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• Higgs inflation and beyond

• General sigma inflation

• Inflaton as dark matter

• Conclusions



Particle physics in cosmology
Cosmic Microwave Background

Mass generation

Large-scale structure
What are the origins of 

inflation, symmetry breaking, 
and dark matter? “Dark matter”

“Higgs boson”

“Slow-roll inflation”
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Higgs boson at LHC
• 125GeV Higgs boson is (close to) a fundamental scalar 

particle, consistent with Higgs couplings predicted in SM.

• Higgs precision is important at HL-LHC and future colliders.

• Is Higgs boson the last piece of the puzzles? 



& New Physics?

Discovered Higgs boson has a key to open the door 
to new symmetries and interactions beyond the SM.



Knocking on Higgs’s door
Hierarchy problem,  vacuum instability

Electroweak symmetry breaking

Flavor puzzles,  baryogenesis

 Dark matter

Inflation

More Higgs?
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WIMP, FIMP, SIMP, …

Higgs inflation? ⇠|H|2R
<latexit sha1_base64="In32HGEQsFgt+one9ke9pBIrQOE=">AAAB+nicbVDLTsJAFJ3iC/FVcelmIjFx1bTEiO6IbliisUJCK5kOU5gwnTYzUwMp/RU3LtS49Uvc+TcOj4WCJ7nJyTn35t57goRRqWz72yisrW9sbhW3Szu7e/sH5mH5QcapwMTFMYtFO0CSMMqJq6hipJ0IgqKAkVYwvJn6rSciJI35vRonxI9Qn9OQYqS01DXL3ojCSWPyWIWZhxGDd3nXrNiWY1ed2gW0LXsG6CyTClig2TW/vF6M04hwhRmSsuPYifIzJBTFjOQlL5UkQXiI+qSjKUcRkX42uz2Hp1rpwTAWuriCM/X3RIYiKcdRoDsjpAZy2ZuK/3mdVIWXfkZ5kirC8XxRmDKoYjgNAvaoIFixsSYIC6pvhXiABMJKx1XSIay8vErcqnVlObfnlfr1Io0iOAYn4Aw4oAbqoAGawAUYjMAzeAVvRm68GO/Gx7y1YCxmjsAfGJ8/U4KTiA==</latexit><latexit sha1_base64="In32HGEQsFgt+one9ke9pBIrQOE=">AAAB+nicbVDLTsJAFJ3iC/FVcelmIjFx1bTEiO6IbliisUJCK5kOU5gwnTYzUwMp/RU3LtS49Uvc+TcOj4WCJ7nJyTn35t57goRRqWz72yisrW9sbhW3Szu7e/sH5mH5QcapwMTFMYtFO0CSMMqJq6hipJ0IgqKAkVYwvJn6rSciJI35vRonxI9Qn9OQYqS01DXL3ojCSWPyWIWZhxGDd3nXrNiWY1ed2gW0LXsG6CyTClig2TW/vF6M04hwhRmSsuPYifIzJBTFjOQlL5UkQXiI+qSjKUcRkX42uz2Hp1rpwTAWuriCM/X3RIYiKcdRoDsjpAZy2ZuK/3mdVIWXfkZ5kirC8XxRmDKoYjgNAvaoIFixsSYIC6pvhXiABMJKx1XSIay8vErcqnVlObfnlfr1Io0iOAYn4Aw4oAbqoAGawAUYjMAzeAVvRm68GO/Gx7y1YCxmjsAfGJ8/U4KTiA==</latexit><latexit sha1_base64="In32HGEQsFgt+one9ke9pBIrQOE=">AAAB+nicbVDLTsJAFJ3iC/FVcelmIjFx1bTEiO6IbliisUJCK5kOU5gwnTYzUwMp/RU3LtS49Uvc+TcOj4WCJ7nJyTn35t57goRRqWz72yisrW9sbhW3Szu7e/sH5mH5QcapwMTFMYtFO0CSMMqJq6hipJ0IgqKAkVYwvJn6rSciJI35vRonxI9Qn9OQYqS01DXL3ojCSWPyWIWZhxGDd3nXrNiWY1ed2gW0LXsG6CyTClig2TW/vF6M04hwhRmSsuPYifIzJBTFjOQlL5UkQXiI+qSjKUcRkX42uz2Hp1rpwTAWuriCM/X3RIYiKcdRoDsjpAZy2ZuK/3mdVIWXfkZ5kirC8XxRmDKoYjgNAvaoIFixsSYIC6pvhXiABMJKx1XSIay8vErcqnVlObfnlfr1Io0iOAYn4Aw4oAbqoAGawAUYjMAzeAVvRm68GO/Gx7y1YCxmjsAfGJ8/U4KTiA==</latexit><latexit sha1_base64="In32HGEQsFgt+one9ke9pBIrQOE=">AAAB+nicbVDLTsJAFJ3iC/FVcelmIjFx1bTEiO6IbliisUJCK5kOU5gwnTYzUwMp/RU3LtS49Uvc+TcOj4WCJ7nJyTn35t57goRRqWz72yisrW9sbhW3Szu7e/sH5mH5QcapwMTFMYtFO0CSMMqJq6hipJ0IgqKAkVYwvJn6rSciJI35vRonxI9Qn9OQYqS01DXL3ojCSWPyWIWZhxGDd3nXrNiWY1ed2gW0LXsG6CyTClig2TW/vF6M04hwhRmSsuPYifIzJBTFjOQlL5UkQXiI+qSjKUcRkX42uz2Hp1rpwTAWuriCM/X3RIYiKcdRoDsjpAZy2ZuK/3mdVIWXfkZ5kirC8XxRmDKoYjgNAvaoIFixsSYIC6pvhXiABMJKx1XSIay8vErcqnVlObfnlfr1Io0iOAYn4Aw4oAbqoAGawAUYjMAzeAVvRm68GO/Gx7y1YCxmjsAfGJ8/U4KTiA==</latexit>

�H > 0
<latexit sha1_base64="zwYcWBF83Phh/AC1xThBcVcDwr8=">AAAB8XicdVDNSgMxGMz6W+tf1aOXYBE8lWxprb2UgpceK7i2sF1KNpttQ7PJkmSFUvoYXjyoePVtvPk2ZtsKKjoQGGbmI983YcqZNgh9OGvrG5tb24Wd4u7e/sFh6ej4TstMEeoRyaXqh1hTzgT1DDOc9lNFcRJy2gsn17nfu6dKMyluzTSlQYJHgsWMYGMlf8BtNMLDTgsNS2VUQcitN+swJ9Va4zInVkB16FolRxms0B2W3geRJFlChSEca+27KDXBDCvDCKfz4iDTNMVkgkfUt1TghOpgtlh5Ds+tEsFYKvuEgQv1+8QMJ1pPk9AmE2zG+reXi395fmbiq2DGRJoZKsjyozjj0EiY3w8jpigxfGoJJorZXSEZY4WJsS0VbQlfl8L/iVetNCvuTa3cbq3aKIBTcAYugAsaoA06oAs8QIAED+AJPDvGeXRenNdldM1ZzZyAH3DePgFAFZDF</latexit><latexit sha1_base64="zwYcWBF83Phh/AC1xThBcVcDwr8=">AAAB8XicdVDNSgMxGMz6W+tf1aOXYBE8lWxprb2UgpceK7i2sF1KNpttQ7PJkmSFUvoYXjyoePVtvPk2ZtsKKjoQGGbmI983YcqZNgh9OGvrG5tb24Wd4u7e/sFh6ej4TstMEeoRyaXqh1hTzgT1DDOc9lNFcRJy2gsn17nfu6dKMyluzTSlQYJHgsWMYGMlf8BtNMLDTgsNS2VUQcitN+swJ9Va4zInVkB16FolRxms0B2W3geRJFlChSEca+27KDXBDCvDCKfz4iDTNMVkgkfUt1TghOpgtlh5Ds+tEsFYKvuEgQv1+8QMJ1pPk9AmE2zG+reXi395fmbiq2DGRJoZKsjyozjj0EiY3w8jpigxfGoJJorZXSEZY4WJsS0VbQlfl8L/iVetNCvuTa3cbq3aKIBTcAYugAsaoA06oAs8QIAED+AJPDvGeXRenNdldM1ZzZyAH3DePgFAFZDF</latexit><latexit sha1_base64="zwYcWBF83Phh/AC1xThBcVcDwr8=">AAAB8XicdVDNSgMxGMz6W+tf1aOXYBE8lWxprb2UgpceK7i2sF1KNpttQ7PJkmSFUvoYXjyoePVtvPk2ZtsKKjoQGGbmI983YcqZNgh9OGvrG5tb24Wd4u7e/sFh6ej4TstMEeoRyaXqh1hTzgT1DDOc9lNFcRJy2gsn17nfu6dKMyluzTSlQYJHgsWMYGMlf8BtNMLDTgsNS2VUQcitN+swJ9Va4zInVkB16FolRxms0B2W3geRJFlChSEca+27KDXBDCvDCKfz4iDTNMVkgkfUt1TghOpgtlh5Ds+tEsFYKvuEgQv1+8QMJ1pPk9AmE2zG+reXi395fmbiq2DGRJoZKsjyozjj0EiY3w8jpigxfGoJJorZXSEZY4WJsS0VbQlfl8L/iVetNCvuTa3cbq3aKIBTcAYugAsaoA06oAs8QIAED+AJPDvGeXRenNdldM1ZzZyAH3DePgFAFZDF</latexit><latexit sha1_base64="zwYcWBF83Phh/AC1xThBcVcDwr8=">AAAB8XicdVDNSgMxGMz6W+tf1aOXYBE8lWxprb2UgpceK7i2sF1KNpttQ7PJkmSFUvoYXjyoePVtvPk2ZtsKKjoQGGbmI983YcqZNgh9OGvrG5tb24Wd4u7e/sFh6ej4TstMEeoRyaXqh1hTzgT1DDOc9lNFcRJy2gsn17nfu6dKMyluzTSlQYJHgsWMYGMlf8BtNMLDTgsNS2VUQcitN+swJ9Va4zInVkB16FolRxms0B2W3geRJFlChSEca+27KDXBDCvDCKfz4iDTNMVkgkfUt1TghOpgtlh5Ds+tEsFYKvuEgQv1+8QMJ1pPk9AmE2zG+reXi395fmbiq2DGRJoZKsjyozjj0EiY3w8jpigxfGoJJorZXSEZY4WJsS0VbQlfl8L/iVetNCvuTa3cbq3aKIBTcAYugAsaoA06oAs8QIAED+AJPDvGeXRenNdldM1ZzZyAH3DePgFAFZDF</latexit>
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heavy ⇠ (100GeV)2,
<latexit sha1_base64="Q70st2ttTPk/KQr9chc9xENbZRM="></latexit><latexit sha1_base64="Q70st2ttTPk/KQr9chc9xENbZRM="></latexit><latexit sha1_base64="Q70st2ttTPk/KQr9chc9xENbZRM="></latexit><latexit sha1_base64="Q70st2ttTPk/KQr9chc9xENbZRM="></latexit>



Cosmic inflation
• Exponential expansion with a scalar field “inflaton” explains 

the initial conditions for Big Bang Cosmology.

ds2 = �dt2 + e2Htd~x2

• Slow-roll inflation is confirmed by CMB anisotropies.
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Causally connected 
at recombination

How uniform CMB 1 in 104 ? 

