

<latexit sha1_base64="7xksx9scDAu+10x4eLIVaOQJRMI="></latexit>

K(x, y;�, s = 0) = �(x� y)
<latexit sha1_base64="dw/rW6gIkYX6ffaL5M+ZigMp5jE=">AAACBnicbZDLSsNAFIYn9VbrLepShNAitFhLUhcKUijqQnBTwV6gCWUymbZDJxdmJtIQunLjA/gSblwo4tZncNe3cdJ2oa0/DHz85xzOnN8OKOFC18dKaml5ZXUtvZ7Z2Nza3lF39xrcDxnCdeRTn7VsyDElHq4LIihuBQxD16a4aQ+uknrzATNOfO9eRAG2XNjzSJcgKKTVUQ9v88NidGFeYypgkVf0QsV0Es4PT6JCR83pJX0ibRGMGeSqWfP4eVyNah3123R8FLrYE4hCztuGHggrhkwQRPEoY4YcBxANYA+3JXrQxdyKJ2eMtCPpOFrXZ/J5Qpu4vydi6HIeubbsdKHo8/laYv5Xa4eie27FxAtCgT00XdQNqSZ8LclEcwjDSNBIAkSMyL9qqA8ZREIml5EhGPMnL0KjXDJOS+U7mcYlmCoNDkAW5IEBzkAV3IAaqAMEHsELeAPvypPyqnwon9PWlDKb2Qd/pHz9AH4gmjQ=</latexit>

Initial condition

W = �
Z 1

0

ds

s
tr e�s�

<latexit sha1_base64="zQxk4FmVZynHajadctBv2iwkcno="></latexit>

= �
Z 1

0

ds

s
tr K(x, x;�, s)

<latexit sha1_base64="r8KQTe41Z3VDxBcbf0xyRgwzaQY="></latexit>
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� =
@2L

@��† = �DµD
µ + U(x) +M2

<latexit sha1_base64="zN1ghhC52Tmrz4Mp2cu+30AYdd8="></latexit>



�0 = �@µ@
µ +M2

<latexit sha1_base64="87ztv7ZynX57/7KC6lEyjl4GAhc=">AAACE3icbVDLSgMxFM3UV536GHXpJlgFUSwzdaEboagLN0IF+4BOO2TStA3NPEgyhTL0H9z4K924UNStG3d+iK7NtBW09UDg3HPuTXKPGzIqpGl+aKm5+YXFpfSynllZXVs3NjbLIog4JiUcsIBXXSQIoz4pSSoZqYacIM9lpOJ2LxK/0iNc0MC/lf2Q1D3U9mmLYiSV5BgHun1JmESOeQaP7BBxSRFzbC+CP0UjKQ6vG3nHyJo5cwQ4S6wJyRZ2P4cvvcxX0THe7WaAI4/4EjMkRM0yQ1mPk2sxIwPdjgQJEe6iNqkp6iOPiHo82mkA95TShK2Aq+NLOFJ/T8TIE6LvuarTQ7Ijpr1E/M+rRbJ1Wo+pH0aS+Hj8UCtiUAYwCQg2KSdYsr4iCHOq/gpxB3GEpYpRVyFY0yvPknI+Zx3n8jcqjXMwRhpsgx2wDyxwAgrgChRBCWBwB4bgETxp99qD9qy9jltT2mRmC/yB9vYNd16hFA==</latexit>

No interactions:

✓
@

@s
+�0

◆
K(x, y;�0, s) = 0

<latexit sha1_base64="wKIK2ZqY54Z22hJHJNsO2oYoLaQ="></latexit>

Heat equation

Has the solution

K(x, y;�0, s) = (4⇡s)�d/2 exp(� (x� y)2

4s
� sM2)

<latexit sha1_base64="5MkXRr1Mh75/Hnixcx6qd2fSB6s="></latexit>
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Heat Kernel coefficients
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s s

H(s, x, y,�)
1X

k=0

(�s)k

k!
bk(x, y)