ns = 1� 6✏+ 2⌘,
<latexit sha1_base64="EAcQkGM1CPEwrwymiYPkqRXK+Nc=">AAAB/nicdVBdSwJBFJ21L7OvraCXXoYkCCrZ3ST1oRB66dEgU1CR2fGqg7Ozy8xsIOZDf6WXHip67Xf01r9pVg0q6sCFwzn3cu89fsSZ0o7zYaXm5hcWl9LLmZXVtfUNe3PrRoWxpFClIQ9l3ScKOBNQ1UxzqEcSSOBzqPmDi8Sv3YJULBTXehhBKyA9wbqMEm2ktr0j2urMPT5tQqQYD8Wh1wRNjtp21sk5jueUCjghJyU3nxAv77lF7BolQRbNUGnb781OSOMAhKacKNVwnUi3RkRqRjmMM81YQUTogPSgYaggAajWaHL/GO8bpYO7oTQlNJ6o3ydGJFBqGPimMyC6r357ifiX14h1t9gaMRHFGgSdLurGHOsQJ2HgDpNANR8aQqhk5lZM+0QSqk1kGRPC16f4f1L1cqWce5XPls9naaTRLtpDB8hFBVRGl6iCqoiiO/SAntCzdW89Wi/W67Q1Zc1mttEPWG+fGR+VEQ==</latexit><latexit sha1_base64="EAcQkGM1CPEwrwymiYPkqRXK+Nc=">AAAB/nicdVBdSwJBFJ21L7OvraCXXoYkCCrZ3ST1oRB66dEgU1CR2fGqg7Ozy8xsIOZDf6WXHip67Xf01r9pVg0q6sCFwzn3cu89fsSZ0o7zYaXm5hcWl9LLmZXVtfUNe3PrRoWxpFClIQ9l3ScKOBNQ1UxzqEcSSOBzqPmDi8Sv3YJULBTXehhBKyA9wbqMEm2ktr0j2urMPT5tQqQYD8Wh1wRNjtp21sk5jueUCjghJyU3nxAv77lF7BolQRbNUGnb781OSOMAhKacKNVwnUi3RkRqRjmMM81YQUTogPSgYaggAajWaHL/GO8bpYO7oTQlNJ6o3ydGJFBqGPimMyC6r357ifiX14h1t9gaMRHFGgSdLurGHOsQJ2HgDpNANR8aQqhk5lZM+0QSqk1kGRPC16f4f1L1cqWce5XPls9naaTRLtpDB8hFBVRGl6iCqoiiO/SAntCzdW89Wi/W67Q1Zc1mttEPWG+fGR+VEQ==</latexit><latexit sha1_base64="EAcQkGM1CPEwrwymiYPkqRXK+Nc=">AAAB/nicdVBdSwJBFJ21L7OvraCXXoYkCCrZ3ST1oRB66dEgU1CR2fGqg7Ozy8xsIOZDf6WXHip67Xf01r9pVg0q6sCFwzn3cu89fsSZ0o7zYaXm5hcWl9LLmZXVtfUNe3PrRoWxpFClIQ9l3ScKOBNQ1UxzqEcSSOBzqPmDi8Sv3YJULBTXehhBKyA9wbqMEm2ktr0j2urMPT5tQqQYD8Wh1wRNjtp21sk5jueUCjghJyU3nxAv77lF7BolQRbNUGnb781OSOMAhKacKNVwnUi3RkRqRjmMM81YQUTogPSgYaggAajWaHL/GO8bpYO7oTQlNJ6o3ydGJFBqGPimMyC6r357ifiX14h1t9gaMRHFGgSdLurGHOsQJ2HgDpNANR8aQqhk5lZM+0QSqk1kGRPC16f4f1L1cqWce5XPls9naaTRLtpDB8hFBVRGl6iCqoiiO/SAntCzdW89Wi/W67Q1Zc1mttEPWG+fGR+VEQ==</latexit><latexit sha1_base64="EAcQkGM1CPEwrwymiYPkqRXK+Nc=">AAAB/nicdVBdSwJBFJ21L7OvraCXXoYkCCrZ3ST1oRB66dEgU1CR2fGqg7Ozy8xsIOZDf6WXHip67Xf01r9pVg0q6sCFwzn3cu89fsSZ0o7zYaXm5hcWl9LLmZXVtfUNe3PrRoWxpFClIQ9l3ScKOBNQ1UxzqEcSSOBzqPmDi8Sv3YJULBTXehhBKyA9wbqMEm2ktr0j2urMPT5tQqQYD8Wh1wRNjtp21sk5jueUCjghJyU3nxAv77lF7BolQRbNUGnb781OSOMAhKacKNVwnUi3RkRqRjmMM81YQUTogPSgYaggAajWaHL/GO8bpYO7oTQlNJ6o3ydGJFBqGPimMyC6r357ifiX14h1t9gaMRHFGgSdLurGHOsQJ2HgDpNANR8aQqhk5lZM+0QSqk1kGRPC16f4f1L1cqWce5XPls9naaTRLtpDB8hFBVRGl6iCqoiiO/SAntCzdW89Wi/W67Q1Zc1mttEPWG+fGR+VEQ==</latexit>

r = 16✏,
<latexit sha1_base64="Gnul9rspTzYeh5zj/AuUozs4j0Q=">AAAB83icdVBNS8NAEN34WetX1aOXxSJ4kJLUYtuDUvDisYKxhTaUzXbSLt1s4u6mUEJ/hxcPKl79M978N27aCir6YODx3gwz8/yYM6Vt+8NaWl5ZXVvPbeQ3t7Z3dgt7+3cqSiQFl0Y8km2fKOBMgKuZ5tCOJZDQ59DyR1eZ3xqDVCwSt3oSgxeSgWABo0QbyZMXznkXYsV4JE57haJdsu2yXa/ijJzVnUpGypWyU8OOUTIU0QLNXuG9249oEoLQlBOlOo4day8lUjPKYZrvJgpiQkdkAB1DBQlBeens6Ck+NkofB5E0JTSeqd8nUhIqNQl90xkSPVS/vUz8y+skOqh5KRNxokHQ+aIg4VhHOEsA95kEqvnEEEIlM7diOiSSUG1yypsQvj7F/xO3XKqXnJtKsXG5SCOHDtEROkEOqqIGukZN5CKK7tEDekLP1th6tF6s13nrkrWYOUA/YL19ArDBkZg=</latexit><latexit sha1_base64="Gnul9rspTzYeh5zj/AuUozs4j0Q=">AAAB83icdVBNS8NAEN34WetX1aOXxSJ4kJLUYtuDUvDisYKxhTaUzXbSLt1s4u6mUEJ/hxcPKl79M978N27aCir6YODx3gwz8/yYM6Vt+8NaWl5ZXVvPbeQ3t7Z3dgt7+3cqSiQFl0Y8km2fKOBMgKuZ5tCOJZDQ59DyR1eZ3xqDVCwSt3oSgxeSgWABo0QbyZMXznkXYsV4JE57haJdsu2yXa/ijJzVnUpGypWyU8OOUTIU0QLNXuG9249oEoLQlBOlOo4day8lUjPKYZrvJgpiQkdkAB1DBQlBeens6Ck+NkofB5E0JTSeqd8nUhIqNQl90xkSPVS/vUz8y+skOqh5KRNxokHQ+aIg4VhHOEsA95kEqvnEEEIlM7diOiSSUG1yypsQvj7F/xO3XKqXnJtKsXG5SCOHDtEROkEOqqIGukZN5CKK7tEDekLP1th6tF6s13nrkrWYOUA/YL19ArDBkZg=</latexit><latexit sha1_base64="Gnul9rspTzYeh5zj/AuUozs4j0Q=">AAAB83icdVBNS8NAEN34WetX1aOXxSJ4kJLUYtuDUvDisYKxhTaUzXbSLt1s4u6mUEJ/hxcPKl79M978N27aCir6YODx3gwz8/yYM6Vt+8NaWl5ZXVvPbeQ3t7Z3dgt7+3cqSiQFl0Y8km2fKOBMgKuZ5tCOJZDQ59DyR1eZ3xqDVCwSt3oSgxeSgWABo0QbyZMXznkXYsV4JE57haJdsu2yXa/ijJzVnUpGypWyU8OOUTIU0QLNXuG9249oEoLQlBOlOo4day8lUjPKYZrvJgpiQkdkAB1DBQlBeens6Ck+NkofB5E0JTSeqd8nUhIqNQl90xkSPVS/vUz8y+skOqh5KRNxokHQ+aIg4VhHOEsA95kEqvnEEEIlM7diOiSSUG1yypsQvj7F/xO3XKqXnJtKsXG5SCOHDtEROkEOqqIGukZN5CKK7tEDekLP1th6tF6s13nrkrWYOUA/YL19ArDBkZg=</latexit><latexit sha1_base64="Gnul9rspTzYeh5zj/AuUozs4j0Q=">AAAB83icdVBNS8NAEN34WetX1aOXxSJ4kJLUYtuDUvDisYKxhTaUzXbSLt1s4u6mUEJ/hxcPKl79M978N27aCir6YODx3gwz8/yYM6Vt+8NaWl5ZXVvPbeQ3t7Z3dgt7+3cqSiQFl0Y8km2fKOBMgKuZ5tCOJZDQ59DyR1eZ3xqDVCwSt3oSgxeSgWABo0QbyZMXznkXYsV4JE57haJdsu2yXa/ijJzVnUpGypWyU8OOUTIU0QLNXuG9249oEoLQlBOlOo4day8lUjPKYZrvJgpiQkdkAB1DBQlBeens6Ck+NkofB5E0JTSeqd8nUhIqNQl90xkSPVS/vUz8y+skOqh5KRNxokHQ+aIg4VhHOEsA95kEqvnEEEIlM7diOiSSUG1yypsQvj7F/xO3XKqXnJtKsXG5SCOHDtEROkEOqqIGukZN5CKK7tEDekLP1th6tF6s13nrkrWYOUA/YL19ArDBkZg=</latexit>

Number of efoldings:

N =

Z tf

ti

Hdt = 60
<latexit sha1_base64="mjXa/l6L+Tk5xAeYKU6FoIXkxYM=">AAACAnicdZDNSgMxFIUz/tb6N+pON8EiuCozYlu7qBTcdCUVrArtOGTSjAYzmSG5I5Sh4MZXceNCxa1P4c63MdNWUNELCYfv3EtyT5AIrsFxPqyp6ZnZufnCQnFxaXll1V5bP9Nxqijr0FjE6iIgmgkuWQc4CHaRKEaiQLDz4OYo989vmdI8lqcwSJgXkSvJQ04JGOTbm8eNHpdwmYEfDn1z8yFu4T40qo5vl5yy47iVegXnYm+/Vs2FAU4Fu4bkVUKTavv2e68f0zRiEqggWnddJwEvIwo4FWxY7KWaJYTekCvWNVKSiGkvG+0wxDuG9HEYK3Mk4BH9PpGRSOtBFJjOiMC1/u3l8C+vm0J44GVcJikwSccPhanAEOM8ENznilEQAyMIVdz8FdNroggFE1vRhPC1Kf5fdPbK9bJ7sl9qHk7SKKAttI12kYtqqIlaqI06iKI79ICe0LN1bz1aL9bruHXKmsxsoB9lvX0CpGGXEQ==</latexit><latexit sha1_base64="mjXa/l6L+Tk5xAeYKU6FoIXkxYM=">AAACAnicdZDNSgMxFIUz/tb6N+pON8EiuCozYlu7qBTcdCUVrArtOGTSjAYzmSG5I5Sh4MZXceNCxa1P4c63MdNWUNELCYfv3EtyT5AIrsFxPqyp6ZnZufnCQnFxaXll1V5bP9Nxqijr0FjE6iIgmgkuWQc4CHaRKEaiQLDz4OYo989vmdI8lqcwSJgXkSvJQ04JGOTbm8eNHpdwmYEfDn1z8yFu4T40qo5vl5yy47iVegXnYm+/Vs2FAU4Fu4bkVUKTavv2e68f0zRiEqggWnddJwEvIwo4FWxY7KWaJYTekCvWNVKSiGkvG+0wxDuG9HEYK3Mk4BH9PpGRSOtBFJjOiMC1/u3l8C+vm0J44GVcJikwSccPhanAEOM8ENznilEQAyMIVdz8FdNroggFE1vRhPC1Kf5fdPbK9bJ7sl9qHk7SKKAttI12kYtqqIlaqI06iKI79ICe0LN1bz1aL9bruHXKmsxsoB9lvX0CpGGXEQ==</latexit><latexit sha1_base64="mjXa/l6L+Tk5xAeYKU6FoIXkxYM=">AAACAnicdZDNSgMxFIUz/tb6N+pON8EiuCozYlu7qBTcdCUVrArtOGTSjAYzmSG5I5Sh4MZXceNCxa1P4c63MdNWUNELCYfv3EtyT5AIrsFxPqyp6ZnZufnCQnFxaXll1V5bP9Nxqijr0FjE6iIgmgkuWQc4CHaRKEaiQLDz4OYo989vmdI8lqcwSJgXkSvJQ04JGOTbm8eNHpdwmYEfDn1z8yFu4T40qo5vl5yy47iVegXnYm+/Vs2FAU4Fu4bkVUKTavv2e68f0zRiEqggWnddJwEvIwo4FWxY7KWaJYTekCvWNVKSiGkvG+0wxDuG9HEYK3Mk4BH9PpGRSOtBFJjOiMC1/u3l8C+vm0J44GVcJikwSccPhanAEOM8ENznilEQAyMIVdz8FdNroggFE1vRhPC1Kf5fdPbK9bJ7sl9qHk7SKKAttI12kYtqqIlaqI06iKI79ICe0LN1bz1aL9bruHXKmsxsoB9lvX0CpGGXEQ==</latexit><latexit sha1_base64="mjXa/l6L+Tk5xAeYKU6FoIXkxYM=">AAACAnicdZDNSgMxFIUz/tb6N+pON8EiuCozYlu7qBTcdCUVrArtOGTSjAYzmSG5I5Sh4MZXceNCxa1P4c63MdNWUNELCYfv3EtyT5AIrsFxPqyp6ZnZufnCQnFxaXll1V5bP9Nxqijr0FjE6iIgmgkuWQc4CHaRKEaiQLDz4OYo989vmdI8lqcwSJgXkSvJQ04JGOTbm8eNHpdwmYEfDn1z8yFu4T40qo5vl5yy47iVegXnYm+/Vs2FAU4Fu4bkVUKTavv2e68f0zRiEqggWnddJwEvIwo4FWxY7KWaJYTekCvWNVKSiGkvG+0wxDuG9HEYK3Mk4BH9PpGRSOtBFJjOiMC1/u3l8C+vm0J44GVcJikwSccPhanAEOM8ENznilEQAyMIVdz8FdNroggFE1vRhPC1Kf5fdPbK9bJ7sl9qHk7SKKAttI12kYtqqIlaqI06iKI79ICe0LN1bz1aL9bruHXKmsxsoB9lvX0CpGGXEQ==</latexit>
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Inflation as EFT

• Inflation is Effective field theory valid at 
energies much below UV cutoff.
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• What controls UV physics (or unitarity) for entire 
range of inflaton fields?
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Questions

• In this talk,  we consider the possibility of Higgs 
inflation, its UV completion and implications.

• What is inflaton? 

• How does it interact with the rest?

• How is inflaton potential flat enough?

axion, dilaton, moduli, wilson-line, Higgs boson, ….

Reheating

shift, scale, supersymmetry, gauge, ….

effects on CMB?  distinguishable? 
testable at colliders? dark matter? baryogengesis?



• Minimally coupled Higgs boson:

Higgs = inflaton?
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�H |H|4
<latexit sha1_base64="yMXFRkFlEDlk+5Bp6xWaSHtmuuc=">AAAB+HicbVDLSsNAFL2pr1pfUZduBovgqiRSad1IwU2XFYwttDFMJpN26OTBzKRQ0v6JGxcqbv0Ud/6N08dCWw8MHM45l3vn+ClnUlnWt1HY2Nza3inulvb2Dw6PzOOTR5lkglCHJDwRHR9LyllMHcUUp51UUBz5nLb94d3Mb4+okCyJH9Q4pW6E+zELGcFKS55p9rgOB9hroklz8lRFnlm2Klbtul6tI03mQPYqKcMSLc/86gUJySIaK8KxlF3bSpWbY6EY4XRa6mWSppgMcZ92NY1xRKWbzy+fogutBChMhH6xQnP190SOIynHka+TEVYDuerNxP+8bqbCupuzOM0UjcliUZhxpBI0qwEFTFCi+FgTTATTtyIywAITpcsq6RLWvrxOnKvKTcW+r5Ybt8s2inAG53AJNtSgAU1ogQMERvAMr/Bm5MaL8W58LKIFYzlzCn9gfP4A3veSsg==</latexit><latexit sha1_base64="yMXFRkFlEDlk+5Bp6xWaSHtmuuc=">AAAB+HicbVDLSsNAFL2pr1pfUZduBovgqiRSad1IwU2XFYwttDFMJpN26OTBzKRQ0v6JGxcqbv0Ud/6N08dCWw8MHM45l3vn+ClnUlnWt1HY2Nza3inulvb2Dw6PzOOTR5lkglCHJDwRHR9LyllMHcUUp51UUBz5nLb94d3Mb4+okCyJH9Q4pW6E+zELGcFKS55p9rgOB9hroklz8lRFnlm2Klbtul6tI03mQPYqKcMSLc/86gUJySIaK8KxlF3bSpWbY6EY4XRa6mWSppgMcZ92NY1xRKWbzy+fogutBChMhH6xQnP190SOIynHka+TEVYDuerNxP+8bqbCupuzOM0UjcliUZhxpBI0qwEFTFCi+FgTTATTtyIywAITpcsq6RLWvrxOnKvKTcW+r5Ybt8s2inAG53AJNtSgAU1ogQMERvAMr/Bm5MaL8W58LKIFYzlzCn9gfP4A3veSsg==</latexit><latexit sha1_base64="yMXFRkFlEDlk+5Bp6xWaSHtmuuc=">AAAB+HicbVDLSsNAFL2pr1pfUZduBovgqiRSad1IwU2XFYwttDFMJpN26OTBzKRQ0v6JGxcqbv0Ud/6N08dCWw8MHM45l3vn+ClnUlnWt1HY2Nza3inulvb2Dw6PzOOTR5lkglCHJDwRHR9LyllMHcUUp51UUBz5nLb94d3Mb4+okCyJH9Q4pW6E+zELGcFKS55p9rgOB9hroklz8lRFnlm2Klbtul6tI03mQPYqKcMSLc/86gUJySIaK8KxlF3bSpWbY6EY4XRa6mWSppgMcZ92NY1xRKWbzy+fogutBChMhH6xQnP190SOIynHka+TEVYDuerNxP+8bqbCupuzOM0UjcliUZhxpBI0qwEFTFCi+FgTTATTtyIywAITpcsq6RLWvrxOnKvKTcW+r5Ybt8s2inAG53AJNtSgAU1ogQMERvAMr/Bm5MaL8W58LKIFYzlzCn9gfP4A3veSsg==</latexit><latexit sha1_base64="yMXFRkFlEDlk+5Bp6xWaSHtmuuc=">AAAB+HicbVDLSsNAFL2pr1pfUZduBovgqiRSad1IwU2XFYwttDFMJpN26OTBzKRQ0v6JGxcqbv0Ud/6N08dCWw8MHM45l3vn+ClnUlnWt1HY2Nza3inulvb2Dw6PzOOTR5lkglCHJDwRHR9LyllMHcUUp51UUBz5nLb94d3Mb4+okCyJH9Q4pW6E+zELGcFKS55p9rgOB9hroklz8lRFnlm2Klbtul6tI03mQPYqKcMSLc/86gUJySIaK8KxlF3bSpWbY6EY4XRa6mWSppgMcZ92NY1xRKWbzy+fogutBChMhH6xQnP190SOIynHka+TEVYDuerNxP+8bqbCupuzOM0UjcliUZhxpBI0qwEFTFCi+FgTTATTtyIywAITpcsq6RLWvrxOnKvKTcW+r5Ybt8s2inAG53AJNtSgAU1ogQMERvAMr/Bm5MaL8W58LKIFYzlzCn9gfP4A3veSsg==</latexit>
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<latexit sha1_base64="P6yl4Eh3Hf+vAzeknnCM8casxZQ=">AAAB9HicdVDNSgMxGMzWv1r/qh69BIvgacnW1tqDUvDSYwXXFtq1ZLNpG5rNLklWKUvfw4sHFa8+jDffxmxbQUUHAsPMfHxfxo85UxqhDyu3tLyyupZfL2xsbm3vFHf3blSUSEJdEvFIdnysKGeCupppTjuxpDj0OW3748vMb99RqVgkrvUkpl6Ih4INGMHaSLc9bqIB7jfPke2c9IslZCPkVOtVmJFypXaaESOgKnSMkqEEFmj1i++9ICJJSIUmHCvVdVCsvRRLzQin00IvUTTGZIyHtGuowCFVXjq7egqPjBLAQSTNExrO1O8TKQ6VmoS+SYZYj9RvLxP/8rqJHpx5KRNxoqkg80WDhEMdwawCGDBJieYTQzCRzNwKyQhLTLQpqmBK+Pop/J+4ZbtuO1eVUuNi0UYeHIBDcAwcUAMN0AQt4AICJHgAT+DZurcerRfrdR7NWYuZffAD1tsnlkGRdA==</latexit><latexit sha1_base64="P6yl4Eh3Hf+vAzeknnCM8casxZQ=">AAAB9HicdVDNSgMxGMzWv1r/qh69BIvgacnW1tqDUvDSYwXXFtq1ZLNpG5rNLklWKUvfw4sHFa8+jDffxmxbQUUHAsPMfHxfxo85UxqhDyu3tLyyupZfL2xsbm3vFHf3blSUSEJdEvFIdnysKGeCupppTjuxpDj0OW3748vMb99RqVgkrvUkpl6Ih4INGMHaSLc9bqIB7jfPke2c9IslZCPkVOtVmJFypXaaESOgKnSMkqEEFmj1i++9ICJJSIUmHCvVdVCsvRRLzQin00IvUTTGZIyHtGuowCFVXjq7egqPjBLAQSTNExrO1O8TKQ6VmoS+SYZYj9RvLxP/8rqJHpx5KRNxoqkg80WDhEMdwawCGDBJieYTQzCRzNwKyQhLTLQpqmBK+Pop/J+4ZbtuO1eVUuNi0UYeHIBDcAwcUAMN0AQt4AICJHgAT+DZurcerRfrdR7NWYuZffAD1tsnlkGRdA==</latexit><latexit sha1_base64="P6yl4Eh3Hf+vAzeknnCM8casxZQ=">AAAB9HicdVDNSgMxGMzWv1r/qh69BIvgacnW1tqDUvDSYwXXFtq1ZLNpG5rNLklWKUvfw4sHFa8+jDffxmxbQUUHAsPMfHxfxo85UxqhDyu3tLyyupZfL2xsbm3vFHf3blSUSEJdEvFIdnysKGeCupppTjuxpDj0OW3748vMb99RqVgkrvUkpl6Ih4INGMHaSLc9bqIB7jfPke2c9IslZCPkVOtVmJFypXaaESOgKnSMkqEEFmj1i++9ICJJSIUmHCvVdVCsvRRLzQin00IvUTTGZIyHtGuowCFVXjq7egqPjBLAQSTNExrO1O8TKQ6VmoS+SYZYj9RvLxP/8rqJHpx5KRNxoqkg80WDhEMdwawCGDBJieYTQzCRzNwKyQhLTLQpqmBK+Pop/J+4ZbtuO1eVUuNi0UYeHIBDcAwcUAMN0AQt4AICJHgAT+DZurcerRfrdR7NWYuZffAD1tsnlkGRdA==</latexit><latexit sha1_base64="P6yl4Eh3Hf+vAzeknnCM8casxZQ=">AAAB9HicdVDNSgMxGMzWv1r/qh69BIvgacnW1tqDUvDSYwXXFtq1ZLNpG5rNLklWKUvfw4sHFa8+jDffxmxbQUUHAsPMfHxfxo85UxqhDyu3tLyyupZfL2xsbm3vFHf3blSUSEJdEvFIdnysKGeCupppTjuxpDj0OW3748vMb99RqVgkrvUkpl6Ih4INGMHaSLc9bqIB7jfPke2c9IslZCPkVOtVmJFypXaaESOgKnSMkqEEFmj1i++9ICJJSIUmHCvVdVCsvRRLzQin00IvUTTGZIyHtGuowCFVXjq7egqPjBLAQSTNExrO1O8TKQ6VmoS+SYZYj9RvLxP/8rqJHpx5KRNxoqkg80WDhEMdwawCGDBJieYTQzCRzNwKyQhLTLQpqmBK+Pop/J+4ZbtuO1eVUuNi0UYeHIBDcAwcUAMN0AQt4AICJHgAT+DZurcerRfrdR7NWYuZffAD1tsnlkGRdA==</latexit>