<latexit sha1_base64="eSYoIuSgNm/NVcgX+ADB9b/66rc="></latexit>

 Series in powers of  become a series in sk M(d−2k) d = 4� ✏
<latexit sha1_base64="D/TFCuWSuIw6MixcBSO6bic/KQ8=">AAAB83icbVBNSwMxEM3Wr1q/qh69LBbBi2W3FvQiFL14rGA/oLuUbHa2Dc0mIckKpfRvePGgiFf/jDf/jWm7B219MPB4b4aZeZFkVBvP+3YKa+sbm1vF7dLO7t7+QfnwqK1Fpgi0iGBCdSOsgVEOLUMNg65UgNOIQSca3c38zhMoTQV/NGMJYYoHnCaUYGOlIL6pXwQgNWWC98sVr+rN4a4SPycVlKPZL38FsSBZCtwQhrXu+Z404QQrQwmDaSnINEhMRngAPUs5TkGHk/nNU/fMKrGbCGWLG3eu/p6Y4FTrcRrZzhSboV72ZuJ/Xi8zyXU4oVxmBjhZLEoy5hrhzgJwY6qAGDa2BBNF7a0uGWKFibExlWwI/vLLq6Rdq/qX1dpDvdK4zeMoohN0is6Rj65QA92jJmohgiR6Rq/ozcmcF+fd+Vi0Fpx85hj9gfP5A3MDkU4=</latexit>
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Le↵ = cstr

Z 1

0

ds

s
K(s, x, x,�)

<latexit sha1_base64="XCG3O3nN3SIHqnDXqAbQjZWCrQY="></latexit>

Le↵ = cs

Z 1

0

ds

s
(4⇡s)�d/2e�sM2

1X

k=0

(�s)k

k!
tr[bk]

<latexit sha1_base64="nPardzjVG8Hi/D1qM1JhhzSj5o8="></latexit>

y

sM2 ! ⌧
<latexit sha1_base64="802ApFrVegDTYUNh5LTux1CQABc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkCnosevEiVLAf0MSy2W7apZts2J0oJRT8K148KOLV3+HNf+O2zUFbHww83pthZl6QCK7Bcb6twtLyyupacb20sbm1vWPv7jW1TBVlDSqFVO2AaCZ4zBrAQbB2ohiJAsFawfBq4rcemNJcxncwSpgfkX7MQ04JGKlrH+ib+yr2FO8PgCglH7EHJO3aZafiTIEXiZuTMspR79pfXk/SNGIxUEG07rhOAn5GFHAq2LjkpZolhA5Jn3UMjUnEtJ9Nzx/jY6P0cCiVqRjwVP09kZFI61EUmM6IwEDPexPxP6+TQnjhZzxOUmAxnS0KU4FB4kkWuMcVoyBGhhCquLkV0wFRhIJJrGRCcOdfXiTNasU9rVRvz8q1yzyOIjpER+gEuegc1dA1qqMGoihDz+gVvVlP1ov1bn3MWgtWPrOP/sD6/AHBepVc</latexit>

Change variables



Integral representation of gamma function
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d = 4� ✏
<latexit sha1_base64="D/TFCuWSuIw6MixcBSO6bic/KQ8=">AAAB83icbVBNSwMxEM3Wr1q/qh69LBbBi2W3FvQiFL14rGA/oLuUbHa2Dc0mIckKpfRvePGgiFf/jDf/jWm7B219MPB4b4aZeZFkVBvP+3YKa+sbm1vF7dLO7t7+QfnwqK1Fpgi0iGBCdSOsgVEOLUMNg65UgNOIQSca3c38zhMoTQV/NGMJYYoHnCaUYGOlIL6pXwQgNWWC98sVr+rN4a4SPycVlKPZL38FsSBZCtwQhrXu+Z404QQrQwmDaSnINEhMRngAPUs5TkGHk/nNU/fMKrGbCGWLG3eu/p6Y4FTrcRrZzhSboV72ZuJ/Xi8zyXU4oVxmBjhZLEoy5hrhzgJwY6qAGDa2BBNF7a0uGWKFibExlWwI/vLLq6Rdq/qX1dpDvdK4zeMoohN0is6Rj65QA92jJmohgiR6Rq/ozcmcF+fd+Vi0Fpx85hj9gfP5A3MDkU4=</latexit>