m2
H

= �(98GeV)2
<latexit sha1_base64="MiKHS+6FkY/YgOnEcc4QFpUK8DU=">AAACAHicdZDLSgMxFIYz9VbrbdSN4CZYhApaZkpr24VScGGXFewF2loyaaYNTWaGJCOUoW58FTcuVNz6GO58GzNtBRX9IfDznXM4Ob8TMCqVZX0YiYXFpeWV5GpqbX1jc8vc3mlIPxSY1LHPfNFykCSMeqSuqGKkFQiCuMNI0xldxPXmLRGS+t61Ggeky9HAoy7FSGnUM/f4Ta5XPTvJlEud46gjOLwkjcmRhmbaylqWXSgXYGxy+eJpbDSwCtDWJFYazFXrme+dvo9DTjyFGZKybVuB6kZIKIoZmaQ6oSQBwiM0IG1tPcSJ7EbTCybwUJM+dH2hn6fglH6fiBCXcswd3cmRGsrftRj+VWuHyi11I+oFoSIeni1yQwaVD+M4YJ8KghUba4OwoPqvEA+RQFjp0FI6hK9L4f+mnsuWs/ZVPl05n6eRBPvgAGSADYqgAqqgBuoAgzvwAJ7As3FvPBovxuusNWHMZ3bBDxlvnwIAlOM=</latexit><latexit sha1_base64="MiKHS+6FkY/YgOnEcc4QFpUK8DU=">AAACAHicdZDLSgMxFIYz9VbrbdSN4CZYhApaZkpr24VScGGXFewF2loyaaYNTWaGJCOUoW58FTcuVNz6GO58GzNtBRX9IfDznXM4Ob8TMCqVZX0YiYXFpeWV5GpqbX1jc8vc3mlIPxSY1LHPfNFykCSMeqSuqGKkFQiCuMNI0xldxPXmLRGS+t61Ggeky9HAoy7FSGnUM/f4Ta5XPTvJlEud46gjOLwkjcmRhmbaylqWXSgXYGxy+eJpbDSwCtDWJFYazFXrme+dvo9DTjyFGZKybVuB6kZIKIoZmaQ6oSQBwiM0IG1tPcSJ7EbTCybwUJM+dH2hn6fglH6fiBCXcswd3cmRGsrftRj+VWuHyi11I+oFoSIeni1yQwaVD+M4YJ8KghUba4OwoPqvEA+RQFjp0FI6hK9L4f+mnsuWs/ZVPl05n6eRBPvgAGSADYqgAqqgBuoAgzvwAJ7As3FvPBovxuusNWHMZ3bBDxlvnwIAlOM=</latexit><latexit sha1_base64="MiKHS+6FkY/YgOnEcc4QFpUK8DU=">AAACAHicdZDLSgMxFIYz9VbrbdSN4CZYhApaZkpr24VScGGXFewF2loyaaYNTWaGJCOUoW58FTcuVNz6GO58GzNtBRX9IfDznXM4Ob8TMCqVZX0YiYXFpeWV5GpqbX1jc8vc3mlIPxSY1LHPfNFykCSMeqSuqGKkFQiCuMNI0xldxPXmLRGS+t61Ggeky9HAoy7FSGnUM/f4Ta5XPTvJlEud46gjOLwkjcmRhmbaylqWXSgXYGxy+eJpbDSwCtDWJFYazFXrme+dvo9DTjyFGZKybVuB6kZIKIoZmaQ6oSQBwiM0IG1tPcSJ7EbTCybwUJM+dH2hn6fglH6fiBCXcswd3cmRGsrftRj+VWuHyi11I+oFoSIeni1yQwaVD+M4YJ8KghUba4OwoPqvEA+RQFjp0FI6hK9L4f+mnsuWs/ZVPl05n6eRBPvgAGSADYqgAqqgBuoAgzvwAJ7As3FvPBovxuusNWHMZ3bBDxlvnwIAlOM=</latexit><latexit sha1_base64="MiKHS+6FkY/YgOnEcc4QFpUK8DU=">AAACAHicdZDLSgMxFIYz9VbrbdSN4CZYhApaZkpr24VScGGXFewF2loyaaYNTWaGJCOUoW58FTcuVNz6GO58GzNtBRX9IfDznXM4Ob8TMCqVZX0YiYXFpeWV5GpqbX1jc8vc3mlIPxSY1LHPfNFykCSMeqSuqGKkFQiCuMNI0xldxPXmLRGS+t61Ggeky9HAoy7FSGnUM/f4Ta5XPTvJlEud46gjOLwkjcmRhmbaylqWXSgXYGxy+eJpbDSwCtDWJFYazFXrme+dvo9DTjyFGZKybVuB6kZIKIoZmaQ6oSQBwiM0IG1tPcSJ7EbTCybwUJM+dH2hn6fglH6fiBCXcswd3cmRGsrftRj+VWuHyi11I+oFoSIeni1yQwaVD+M4YJ8KghUba4OwoPqvEA+RQFjp0FI6hK9L4f+mnsuWs/ZVPl05n6eRBPvgAGSADYqgAqqgBuoAgzvwAJ7As3FvPBovxuusNWHMZ3bBDxlvnwIAlOM=</latexit>

cf. inflection point:

�(µc) ⌧ 1,
<latexit sha1_base64="L+6KPqiBWpHVsU6/SB7gFEAToWo=">AAAB/HicdVDLSsNAFJ3UV62v+Ni5GSxCBSlJaa3dSMGNywpGC00Ik8mkHTqThJmJUEvxV9y4UHHrh7jzb5y0FVT0wMDhnHO5d06QMiqVZX0YhYXFpeWV4mppbX1jc8vc3rmWSSYwcXDCEtENkCSMxsRRVDHSTQVBPGDkJhie5/7NLRGSJvGVGqXE46gf04hipLTkm3su0+EQVVye+fjIZQzax75ZtqqWZTdaDZiTWr15khMtWA1oayVHGczR8c13N0xwxkmsMENS9mwrVd4YCUUxI5OSm0mSIjxEfdLTNEacSG88vX4CD7USwigR+sUKTtXvE2PEpRzxQCc5UgP528vFv7xepqJTb0zjNFMkxrNFUcagSmBeBQypIFixkSYIC6pvhXiABMJKF1bSJXz9FP5PnFq1VbUv6+X22byNItgHB6ACbNAEbXABOsABGNyBB/AEno1749F4MV5n0YIxn9kFP2C8fQKin5Q9</latexit><latexit sha1_base64="L+6KPqiBWpHVsU6/SB7gFEAToWo=">AAAB/HicdVDLSsNAFJ3UV62v+Ni5GSxCBSlJaa3dSMGNywpGC00Ik8mkHTqThJmJUEvxV9y4UHHrh7jzb5y0FVT0wMDhnHO5d06QMiqVZX0YhYXFpeWV4mppbX1jc8vc3rmWSSYwcXDCEtENkCSMxsRRVDHSTQVBPGDkJhie5/7NLRGSJvGVGqXE46gf04hipLTkm3su0+EQVVye+fjIZQzax75ZtqqWZTdaDZiTWr15khMtWA1oayVHGczR8c13N0xwxkmsMENS9mwrVd4YCUUxI5OSm0mSIjxEfdLTNEacSG88vX4CD7USwigR+sUKTtXvE2PEpRzxQCc5UgP528vFv7xepqJTb0zjNFMkxrNFUcagSmBeBQypIFixkSYIC6pvhXiABMJKF1bSJXz9FP5PnFq1VbUv6+X22byNItgHB6ACbNAEbXABOsABGNyBB/AEno1749F4MV5n0YIxn9kFP2C8fQKin5Q9</latexit><latexit sha1_base64="L+6KPqiBWpHVsU6/SB7gFEAToWo=">AAAB/HicdVDLSsNAFJ3UV62v+Ni5GSxCBSlJaa3dSMGNywpGC00Ik8mkHTqThJmJUEvxV9y4UHHrh7jzb5y0FVT0wMDhnHO5d06QMiqVZX0YhYXFpeWV4mppbX1jc8vc3rmWSSYwcXDCEtENkCSMxsRRVDHSTQVBPGDkJhie5/7NLRGSJvGVGqXE46gf04hipLTkm3su0+EQVVye+fjIZQzax75ZtqqWZTdaDZiTWr15khMtWA1oayVHGczR8c13N0xwxkmsMENS9mwrVd4YCUUxI5OSm0mSIjxEfdLTNEacSG88vX4CD7USwigR+sUKTtXvE2PEpRzxQCc5UgP528vFv7xepqJTb0zjNFMkxrNFUcagSmBeBQypIFixkSYIC6pvhXiABMJKF1bSJXz9FP5PnFq1VbUv6+X22byNItgHB6ACbNAEbXABOsABGNyBB/AEno1749F4MV5n0YIxn9kFP2C8fQKin5Q9</latexit><latexit sha1_base64="L+6KPqiBWpHVsU6/SB7gFEAToWo=">AAAB/HicdVDLSsNAFJ3UV62v+Ni5GSxCBSlJaa3dSMGNywpGC00Ik8mkHTqThJmJUEvxV9y4UHHrh7jzb5y0FVT0wMDhnHO5d06QMiqVZX0YhYXFpeWV4mppbX1jc8vc3rmWSSYwcXDCEtENkCSMxsRRVDHSTQVBPGDkJhie5/7NLRGSJvGVGqXE46gf04hipLTkm3su0+EQVVye+fjIZQzax75ZtqqWZTdaDZiTWr15khMtWA1oayVHGczR8c13N0xwxkmsMENS9mwrVd4YCUUxI5OSm0mSIjxEfdLTNEacSG88vX4CD7USwigR+sUKTtXvE2PEpRzxQCc5UgP528vFv7xepqJTb0zjNFMkxrNFUcagSmBeBQypIFixkSYIC6pvhXiABMJKF1bSJXz9FP5PnFq1VbUv6+X22byNItgHB6ACbNAEbXABOsABGNyBB/AEno1749F4MV5n0YIxn9kFP2C8fQKin5Q9</latexit>

µc ⇠ MP .
<latexit sha1_base64="p7O7foMxqtim8TQHOKhKbF+4V3Q=">AAAB9HicdZDNSgMxFIUz9a/Wv6pLN8EiuBpmSmvtRgpu3AgVHFvojEMmTdvQJDMkGaUMfQ83LlTc+jDufBszbQUVPRA4fPde7s2JEkaVdpwPq7C0vLK6VlwvbWxube+Ud/duVJxKTDwcs1h2I6QIo4J4mmpGuokkiEeMdKLxeV7v3BGpaCyu9SQhAUdDQQcUI23Qrc/TEPuKcngZtu2wXHFsx3HrzTrMTbXWOMmNAU4duobkqoCF2mH53e/HOOVEaMyQUj3XSXSQIakpZmRa8lNFEoTHaEh6xgrEiQqy2dVTeGRIHw5iaZ7QcEa/T2SIKzXhkenkSI/U71oO/6r1Uj04DTIqklQTgeeLBimDOoZ5BLBPJcGaTYxBWFJzK8QjJBHWJqiSCeHrp/B/41Xtpu1e1Sqts0UaRXAADsExcEEDtMAFaAMPYCDBA3gCz9a99Wi9WK/z1oK1mNkHP2S9fQJr8JIA</latexit><latexit sha1_base64="p7O7foMxqtim8TQHOKhKbF+4V3Q=">AAAB9HicdZDNSgMxFIUz9a/Wv6pLN8EiuBpmSmvtRgpu3AgVHFvojEMmTdvQJDMkGaUMfQ83LlTc+jDufBszbQUVPRA4fPde7s2JEkaVdpwPq7C0vLK6VlwvbWxube+Ud/duVJxKTDwcs1h2I6QIo4J4mmpGuokkiEeMdKLxeV7v3BGpaCyu9SQhAUdDQQcUI23Qrc/TEPuKcngZtu2wXHFsx3HrzTrMTbXWOMmNAU4duobkqoCF2mH53e/HOOVEaMyQUj3XSXSQIakpZmRa8lNFEoTHaEh6xgrEiQqy2dVTeGRIHw5iaZ7QcEa/T2SIKzXhkenkSI/U71oO/6r1Uj04DTIqklQTgeeLBimDOoZ5BLBPJcGaTYxBWFJzK8QjJBHWJqiSCeHrp/B/41Xtpu1e1Sqts0UaRXAADsExcEEDtMAFaAMPYCDBA3gCz9a99Wi9WK/z1oK1mNkHP2S9fQJr8JIA</latexit><latexit sha1_base64="p7O7foMxqtim8TQHOKhKbF+4V3Q=">AAAB9HicdZDNSgMxFIUz9a/Wv6pLN8EiuBpmSmvtRgpu3AgVHFvojEMmTdvQJDMkGaUMfQ83LlTc+jDufBszbQUVPRA4fPde7s2JEkaVdpwPq7C0vLK6VlwvbWxube+Ud/duVJxKTDwcs1h2I6QIo4J4mmpGuokkiEeMdKLxeV7v3BGpaCyu9SQhAUdDQQcUI23Qrc/TEPuKcngZtu2wXHFsx3HrzTrMTbXWOMmNAU4duobkqoCF2mH53e/HOOVEaMyQUj3XSXSQIakpZmRa8lNFEoTHaEh6xgrEiQqy2dVTeGRIHw5iaZ7QcEa/T2SIKzXhkenkSI/U71oO/6r1Uj04DTIqklQTgeeLBimDOoZ5BLBPJcGaTYxBWFJzK8QjJBHWJqiSCeHrp/B/41Xtpu1e1Sqts0UaRXAADsExcEEDtMAFaAMPYCDBA3gCz9a99Wi9WK/z1oK1mNkHP2S9fQJr8JIA</latexit><latexit sha1_base64="p7O7foMxqtim8TQHOKhKbF+4V3Q=">AAAB9HicdZDNSgMxFIUz9a/Wv6pLN8EiuBpmSmvtRgpu3AgVHFvojEMmTdvQJDMkGaUMfQ83LlTc+jDufBszbQUVPRA4fPde7s2JEkaVdpwPq7C0vLK6VlwvbWxube+Ud/duVJxKTDwcs1h2I6QIo4J4mmpGuokkiEeMdKLxeV7v3BGpaCyu9SQhAUdDQQcUI23Qrc/TEPuKcngZtu2wXHFsx3HrzTrMTbXWOMmNAU4duobkqoCF2mH53e/HOOVEaMyQUj3XSXSQIakpZmRa8lNFEoTHaEh6xgrEiQqy2dVTeGRIHw5iaZ7QcEa/T2SIKzXhkenkSI/U71oO/6r1Uj04DTIqklQTgeeLBimDOoZ5BLBPJcGaTYxBWFJzK8QjJBHWJqiSCeHrp/B/41Xtpu1e1Sqts0UaRXAADsExcEEDtMAFaAMPYCDBA3gCz9a99Wi9WK/z1oK1mNkHP2S9fQJr8JIA</latexit>

small running quartic coupling.

Too small  number of efoldings.

�H(h) = �(µc) +
g4SM

(16⇡2)2
ln

⇣ h

µc

⌘
,

<latexit sha1_base64="//BkOBolCe4OhXHWxLLZHmIFU14="></latexit><latexit sha1_base64="//BkOBolCe4OhXHWxLLZHmIFU14="></latexit><latexit sha1_base64="//BkOBolCe4OhXHWxLLZHmIFU14="></latexit><latexit sha1_base64="//BkOBolCe4OhXHWxLLZHmIFU14="></latexit>



• Add a non-minimal coupling for Higgs boson to the SM. 

Higgs inflation
[Bezrukov, Shaposhnikov (2007)]

L =
p
�g

⇣1
2
R+ ⇠|H|2R� |DµH|2 � �H(|H|2 � v

2
/2)2

⌘

LE =
p
�gE

⇣1
2
R(gE)�

3⇠2

⌦2
(@µ|H|2)2 � 1

⌦
|DµH|2 � V

⌦2

⌘

gµ⌫ = ⌦�1gE,µ⌫ , ⌦ = 1 + 2⇠|H|2

ns = 1� 2

N
= 0.966,

<latexit sha1_base64="p8rJYuEbzOJMPAK1YE3KuRB1QIk=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8KAhKVLtoVLw4kkqGFtoQ9hsN+3SzSbsboQS6sW/4sWDild/hjf/jds2B60+GHi8N8PMvCBhVCrb/jIKC4tLyyvF1dLa+sbmlrm9cyfjVGDi4pjFoh0gSRjlxFVUMdJOBEFRwEgrGF5O/NY9EZLG/FaNEuJFqM9pSDFSWvLNPe7LunPSDQXCWWWcXY/rtlWrVo99s2xb9hTwL3FyUgY5mr752e3FOI0IV5ghKTuOnSgvQ0JRzMi41E0lSRAeoj7paMpRRKSXTT8Yw0Ot9GAYC11cwan6cyJDkZSjKNCdEVIDOe9NxP+8TqrCcy+jPEkV4Xi2KEwZVDGcxAF7VBCs2EgThAXVt0I8QDoMpUMr6RCc+Zf/Erdi1Szn5rTcuMjTKIJ9cACOgAPOQANcgSZwAQYP4Am8gFfj0Xg23oz3WWvByGd2wS8YH99nZZUa</latexit><latexit sha1_base64="p8rJYuEbzOJMPAK1YE3KuRB1QIk=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8KAhKVLtoVLw4kkqGFtoQ9hsN+3SzSbsboQS6sW/4sWDild/hjf/jds2B60+GHi8N8PMvCBhVCrb/jIKC4tLyyvF1dLa+sbmlrm9cyfjVGDi4pjFoh0gSRjlxFVUMdJOBEFRwEgrGF5O/NY9EZLG/FaNEuJFqM9pSDFSWvLNPe7LunPSDQXCWWWcXY/rtlWrVo99s2xb9hTwL3FyUgY5mr752e3FOI0IV5ghKTuOnSgvQ0JRzMi41E0lSRAeoj7paMpRRKSXTT8Yw0Ot9GAYC11cwan6cyJDkZSjKNCdEVIDOe9NxP+8TqrCcy+jPEkV4Xi2KEwZVDGcxAF7VBCs2EgThAXVt0I8QDoMpUMr6RCc+Zf/Erdi1Szn5rTcuMjTKIJ9cACOgAPOQANcgSZwAQYP4Am8gFfj0Xg23oz3WWvByGd2wS8YH99nZZUa</latexit><latexit sha1_base64="p8rJYuEbzOJMPAK1YE3KuRB1QIk=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8KAhKVLtoVLw4kkqGFtoQ9hsN+3SzSbsboQS6sW/4sWDild/hjf/jds2B60+GHi8N8PMvCBhVCrb/jIKC4tLyyvF1dLa+sbmlrm9cyfjVGDi4pjFoh0gSRjlxFVUMdJOBEFRwEgrGF5O/NY9EZLG/FaNEuJFqM9pSDFSWvLNPe7LunPSDQXCWWWcXY/rtlWrVo99s2xb9hTwL3FyUgY5mr752e3FOI0IV5ghKTuOnSgvQ0JRzMi41E0lSRAeoj7paMpRRKSXTT8Yw0Ot9GAYC11cwan6cyJDkZSjKNCdEVIDOe9NxP+8TqrCcy+jPEkV4Xi2KEwZVDGcxAF7VBCs2EgThAXVt0I8QDoMpUMr6RCc+Zf/Erdi1Szn5rTcuMjTKIJ9cACOgAPOQANcgSZwAQYP4Am8gFfj0Xg23oz3WWvByGd2wS8YH99nZZUa</latexit><latexit sha1_base64="p8rJYuEbzOJMPAK1YE3KuRB1QIk=">AAACAHicbVBNS8NAEN3Ur1q/ol4EL4tF8KAhKVLtoVLw4kkqGFtoQ9hsN+3SzSbsboQS6sW/4sWDild/hjf/jds2B60+GHi8N8PMvCBhVCrb/jIKC4tLyyvF1dLa+sbmlrm9cyfjVGDi4pjFoh0gSRjlxFVUMdJOBEFRwEgrGF5O/NY9EZLG/FaNEuJFqM9pSDFSWvLNPe7LunPSDQXCWWWcXY/rtlWrVo99s2xb9hTwL3FyUgY5mr752e3FOI0IV5ghKTuOnSgvQ0JRzMi41E0lSRAeoj7paMpRRKSXTT8Yw0Ot9GAYC11cwan6cyJDkZSjKNCdEVIDOe9NxP+8TqrCcy+jPEkV4Xi2KEwZVDGcxAF7VBCs2EgThAXVt0I8QDoMpUMr6RCc+Zf/Erdi1Szn5rTcuMjTKIJ9cACOgAPOQANcgSZwAQYP4Am8gFfj0Xg23oz3WWvByGd2wS8YH99nZZUa</latexit>

r =
12

N2
= 0.0033
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Higgs boson can drive cosmic inflation, with definite predictions. 

“Large non-minimal coupling”

“Consistent 
with Planck data”

Non-canonical kinetic terms
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Higgs potential



Power counting for EFT
• Truncate the effective action in scalar-tensor gravity.

• Identify interactions from field expansions in EFT.

[Burgess, HML, Trott (2009)]

• Validity of  semi-classical approximation: ḣ/h, H ⌧ M

“power counting” in EFT : 

cutoff

�� ⌧ �

Effective interactions are constrained. 

Quantum action : � =

Z
d4xLe↵(background) + ~��,



Trouble with large coupling
• Effective Higgs interactions
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[Han, Willenbrock (2004); Burgess, 
HML, Trott (2009,2010); Barbon, 

Espinosa (2009); Hertzberg (2010)]

• Perturbative unitarity is violated at small scales.
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Saving Higgs inflation
[Giudice, HML (2010)]
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Full theory: Higgs moves in hyperbolic space!
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“Induced gravity”

~Higgs inflation as EFT.
Integrate out “sigma field”:

The same predictions 
as in Higgs inflation.

Physical sigma mass is tied 
up to inflation scale.
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 Scalars dual to Starobinsky

[Y. Ema (2017); 
Gorbunov, 

Tokareva (2018)]

• Starobinsky R2 model is dual to a scalar-tensor theory.
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◆ [Starobinsky (1984); Giudice, HML (2014)]
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• Starobinsky model as a UV completion?
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:  Equivalent to a sigma-field model.
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Higher curvature terms such as R3 would spoil unless suppressed.
[Giudice, HML, unpublished]

⇠�̂2 = 1 + ⇠Hh2 + ⇠�2
<latexit sha1_base64="MkbHr2HQK+z2GX2H1RmrfRBaq9E=">AAACEXicdZDLSgMxGIUz9VbrrerSTbAIijBkqqIulIKbLis4ttBph0ya6YRmLiQZsQx9Bje+ihsXKm7dufNtTC9KFT0QOHzn/0lyvIQzqRD6MHIzs3PzC/nFwtLyyupacX3jWsapINQmMY9Fw8OSchZRWzHFaSMRFIcep3WvdzHM6zdUSBZHV6qf0FaIuxHzGcFKI7e459yyzAmwciTrhnjQLp9Z+5q5VRi0y0M3Dtplt1iyTDQSRCY6sBA6gt/ky5TARDW3+O50YpKGNFKEYymbFkpUK8NCMcLpoOCkkiaY9HCXNrWNcEhlKxt9aQB3NOlAPxb6RAqO6PRGhkMp+6GnJ0OsAvk7G8K/smaq/JNWxqIkVTQi44v8lEMVw2E/sMMEJYr3tcFEMP1WSAIsMFG6xcJ0Cf8bu2yemtblYalyPmkjD7bANtgFFjgGFVAFNWADAu7AA3gCz8a98Wi8GK/j0Zwx2dkEP2S8fQJ5OZzl</latexit><latexit sha1_base64="MkbHr2HQK+z2GX2H1RmrfRBaq9E=">AAACEXicdZDLSgMxGIUz9VbrrerSTbAIijBkqqIulIKbLis4ttBph0ya6YRmLiQZsQx9Bje+ihsXKm7dufNtTC9KFT0QOHzn/0lyvIQzqRD6MHIzs3PzC/nFwtLyyupacX3jWsapINQmMY9Fw8OSchZRWzHFaSMRFIcep3WvdzHM6zdUSBZHV6qf0FaIuxHzGcFKI7e459yyzAmwciTrhnjQLp9Z+5q5VRi0y0M3Dtplt1iyTDQSRCY6sBA6gt/ky5TARDW3+O50YpKGNFKEYymbFkpUK8NCMcLpoOCkkiaY9HCXNrWNcEhlKxt9aQB3NOlAPxb6RAqO6PRGhkMp+6GnJ0OsAvk7G8K/smaq/JNWxqIkVTQi44v8lEMVw2E/sMMEJYr3tcFEMP1WSAIsMFG6xcJ0Cf8bu2yemtblYalyPmkjD7bANtgFFjgGFVAFNWADAu7AA3gCz8a98Wi8GK/j0Zwx2dkEP2S8fQJ5OZzl</latexit><latexit sha1_base64="MkbHr2HQK+z2GX2H1RmrfRBaq9E=">AAACEXicdZDLSgMxGIUz9VbrrerSTbAIijBkqqIulIKbLis4ttBph0ya6YRmLiQZsQx9Bje+ihsXKm7dufNtTC9KFT0QOHzn/0lyvIQzqRD6MHIzs3PzC/nFwtLyyupacX3jWsapINQmMY9Fw8OSchZRWzHFaSMRFIcep3WvdzHM6zdUSBZHV6qf0FaIuxHzGcFKI7e459yyzAmwciTrhnjQLp9Z+5q5VRi0y0M3Dtplt1iyTDQSRCY6sBA6gt/ky5TARDW3+O50YpKGNFKEYymbFkpUK8NCMcLpoOCkkiaY9HCXNrWNcEhlKxt9aQB3NOlAPxb6RAqO6PRGhkMp+6GnJ0OsAvk7G8K/smaq/JNWxqIkVTQi44v8lEMVw2E/sMMEJYr3tcFEMP1WSAIsMFG6xcJ0Cf8bu2yemtblYalyPmkjD7bANtgFFjgGFVAFNWADAu7AA3gCz8a98Wi8GK/j0Zwx2dkEP2S8fQJ5OZzl</latexit><latexit sha1_base64="MkbHr2HQK+z2GX2H1RmrfRBaq9E=">AAACEXicdZDLSgMxGIUz9VbrrerSTbAIijBkqqIulIKbLis4ttBph0ya6YRmLiQZsQx9Bje+ihsXKm7dufNtTC9KFT0QOHzn/0lyvIQzqRD6MHIzs3PzC/nFwtLyyupacX3jWsapINQmMY9Fw8OSchZRWzHFaSMRFIcep3WvdzHM6zdUSBZHV6qf0FaIuxHzGcFKI7e459yyzAmwciTrhnjQLp9Z+5q5VRi0y0M3Dtplt1iyTDQSRCY6sBA6gt/ky5TARDW3+O50YpKGNFKEYymbFkpUK8NCMcLpoOCkkiaY9HCXNrWNcEhlKxt9aQB3NOlAPxb6RAqO6PRGhkMp+6GnJ0OsAvk7G8K/smaq/JNWxqIkVTQi44v8lEMVw2E/sMMEJYr3tcFEMP1WSAIsMFG6xcJ0Cf8bu2yemtblYalyPmkjD7bANtgFFjgGFVAFNWADAu7AA3gCz8a98Wi8GK/j0Zwx2dkEP2S8fQJ5OZzl</latexit>

Hubbard-Stratonovich transf.