+O(M�n)
<latexit sha1_base64="fTuq5U22aAJ6NBp2K5h4QodpFy4=">AAAB+3icbVDLSsNAFJ3UV62vWJduhhahUixJXeiy6MaNWME+oIllMp20QyeTMDMRQ8hfuHbjQhG3/oi7/o3T1oW2HrhwOOde7r3HixiVyrImRm5ldW19I79Z2Nre2d0z94ttGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjjy6nfeSBC0pDfqSQiboCGnPoUI6Wlvlmspg5GDN5klev79IRnx7Bvlq2aNQNcJvYPKTdKTvVp0kiaffPLGYQ4DghXmCEpe7YVKTdFQlHMSFZwYkkihMdoSHqachQQ6aaz2zN4pJUB9EOhiys4U39PpCiQMgk83RkgNZKL3lT8z+vFyj93U8qjWBGO54v8mEEVwmkQcEAFwYolmiAsqL4V4hESCCsdV0GHYC++vEza9Zp9Wqvf6jQuwBx5cAhKoAJscAYa4Ao0QQtg8AiewSt4MzLjxXg3PuatOeNn5gD8gfH5DTdGljs=</latexit>

Effective action at zero temperature 
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Heat Kernel Coefficients with background gauge fields

How to use the Standard Model effective field theory,  Brian Henning, Xiaochuan Lu, Hitoshi Murayama,  (2016) 

Covariant Derivative Expansion method



Heat Kernel at Finite temperature

e�ipx(@µ)e
ipx = @µ + ipµ ,

<latexit sha1_base64="xf2njMZQzVfFLxQ6ah5jznzGwuY="></latexit>

=
1

�

X

p0

Z
ddp

(2⇡)d
<latexit sha1_base64="wSAp0mC4gdCXLkqRFQ+Pb2uPLHc="></latexit>

=

Z
dd+1p

(2⇡)d+1
<latexit sha1_base64="qnfxllRHcdWraNDF+9QfX3OhzJI=">AAACC3icbVDLSsNAFJ3UV62vqODGTWgVKkJJ6kI3QtGNywr2AU0sk8mkHTqZhJmJUEL2bvwDv8GNC0W69Qfc+Qfu/AWnTRfaeuDCmXPuZe49bkSJkKb5qeUWFpeWV/KrhbX1jc0tfXunKcKYI9xAIQ1524UCU8JwQxJJcTviGAYuxS13cDn2W3eYCxKyGzmMsBPAHiM+QVAqqasXz23CpO1ziBLvNvGOrTRKk3LVjshR9ky7esmsmBMY88SaklKt9v012ns8qHf1D9sLURxgJhGFQnQsM5JOArkkiOK0YMcCRxANYA93FGUwwMJJJrekxqFSPMMPuSomjYn6eyKBgRDDwFWdAZR9MeuNxf+8Tiz9MychLIolZij7yI+pIUNjHIzhEY6RpENFIOJE7WqgPlS5SBVfQYVgzZ48T5rVinVSqV6rNC5AhjzYB0VQBhY4BTVwBeqgARC4B0/gBbxqD9qz9qaNstacNp3ZBX+gvf8AgIWebA==</latexit>
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Effective action at finite temperature

L(0) =
<latexit sha1_base64="1+RgE+QWLNsIIUk3HVtbviY3Uow=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSKuhFKHrx4KGC/YA2ls122y7dbMLuRqghv8SLB0W8+lO8+W/ctjlo64OBx3szzMzzI86UdpxvK7eyura+kd8sbG3v7Bbtvf2mCmNJaIOEPJRtHyvKmaANzTSn7UhSHPictvzx9dRvPVKpWCju9SSiXoCHgg0YwdpIPbuYdAnm6DZ9SMrOSXrZs0tOxZkBLRM3IyXIUO/ZX91+SOKACk04VqrjOpH2Eiw1I5ymhW6saITJGA9px1CBA6q8ZHZ4io6N0keDUJoSGs3U3xMJDpSaBL7pDLAeqUVvKv7ndWI9uPASJqJYU0HmiwYxRzpE0xRQn0lKNJ8Ygolk5lZERlhiok1WBROCu/jyMmlWK+5ppXp3VqpdZXHk4RCOoAwunEMNbqAODSAQwzO8wpv1ZL1Y79bHvDVnZTMH8AfW5w9vIpJJ</latexit>