General sigma inflation



General sigma inflation

[HML (2018)]

Introduce a linear non-minimal coupling in the sigma model.

Stable gravity:

Unitarity up to Planck scale:

⇠21 < 4⇠0
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Large graviton mixing or kinetic term,

Suppressed interactions or large cutoff scale; 
sigma mass can be arbitrarily small.
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LJ � �1

2
⇠1��R = �1

2
⇠1�⇤h+ · · ·

<latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit><latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit><latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit><latexit sha1_base64="8XPcaS3XAIoqLA1MUNWO+dwYK+U="></latexit>

LE � 3

4

⌦02

⌦2
(@µ�)

2 =
3

4
⇠21(@µ�)

2 + · · ·
<latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit><latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit><latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit><latexit sha1_base64="KDhyuOGsjftv3afK7MZEUQZZfbs="></latexit>



⇤2 :
<latexit sha1_base64="E3cSBsdyukpkqGh+hR6BYh7NJ0I=">AAAB8HicdVBNSwMxFHzrZ61fVY9egkXwVHbbYlsPUvDiwUMF1xbbpWSzaRuazS5JVihL/4UXDype/Tne/Ddm2woqOhAYZuaR98aPOVPatj+speWV1bX13EZ+c2t7Z7ewt3+rokQS6pKIR7LjY0U5E9TVTHPaiSXFoc9p2x9fZH77nkrFInGjJzH1QjwUbMAI1ka6612ZaID75bN+oWiXbKdSr9rIELtSrtQy4pQbp1XkGCVDERZo9QvvvSAiSUiFJhwr1XXsWHsplpoRTqf5XqJojMkYD2nXUIFDqrx0tvEUHRslQINImic0mqnfJ1IcKjUJfZMMsR6p314m/uV1Ez2oeykTcaKpIPOPBglHOkLZ+ShgkhLNJ4ZgIpnZFZERlphoU1LelPB1KfqfuOVSo+RcV4vN80UbOTiEIzgBB2rQhEtogQsEBDzAEzxbynq0XqzXeXTJWswcwA9Yb59tTpBL</latexit><latexit sha1_base64="E3cSBsdyukpkqGh+hR6BYh7NJ0I=">AAAB8HicdVBNSwMxFHzrZ61fVY9egkXwVHbbYlsPUvDiwUMF1xbbpWSzaRuazS5JVihL/4UXDype/Tne/Ddm2woqOhAYZuaR98aPOVPatj+speWV1bX13EZ+c2t7Z7ewt3+rokQS6pKIR7LjY0U5E9TVTHPaiSXFoc9p2x9fZH77nkrFInGjJzH1QjwUbMAI1ka6612ZaID75bN+oWiXbKdSr9rIELtSrtQy4pQbp1XkGCVDERZo9QvvvSAiSUiFJhwr1XXsWHsplpoRTqf5XqJojMkYD2nXUIFDqrx0tvEUHRslQINImic0mqnfJ1IcKjUJfZMMsR6p314m/uV1Ez2oeykTcaKpIPOPBglHOkLZ+ShgkhLNJ4ZgIpnZFZERlphoU1LelPB1KfqfuOVSo+RcV4vN80UbOTiEIzgBB2rQhEtogQsEBDzAEzxbynq0XqzXeXTJWswcwA9Yb59tTpBL</latexit><latexit sha1_base64="E3cSBsdyukpkqGh+hR6BYh7NJ0I=">AAAB8HicdVBNSwMxFHzrZ61fVY9egkXwVHbbYlsPUvDiwUMF1xbbpWSzaRuazS5JVihL/4UXDype/Tne/Ddm2woqOhAYZuaR98aPOVPatj+speWV1bX13EZ+c2t7Z7ewt3+rokQS6pKIR7LjY0U5E9TVTHPaiSXFoc9p2x9fZH77nkrFInGjJzH1QjwUbMAI1ka6612ZaID75bN+oWiXbKdSr9rIELtSrtQy4pQbp1XkGCVDERZo9QvvvSAiSUiFJhwr1XXsWHsplpoRTqf5XqJojMkYD2nXUIFDqrx0tvEUHRslQINImic0mqnfJ1IcKjUJfZMMsR6p314m/uV1Ez2oeykTcaKpIPOPBglHOkLZ+ShgkhLNJ4ZgIpnZFZERlphoU1LelPB1KfqfuOVSo+RcV4vN80UbOTiEIzgBB2rQhEtogQsEBDzAEzxbynq0XqzXeXTJWswcwA9Yb59tTpBL</latexit><latexit sha1_base64="E3cSBsdyukpkqGh+hR6BYh7NJ0I=">AAAB8HicdVBNSwMxFHzrZ61fVY9egkXwVHbbYlsPUvDiwUMF1xbbpWSzaRuazS5JVihL/4UXDype/Tne/Ddm2woqOhAYZuaR98aPOVPatj+speWV1bX13EZ+c2t7Z7ewt3+rokQS6pKIR7LjY0U5E9TVTHPaiSXFoc9p2x9fZH77nkrFInGjJzH1QjwUbMAI1ka6612ZaID75bN+oWiXbKdSr9rIELtSrtQy4pQbp1XkGCVDERZo9QvvvSAiSUiFJhwr1XXsWHsplpoRTqf5XqJojMkYD2nXUIFDqrx0tvEUHRslQINImic0mqnfJ1IcKjUJfZMMsR6p314m/uV1Ez2oeykTcaKpIPOPBglHOkLZ+ShgkhLNJ4ZgIpnZFZERlphoU1LelPB1KfqfuOVSo+RcV4vN80UbOTiEIzgBB2rQhEtogQsEBDzAEzxbynq0XqzXeXTJWswcwA9Yb59tTpBL</latexit>

Unitarity scale

Favored region

R =
⇠1p
⇠2

⇠ 1
<latexit sha1_base64="FXkbX1TIA6JGCouxDYtZcCfcp48=">AAACCnicdVDLSsNAFJ3UV62vqEs3Q4vgqiRFUBdKwY3LKsYWmhAm00k7dDKJMxOxhOzd+CtuXKi49Qvc+TdO0wq16IELZ865lzv3BAmjUlnWl1FaWFxaXimvVtbWNza3zO2dGxmnAhMHxywWnQBJwignjqKKkU4iCIoCRtrB8Hzst++IkDTm12qUEC9CfU5DipHSkm9Wr07dUCCcuffUt/PMlbdCFY9GnruSRtD2zZpdtwpA64fY86QGpmj55qfbi3EaEa4wQ1J2bStRXoaEopiRvOKmkiQID1GfdDXlKCLSy4pbcrivlR4MY6GLK1iosxMZiqQcRYHujJAayHlvLP7ldVMVHnsZ5UmqCMeTRWHKoIrhOBjYo4JgxUaaICyo/ivEA6SjUTq+ymwI/xOnUT+p25eHtebZNI0y2ANVcABscASa4AK0gAMweABP4AW8Go/Gs/FmvE9aS8Z0Zhf8gvHxDZ2rmvc=</latexit><latexit sha1_base64="FXkbX1TIA6JGCouxDYtZcCfcp48=">AAACCnicdVDLSsNAFJ3UV62vqEs3Q4vgqiRFUBdKwY3LKsYWmhAm00k7dDKJMxOxhOzd+CtuXKi49Qvc+TdO0wq16IELZ865lzv3BAmjUlnWl1FaWFxaXimvVtbWNza3zO2dGxmnAhMHxywWnQBJwignjqKKkU4iCIoCRtrB8Hzst++IkDTm12qUEC9CfU5DipHSkm9Wr07dUCCcuffUt/PMlbdCFY9GnruSRtD2zZpdtwpA64fY86QGpmj55qfbi3EaEa4wQ1J2bStRXoaEopiRvOKmkiQID1GfdDXlKCLSy4pbcrivlR4MY6GLK1iosxMZiqQcRYHujJAayHlvLP7ldVMVHnsZ5UmqCMeTRWHKoIrhOBjYo4JgxUaaICyo/ivEA6SjUTq+ymwI/xOnUT+p25eHtebZNI0y2ANVcABscASa4AK0gAMweABP4AW8Go/Gs/FmvE9aS8Z0Zhf8gvHxDZ2rmvc=</latexit><latexit sha1_base64="FXkbX1TIA6JGCouxDYtZcCfcp48=">AAACCnicdVDLSsNAFJ3UV62vqEs3Q4vgqiRFUBdKwY3LKsYWmhAm00k7dDKJMxOxhOzd+CtuXKi49Qvc+TdO0wq16IELZ865lzv3BAmjUlnWl1FaWFxaXimvVtbWNza3zO2dGxmnAhMHxywWnQBJwignjqKKkU4iCIoCRtrB8Hzst++IkDTm12qUEC9CfU5DipHSkm9Wr07dUCCcuffUt/PMlbdCFY9GnruSRtD2zZpdtwpA64fY86QGpmj55qfbi3EaEa4wQ1J2bStRXoaEopiRvOKmkiQID1GfdDXlKCLSy4pbcrivlR4MY6GLK1iosxMZiqQcRYHujJAayHlvLP7ldVMVHnsZ5UmqCMeTRWHKoIrhOBjYo4JgxUaaICyo/ivEA6SjUTq+ymwI/xOnUT+p25eHtebZNI0y2ANVcABscASa4AK0gAMweABP4AW8Go/Gs/FmvE9aS8Z0Zhf8gvHxDZ2rmvc=</latexit><latexit sha1_base64="FXkbX1TIA6JGCouxDYtZcCfcp48=">AAACCnicdVDLSsNAFJ3UV62vqEs3Q4vgqiRFUBdKwY3LKsYWmhAm00k7dDKJMxOxhOzd+CtuXKi49Qvc+TdO0wq16IELZ865lzv3BAmjUlnWl1FaWFxaXimvVtbWNza3zO2dGxmnAhMHxywWnQBJwignjqKKkU4iCIoCRtrB8Hzst++IkDTm12qUEC9CfU5DipHSkm9Wr07dUCCcuffUt/PMlbdCFY9GnruSRtD2zZpdtwpA64fY86QGpmj55qfbi3EaEa4wQ1J2bStRXoaEopiRvOKmkiQID1GfdDXlKCLSy4pbcrivlR4MY6GLK1iosxMZiqQcRYHujJAayHlvLP7ldVMVHnsZ5UmqCMeTRWHKoIrhOBjYo4JgxUaaICyo/ivEA6SjUTq+ymwI/xOnUT+p25eHtebZNI0y2ANVcABscASa4AK0gAMweABP4AW8Go/Gs/FmvE9aS8Z0Zhf8gvHxDZ2rmvc=</latexit>



Higgs EFT from sigma field
[HML (2018)]

Integrate out “sigma field” in general sigma models.

~�2 � |m2
�|/� :

<latexit sha1_base64="jF9W/TVA/jWPMlfOkV+qlWkW0CU="></latexit><latexit sha1_base64="jF9W/TVA/jWPMlfOkV+qlWkW0CU="></latexit><latexit sha1_base64="jF9W/TVA/jWPMlfOkV+qlWkW0CU="></latexit><latexit sha1_base64="jF9W/TVA/jWPMlfOkV+qlWkW0CU="></latexit>

Higgs inflation with non-analytic linear term.

LJ =
p
�g


(1 + ⇠1� + ⇠0�

2)R� 1

2
(@µ�)

2 � 1

2
m2

��
2 � �(�2 � a~�2)2

�

<latexit sha1_base64="hDKp1ID/qfdvMHYHYI/wu2Z4p2M="></latexit><latexit sha1_base64="hDKp1ID/qfdvMHYHYI/wu2Z4p2M="></latexit><latexit sha1_base64="hDKp1ID/qfdvMHYHYI/wu2Z4p2M="></latexit><latexit sha1_base64="hDKp1ID/qfdvMHYHYI/wu2Z4p2M="></latexit>

Le↵ =
p
�g


1 + ⇠1

r
a~�2 � m2

�

�
+ a⇠0~�

2

�
R

<latexit sha1_base64="tDj4H70Beote9AVIEFopzb7AYKo="></latexit><latexit sha1_base64="tDj4H70Beote9AVIEFopzb7AYKo="></latexit><latexit sha1_base64="tDj4H70Beote9AVIEFopzb7AYKo="></latexit><latexit sha1_base64="tDj4H70Beote9AVIEFopzb7AYKo="></latexit>

Le↵ =
p
�g


1 + ⇠1

q
a~�2 + a⇠0~�

2

�
R

<latexit sha1_base64="7MwBj5ApOkVGIAdJ4+JdcYJfErg="></latexit><latexit sha1_base64="7MwBj5ApOkVGIAdJ4+JdcYJfErg="></latexit><latexit sha1_base64="7MwBj5ApOkVGIAdJ4+JdcYJfErg="></latexit><latexit sha1_base64="7MwBj5ApOkVGIAdJ4+JdcYJfErg="></latexit>

~�2 ⌧ |m2
�|/� :

<latexit sha1_base64="8zPziAvioLo3dp5oR+o8FlRURX4="></latexit><latexit sha1_base64="8zPziAvioLo3dp5oR+o8FlRURX4="></latexit><latexit sha1_base64="8zPziAvioLo3dp5oR+o8FlRURX4="></latexit><latexit sha1_base64="8zPziAvioLo3dp5oR+o8FlRURX4="></latexit>

“Higgs inflation in EFT”

�e↵ = �� � a�
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: stabilize Higgs vacuum 
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<latexit sha1_base64="ZPGMswh77jy9h42kftVPIyAk8bs="></latexit><latexit sha1_base64="ZPGMswh77jy9h42kftVPIyAk8bs="></latexit><latexit sha1_base64="ZPGMswh77jy9h42kftVPIyAk8bs="></latexit><latexit sha1_base64="ZPGMswh77jy9h42kftVPIyAk8bs="></latexit>



Inflation dynamics
Take the most general Lagrangian for sigma field + Higgs:

Two field dynamics for inflation:

Scale-free limit: 
mass terms irrelevant.
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<latexit sha1_base64="KqjGyGOQrExezFiPHSkWjWqRywI="></latexit><latexit sha1_base64="KqjGyGOQrExezFiPHSkWjWqRywI="></latexit><latexit sha1_base64="KqjGyGOQrExezFiPHSkWjWqRywI="></latexit><latexit sha1_base64="KqjGyGOQrExezFiPHSkWjWqRywI="></latexit>
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<latexit sha1_base64="0zZQ4GdMvp8v7mt6eayZqXywlq4="></latexit><latexit sha1_base64="0zZQ4GdMvp8v7mt6eayZqXywlq4="></latexit><latexit sha1_base64="0zZQ4GdMvp8v7mt6eayZqXywlq4="></latexit><latexit sha1_base64="0zZQ4GdMvp8v7mt6eayZqXywlq4="></latexit>



 Inflation vacua
Stabilize tau field:

Inflaton is Higgs-sigma mixed or pure sigma-field. 

(no unitarity problem)

Unstable Higgs vacuum 

⇡<latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit><latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit><latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit><latexit sha1_base64="uHSE+7HiEq/7jW+EuZs9AP08Tqs=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgqWS3xdqLFLx4rODaQruUbJptQ7PZkGTFsvRHePGg4tX/481/Y7atoKIPBh7vzTAzL5ScaYPQh1NYWV1b3yhulra2d3b3yvsHtzpJFaE+SXiiuiHWlDNBfcMMp12pKI5DTjvh5DL3O3dUaZaIGzOVNIjxSLCIEWys1OljKVVyPyhXUBV5zTryoCWo4Xm1nNSQe1aDrlVyVMAS7UH5vT9MSBpTYQjHWvdcJE2QYWUY4XRW6qeaSkwmeER7lgocUx1k83Nn8MQqQxglypYwcK5+n8hwrPU0Dm1njM1Y//Zy8S+vl5roPMiYkKmhgiwWRSmHJoH573DIFCWGTy3BRDF7KyRjrDAxNqGSDeHrU/g/8b1qs+pe1yuti2UaRXAEjsEpcEEDtMAVaAMfEDABD+AJPDvSeXRenNdFa8FZzhyCH3DePgE9oo+y</latexit>



Tensor-to-scalar ratio testable at future CMB experiments.

The higher unitarity scale, the more deviation up to r=0.01. 

Higgs inflation★

Deviation from Higgs inflation



Sigma field at low energy

Canonical inflation:

�,� ⌧ 1 :
<latexit sha1_base64="WKiQD4bzlo9H/QEQgmvS57DGkD8=">AAAB+nicbVBNS8NAEJ34WetXrEcvi0XwICURwY+DFLx4rGBsoSlls920S3c3YXcjltC/4sWDild/iTf/jds2B219MPB4b4aZeVHKmTae9+0sLa+srq2XNsqbW9s7u+5e5UEnmSI0IAlPVCvCmnImaWCY4bSVKopFxGkzGt5M/OYjVZol8t6MUtoRuC9ZzAg2Vuq6lVCzvsAnKEwHLOQc+Vddt+rVvCnQIvELUoUCja77FfYSkgkqDeFY67bvpaaTY2UY4XRcDjNNU0yGuE/blkosqO7k09vH6MgqPRQnypY0aKr+nsix0HokItspsBnoeW8i/ue1MxNfdHIm08xQSWaL4owjk6BJEKjHFCWGjyzBRDF7KyIDrDAxNq6yDcGff3mRBKe1y5p/d1atXxdplOAADuEYfDiHOtxCAwIg8ATP8Apvzth5cd6dj1nrklPM7MMfOJ8/9AaTRA==</latexit><latexit sha1_base64="WKiQD4bzlo9H/QEQgmvS57DGkD8=">AAAB+nicbVBNS8NAEJ34WetXrEcvi0XwICURwY+DFLx4rGBsoSlls920S3c3YXcjltC/4sWDild/iTf/jds2B219MPB4b4aZeVHKmTae9+0sLa+srq2XNsqbW9s7u+5e5UEnmSI0IAlPVCvCmnImaWCY4bSVKopFxGkzGt5M/OYjVZol8t6MUtoRuC9ZzAg2Vuq6lVCzvsAnKEwHLOQc+Vddt+rVvCnQIvELUoUCja77FfYSkgkqDeFY67bvpaaTY2UY4XRcDjNNU0yGuE/blkosqO7k09vH6MgqPRQnypY0aKr+nsix0HokItspsBnoeW8i/ue1MxNfdHIm08xQSWaL4owjk6BJEKjHFCWGjyzBRDF7KyIDrDAxNq6yDcGff3mRBKe1y5p/d1atXxdplOAADuEYfDiHOtxCAwIg8ATP8Apvzth5cd6dj1nrklPM7MMfOJ8/9AaTRA==</latexit><latexit sha1_base64="WKiQD4bzlo9H/QEQgmvS57DGkD8=">AAAB+nicbVBNS8NAEJ34WetXrEcvi0XwICURwY+DFLx4rGBsoSlls920S3c3YXcjltC/4sWDild/iTf/jds2B219MPB4b4aZeVHKmTae9+0sLa+srq2XNsqbW9s7u+5e5UEnmSI0IAlPVCvCmnImaWCY4bSVKopFxGkzGt5M/OYjVZol8t6MUtoRuC9ZzAg2Vuq6lVCzvsAnKEwHLOQc+Vddt+rVvCnQIvELUoUCja77FfYSkgkqDeFY67bvpaaTY2UY4XRcDjNNU0yGuE/blkosqO7k09vH6MgqPRQnypY0aKr+nsix0HokItspsBnoeW8i/ue1MxNfdHIm08xQSWaL4owjk6BJEKjHFCWGjyzBRDF7KyIDrDAxNq6yDcGff3mRBKe1y5p/d1atXxdplOAADuEYfDiHOtxCAwIg8ATP8Apvzth5cd6dj1nrklPM7MMfOJ8/9AaTRA==</latexit><latexit sha1_base64="WKiQD4bzlo9H/QEQgmvS57DGkD8=">AAAB+nicbVBNS8NAEJ34WetXrEcvi0XwICURwY+DFLx4rGBsoSlls920S3c3YXcjltC/4sWDild/iTf/jds2B219MPB4b4aZeVHKmTae9+0sLa+srq2XNsqbW9s7u+5e5UEnmSI0IAlPVCvCmnImaWCY4bSVKopFxGkzGt5M/OYjVZol8t6MUtoRuC9ZzAg2Vuq6lVCzvsAnKEwHLOQc+Vddt+rVvCnQIvELUoUCja77FfYSkgkqDeFY67bvpaaTY2UY4XRcDjNNU0yGuE/blkosqO7k09vH6MgqPRQnypY0aKr+nsix0HokItspsBnoeW8i/ue1MxNfdHIm08xQSWaL4owjk6BJEKjHFCWGjyzBRDF7KyIDrDAxNq6yDcGff3mRBKe1y5p/d1atXxdplOAADuEYfDiHOtxCAwIg8ATP8Apvzth5cd6dj1nrklPM7MMfOJ8/9AaTRA==</latexit>

Frame function:

⇠1 ⇠
p

⇠2
<latexit sha1_base64="3RhuYinqq7lqE1x+5PF56VmTczk=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5IUQd1IwY3LCsYWmhAm00k7dGYSZyZiiV34K25cqLj1O9z5N07aLLT1wIUz59zL3HuilFGlHefbWlhcWl5ZraxV1zc2t7btnd1blWQSEw8nLJGdCCnCqCCeppqRTioJ4hEj7Wh4WfjteyIVTcSNHqUk4KgvaEwx0kYK7X3/gYauryiHvrqTOi/ejXFo15y6MwGcJ25JaqBEK7S//F6CM06Exgwp1XWdVAc5kppiRsZVP1MkRXiI+qRrqECcqCCf7D+GR0bpwTiRpoSGE/X3RI64UiMemU6O9EDNeoX4n9fNdHwW5FSkmSYCTz+KMwZ1AoswYI9KgjUbGYKwpGZXiAdIIqxNZFUTgjt78jzxGvXzunt9UmtelGlUwAE4BMfABaegCa5AC3gAg0fwDF7Bm/VkvVjv1se0dcEqZ/bAH1ifP03pldU=</latexit><latexit sha1_base64="3RhuYinqq7lqE1x+5PF56VmTczk=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5IUQd1IwY3LCsYWmhAm00k7dGYSZyZiiV34K25cqLj1O9z5N07aLLT1wIUz59zL3HuilFGlHefbWlhcWl5ZraxV1zc2t7btnd1blWQSEw8nLJGdCCnCqCCeppqRTioJ4hEj7Wh4WfjteyIVTcSNHqUk4KgvaEwx0kYK7X3/gYauryiHvrqTOi/ejXFo15y6MwGcJ25JaqBEK7S//F6CM06Exgwp1XWdVAc5kppiRsZVP1MkRXiI+qRrqECcqCCf7D+GR0bpwTiRpoSGE/X3RI64UiMemU6O9EDNeoX4n9fNdHwW5FSkmSYCTz+KMwZ1AoswYI9KgjUbGYKwpGZXiAdIIqxNZFUTgjt78jzxGvXzunt9UmtelGlUwAE4BMfABaegCa5AC3gAg0fwDF7Bm/VkvVjv1se0dcEqZ/bAH1ifP03pldU=</latexit><latexit sha1_base64="3RhuYinqq7lqE1x+5PF56VmTczk=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5IUQd1IwY3LCsYWmhAm00k7dGYSZyZiiV34K25cqLj1O9z5N07aLLT1wIUz59zL3HuilFGlHefbWlhcWl5ZraxV1zc2t7btnd1blWQSEw8nLJGdCCnCqCCeppqRTioJ4hEj7Wh4WfjteyIVTcSNHqUk4KgvaEwx0kYK7X3/gYauryiHvrqTOi/ejXFo15y6MwGcJ25JaqBEK7S//F6CM06Exgwp1XWdVAc5kppiRsZVP1MkRXiI+qRrqECcqCCf7D+GR0bpwTiRpoSGE/X3RI64UiMemU6O9EDNeoX4n9fNdHwW5FSkmSYCTz+KMwZ1AoswYI9KgjUbGYKwpGZXiAdIIqxNZFUTgjt78jzxGvXzunt9UmtelGlUwAE4BMfABaegCa5AC3gAg0fwDF7Bm/VkvVjv1se0dcEqZ/bAH1ifP03pldU=</latexit><latexit sha1_base64="3RhuYinqq7lqE1x+5PF56VmTczk=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5IUQd1IwY3LCsYWmhAm00k7dGYSZyZiiV34K25cqLj1O9z5N07aLLT1wIUz59zL3HuilFGlHefbWlhcWl5ZraxV1zc2t7btnd1blWQSEw8nLJGdCCnCqCCeppqRTioJ4hEj7Wh4WfjteyIVTcSNHqUk4KgvaEwx0kYK7X3/gYauryiHvrqTOi/ejXFo15y6MwGcJ25JaqBEK7S//F6CM06Exgwp1XWdVAc5kppiRsZVP1MkRXiI+qRrqECcqCCf7D+GR0bpwTiRpoSGE/X3RI64UiMemU6O9EDNeoX4n9fNdHwW5FSkmSYCTz+KMwZ1AoswYI9KgjUbGYKwpGZXiAdIIqxNZFUTgjt78jzxGvXzunt9UmtelGlUwAE4BMfABaegCa5AC3gAg0fwDF7Bm/VkvVjv1se0dcEqZ/bAH1ifP03pldU=</latexit>

Unitarity cutoff below Planck scale.