p = L(0) =
<latexit sha1_base64="UUDpHl59FN30IBo5XaLxYWB395Y=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQxCvITdKOglEPTiwUME84BkDbOT2WTI7IOZWSWs+ylePCji1S/x5t84SfagiQUNRVU33V1uxJlUlvVt5FZW19Y38puFre2d3T2zuN+SYSwIbZKQh6LjYkk5C2hTMcVpJxIU+y6nbXd8NfXbD1RIFgZ3ahJRx8fDgHmMYKWlvlmMakmPYI5u0vukbJ2ktb5ZsirWDGiZ2BkpQYZG3/zqDUIS+zRQhGMpu7YVKSfBQjHCaVroxZJGmIzxkHY1DbBPpZPMTk/RsVYGyAuFrkChmfp7IsG+lBPf1Z0+ViO56E3F/7xurLwLJ2FBFCsakPkiL+ZIhWiaAxowQYniE00wEUzfisgIC0yUTqugQ7AXX14mrWrFPq1Ub89K9cssjjwcwhGUwYZzqMM1NKAJBB7hGV7hzXgyXox342PemjOymQP4A+PzB8o4kwo=</latexit>

Pressure at high temperature  m β ≪ 1

 Here  is the mass of heavy particle which has been integrated out, but at  it 
contributes to the pressure and other terms in effective lagrangian.

m T ≫ m
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At low temperatures   ,T ≪ m

Use the asymptotic form of Bessel function for  ,  z = mβ ≪ 1

Pochhammer symbol
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L(1) =
<latexit sha1_base64="NONBITz5OrIvYKnNglmlw9x+lUo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSKuhFKHrx4KGC/YA2ls122y7dbMLuRqghv8SLB0W8+lO8+W/ctjlo64OBx3szzMzzI86UdpxvK7eyura+kd8sbG3v7Bbtvf2mCmNJaIOEPJRtHyvKmaANzTSn7UhSHPictvzx9dRvPVKpWCju9SSiXoCHgg0YwdpIPbuYdAnm6DZ9SMruSXrZs0tOxZkBLRM3IyXIUO/ZX91+SOKACk04VqrjOpH2Eiw1I5ymhW6saITJGA9px1CBA6q8ZHZ4io6N0keDUJoSGs3U3xMJDpSaBL7pDLAeqUVvKv7ndWI9uPASJqJYU0HmiwYxRzpE0xRQn0lKNJ8Ygolk5lZERlhiok1WBROCu/jyMmlWK+5ppXp3VqpdZXHk4RCOoAwunEMNbqAODSAQwzO8wpv1ZL1Y79bHvDVnZTMH8AfW5w9wqZJK</latexit> U

<latexit sha1_base64="PEhrdXtU5tToVGh4QPZ07hn1c/A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+SVq3qXVRrzctK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8fsnuM3Q==</latexit>

=<latexit sha1_base64="MWbL6R2hZsQThSAdMNvF0orSXwY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44bjMU=</latexit>

Thermal correction to mass  

Thermal corrections to Wilson coefficients to required order:   L(2),L(3)...
<latexit sha1_base64="1PqW02cillv/7wATokOT3WWWtic=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VoQULSCrosunHhooJ9QBvLZDpph04mYWYilJC1G3/FjQtF3PoF7vwbp20WtfXAhTPn3Mvce7yIUals+8fIrayurW/kNwtb2zu7e+b+QVOGscCkgUMWiraHJGGUk4aiipF2JAgKPEZa3uh64rceiZA05PdqHBE3QANOfYqR0lLPPE66GDF4mz4kpUo5PYNz72o5tSyrZxZty54CLhMnI0WQod4zv7v9EMcB4QozJGXHsSPlJkgoihlJC91YkgjhERqQjqYcBUS6yfSUFJ5qpQ/9UOjiCk7V+YkEBVKOA093BkgN5aI3Ef/zOrHyL92E8ihWhOPZR37MoArhJBfYp4JgxcaaICyo3hXiIRIIK51eQYfgLJ68TJoVy6lalbvzYu0qiyMPjsAJKAEHXIAauAF10AAYPIEX8AbejWfj1fgwPmetOSObOQR/YHz9AsW0mGI=</latexit>

Finite temperature  EFT :

m β ≪ 1

U
<latexit sha1_base64="PEhrdXtU5tToVGh4QPZ07hn1c/A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+SVq3qXVRrzctK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8fsnuM3Q==</latexit>
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Coleman-Weinberg Potential

�<latexit sha1_base64="1wWJZzuqkwoOr8BrbeaugX9EN5c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mW5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3XbjLU=</latexit>

meff (�l, T ) ⌘
�2

��2
l

(Ltree(�l) + L`�loop(�l, T ) + Lh�loop(�l, T ))
<latexit sha1_base64="aQVGJ7N6q/PdSxTE5Qu6Zyd287U="></latexit>

• Generalisation of the Parwani-Espinosa procedure of Daisy diagrams.  

�<latexit sha1_base64="1wWJZzuqkwoOr8BrbeaugX9EN5c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mW5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3XbjLU=</latexit>
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Improved Thermal Resummation for Multi-Field Potentials Henning Bahl , Marcela Carena , Aurora Ireland, Carlos E.M. Wagner
 2404.12439
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Polyakov loop in Effective Potential

L0(T, ñ) =
<latexit sha1_base64="QVEbSrSOzyc4booOFuQg2HUaLsE=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpSkCroRim5cuKjQFzSxTCaTduhkEmYmQgkBN/6KGxeKuPUn3Pk3TtsstHrgwuGce7n3Hi9mVCrL+jIKC4tLyyvF1dLa+sbmlrm905ZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7qa+J17IiSNeFONY+KGaMBpQDFSWuqbe6mDEYM32V1qZZXmMXQUZT6B/Oiib5atqjUF/EvsnJRBjkbf/HT8CCch4QozJGXPtmLlpkgoihnJSk4iSYzwCA1IT1OOQiLddPpDBg+14sMgErq4glP150SKQinHoac7Q6SGct6biP95vUQF525KeZwowvFsUZAwqCI4CQT6VBCs2FgThAXVt0I8RAJhpWMr6RDs+Zf/knatap9Ua7en5fplHkcR7IMDUAE2OAN1cA0aoAUweABP4AW8Go/Gs/FmvM9aC0Y+swt+wfj4BsxUllM=</latexit>

ñ =
1

2⇡

Z �

0
dtA0(t, xi)

<latexit sha1_base64="O484IpeTgSlhiVraMhXTSx6+WBo="></latexit>

ñ = 0
<latexit sha1_base64="chBEgf1Gn6EtT/4xtH0t/EhcnvI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh6MVjBfsBTSmb7aZdutmE3YlQQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8d3Mbz9xbUSsHnGS8F5Eh0qEglG0ku+jkANOFLkhbr9ccavuHGSVeDmpQI5Gv/zlD2KWRlwhk9SYrucm2MuoRsEkn5b81PCEsjEd8q6likbc9LL5zVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK97mVBJilyxxaIwlQRjMguADITmDOXEEsq0sLcSNqKaMrQxlWwI3vLLq6RVq3oX1drDZaV+m8dRhBM4hXPw4ArqcA8NaAKDBJ7hFd6c1Hlx3p2PRWvByWeO4Q+czx9sZ5Cf</latexit>

ñ = 1
<latexit sha1_base64="csULKLEAtgzANPY9WROntIDwOlE=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoBeh6MVjBfsBTSmb7aRdutmE3YlQQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONYcmj2WsOwEzIIWCJgqU0Ek0sCiQ0A7GdzO//QTaiFg94iSBXsSGSoSCM7SS76OQA6CK3lCvX664VXcOukq8nFRIjka//OUPYp5GoJBLZkzXcxPsZUyj4BKmJT81kDA+ZkPoWqpYBKaXzW+e0jOrDGgYa1sK6Vz9PZGxyJhJFNjOiOHILHsz8T+vm2J43cuESlIExReLwlRSjOksADoQGjjKiSWMa2FvpXzENONoYyrZELzll1dJq1b1Lqq1h8tK/TaPo0hOyCk5Jx65InVyTxqkSThJyDN5JW9O6rw4787HorXg5DPH5A+czx9t65Cg</latexit>
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• CW effective potential from EFT at zero and finite temperatures, derived,                       
needs to be coded and applied in phase transition calculations.                  

• Resolved the problem of gauge dependence of  Coleman-Weinberg                      
effective potentials.                                                     
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Thank You