Potential: VE ⇡
<latexit sha1_base64="7Ouf2wSMYsssGq0KYo2nDODRTn4=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqBcpiOCxgtsW26Vk02wbmk1CkhVL6b/w4kHFqz/Hm//GtN2Dtj4YeLw3w8y8WHFmrO9/e0vLK6tr64WN4ubW9s5uaW+/bmSmCQ2J5FI3Y2woZ4KGlllOm0pTnMacNuLB9cRvPFJtmBT3dqholOKeYAkj2Drpod65aWOltHzqlMp+xZ8CLZIgJ2XIUeuUvtpdSbKUCks4NqYV+MpGI6wtI5yOi+3MUIXJAPdoy1GBU2qi0fTiMTp2ShclUrsSFk3V3xMjnBozTGPXmWLbN/PeRPzPa2U2uYhGTKjMUkFmi5KMIyvR5H3UZZoSy4eOYKKZuxWRPtaYWBdS0YUQzL+8SMLTymUluDsrV6/yNApwCEdwAgGcQxVuoQYhEBDwDK/w5hnvxXv3PmatS14+cwB/4H3+AO7BkJ4=</latexit><latexit sha1_base64="7Ouf2wSMYsssGq0KYo2nDODRTn4=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqBcpiOCxgtsW26Vk02wbmk1CkhVL6b/w4kHFqz/Hm//GtN2Dtj4YeLw3w8y8WHFmrO9/e0vLK6tr64WN4ubW9s5uaW+/bmSmCQ2J5FI3Y2woZ4KGlllOm0pTnMacNuLB9cRvPFJtmBT3dqholOKeYAkj2Drpod65aWOltHzqlMp+xZ8CLZIgJ2XIUeuUvtpdSbKUCks4NqYV+MpGI6wtI5yOi+3MUIXJAPdoy1GBU2qi0fTiMTp2ShclUrsSFk3V3xMjnBozTGPXmWLbN/PeRPzPa2U2uYhGTKjMUkFmi5KMIyvR5H3UZZoSy4eOYKKZuxWRPtaYWBdS0YUQzL+8SMLTymUluDsrV6/yNApwCEdwAgGcQxVuoQYhEBDwDK/w5hnvxXv3PmatS14+cwB/4H3+AO7BkJ4=</latexit><latexit sha1_base64="7Ouf2wSMYsssGq0KYo2nDODRTn4=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqBcpiOCxgtsW26Vk02wbmk1CkhVL6b/w4kHFqz/Hm//GtN2Dtj4YeLw3w8y8WHFmrO9/e0vLK6tr64WN4ubW9s5uaW+/bmSmCQ2J5FI3Y2woZ4KGlllOm0pTnMacNuLB9cRvPFJtmBT3dqholOKeYAkj2Drpod65aWOltHzqlMp+xZ8CLZIgJ2XIUeuUvtpdSbKUCks4NqYV+MpGI6wtI5yOi+3MUIXJAPdoy1GBU2qi0fTiMTp2ShclUrsSFk3V3xMjnBozTGPXmWLbN/PeRPzPa2U2uYhGTKjMUkFmi5KMIyvR5H3UZZoSy4eOYKKZuxWRPtaYWBdS0YUQzL+8SMLTymUluDsrV6/yNApwCEdwAgGcQxVuoQYhEBDwDK/w5hnvxXv3PmatS14+cwB/4H3+AO7BkJ4=</latexit><latexit sha1_base64="7Ouf2wSMYsssGq0KYo2nDODRTn4=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrsiqBcpiOCxgtsW26Vk02wbmk1CkhVL6b/w4kHFqz/Hm//GtN2Dtj4YeLw3w8y8WHFmrO9/e0vLK6tr64WN4ubW9s5uaW+/bmSmCQ2J5FI3Y2woZ4KGlllOm0pTnMacNuLB9cRvPFJtmBT3dqholOKeYAkj2Drpod65aWOltHzqlMp+xZ8CLZIgJ2XIUeuUvtpdSbKUCks4NqYV+MpGI6wtI5yOi+3MUIXJAPdoy1GBU2qi0fTiMTp2ShclUrsSFk3V3xMjnBozTGPXmWLbN/PeRPzPa2U2uYhGTKjMUkFmi5KMIyvR5H3UZZoSy4eOYKKZuxWRPtaYWBdS0YUQzL+8SMLTymUluDsrV6/yNApwCEdwAgGcQxVuoQYhEBDwDK/w5hnvxXv3PmatS14+cwB/4H3+AO7BkJ4=</latexit>

⇠1 � 1
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Suppressed sigma couplings/masses.

[HML (2018)]



Inflaton as dark matter



 Inflaton dark matter
Approximate Z2 symmetry sigma inflaton = dark matter

Z2 symmetric in particle physics:

Inflaton decays only by linear couplings to trace of EM tensor:
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Z2 broken in gravity:
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Scale anomalies: �Tµ
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massless 
particles

[Ibarra et al (2016);
Choi, Kang, HML, Yamashita (2019)]



 Inflaton decay rates

“light inflaton” “heavy inflaton”



 Long-lived inflaton

Inflaton can live longer than age of Universe for m� . 2m⇡ = 270MeV.
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Inflaton long-lived up to 1sec. m� . 105 GeV :
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[Ibarra et al (2016, 2017); Choi, Kang, HML, Yamashita (2019)]



 Gamma-ray constraints

No CMB bound on inflaton for

[Ibarra et al (2017)]

m� . 2MeV.
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Inflaton during reheating
Reheating after pure sigma inflation:

,
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� . 1 :
<latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit><latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit><latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit><latexit sha1_base64="HKvGG5ptBiT39F/aiwPnqj9aTOg=">AAAB93icdVBNS8NAEN3Ur1o/GvXoZbEInkqSFms9SMGLxwrGFppQNtttu3R3E3Y3Qg39JV48qHj1r3jz37hpK6jog4HHezPMzIsSRpV2nA+rsLK6tr5R3Cxtbe/slu29/VsVpxITH8cslt0IKcKoIL6mmpFuIgniESOdaHKZ+507IhWNxY2eJiTkaCTokGKkjdS3ywEe04ARpRTl0D3v2xWn6njNuuNBQ5yG59VyUnPc0xp0jZKjApZo9+33YBDjlBOhMUNK9Vwn0WGGpKaYkVkpSBVJEJ6gEekZKhAnKszmh8/gsVEGcBhLU0LDufp9IkNcqSmPTCdHeqx+e7n4l9dL9fAszKhIUk0EXiwapgzqGOYpwAGVBGs2NQRhSc2tEI+RRFibrEomhK9P4f/E96rNqntdr7QulmkUwSE4AifABQ3QAlegDXyAQQoewBN4tu6tR+vFel20FqzlzAH4AevtE8c2krQ=</latexit>

“Quartic potential” during reheating 

CMB: �� ⌘ 4��

9⇠22
= (5.3⇥ 10�10)R�4

⇣ r

0.01

⌘

<latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit><latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit><latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit><latexit sha1_base64="42Dnp7y24dQYE0zfwn0RMePENeQ="></latexit>

⇡ 1

4
���

4

<latexit sha1_base64="anBTcblT/cBac1cf0turtzeRVzw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogIxRQmKRFlQJRbGIhFaqQmR4zitVech20FUUf4BC3+FhQEQKzMb/wan7QAtJ9k63X0n+7sgY1RI0/zWakvLK6tr9fXGxubW9o6+u3cr0pxj4uCUpbwXIEEYTYgjqWSkl3GC4oCRbjC6rPzuPeGCpsmNHGfEi9EgoRHFSCrJ149dlGU8fYBuxBEurLKwS5epfIh8Fw8prK4729ebpmFZZss2oWmYE0BrnjTBDB1f/3LDFOcxSSRmSIi+ZWbSKxCXFDNSNtxckAzhERqQvqIJionwisk+JTxSSgijlKuTSDhRfycKFAsxjgM1GSM5FPNeJf7n9XMZtbyCJlkuSYKnD0U5gzKFVTkwpJxgycaKIMyp+ivEQ6SKkarChiphYeVF4pwa54Z1bTfbF7M26uAAHIITYIEz0AZXoAMcgMEjeAav4E170l60d+1jOlrTZpl98Afa5w8+pJxX</latexit><latexit sha1_base64="anBTcblT/cBac1cf0turtzeRVzw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogIxRQmKRFlQJRbGIhFaqQmR4zitVech20FUUf4BC3+FhQEQKzMb/wan7QAtJ9k63X0n+7sgY1RI0/zWakvLK6tr9fXGxubW9o6+u3cr0pxj4uCUpbwXIEEYTYgjqWSkl3GC4oCRbjC6rPzuPeGCpsmNHGfEi9EgoRHFSCrJ149dlGU8fYBuxBEurLKwS5epfIh8Fw8prK4729ebpmFZZss2oWmYE0BrnjTBDB1f/3LDFOcxSSRmSIi+ZWbSKxCXFDNSNtxckAzhERqQvqIJionwisk+JTxSSgijlKuTSDhRfycKFAsxjgM1GSM5FPNeJf7n9XMZtbyCJlkuSYKnD0U5gzKFVTkwpJxgycaKIMyp+ivEQ6SKkarChiphYeVF4pwa54Z1bTfbF7M26uAAHIITYIEz0AZXoAMcgMEjeAav4E170l60d+1jOlrTZpl98Afa5w8+pJxX</latexit><latexit sha1_base64="anBTcblT/cBac1cf0turtzeRVzw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogIxRQmKRFlQJRbGIhFaqQmR4zitVech20FUUf4BC3+FhQEQKzMb/wan7QAtJ9k63X0n+7sgY1RI0/zWakvLK6tr9fXGxubW9o6+u3cr0pxj4uCUpbwXIEEYTYgjqWSkl3GC4oCRbjC6rPzuPeGCpsmNHGfEi9EgoRHFSCrJ149dlGU8fYBuxBEurLKwS5epfIh8Fw8prK4729ebpmFZZss2oWmYE0BrnjTBDB1f/3LDFOcxSSRmSIi+ZWbSKxCXFDNSNtxckAzhERqQvqIJionwisk+JTxSSgijlKuTSDhRfycKFAsxjgM1GSM5FPNeJf7n9XMZtbyCJlkuSYKnD0U5gzKFVTkwpJxgycaKIMyp+ivEQ6SKkarChiphYeVF4pwa54Z1bTfbF7M26uAAHIITYIEz0AZXoAMcgMEjeAav4E170l60d+1jOlrTZpl98Afa5w8+pJxX</latexit><latexit sha1_base64="anBTcblT/cBac1cf0turtzeRVzw=">AAACDnicbVA7T8MwGHTKq5RXgJHFogIxRQmKRFlQJRbGIhFaqQmR4zitVech20FUUf4BC3+FhQEQKzMb/wan7QAtJ9k63X0n+7sgY1RI0/zWakvLK6tr9fXGxubW9o6+u3cr0pxj4uCUpbwXIEEYTYgjqWSkl3GC4oCRbjC6rPzuPeGCpsmNHGfEi9EgoRHFSCrJ149dlGU8fYBuxBEurLKwS5epfIh8Fw8prK4729ebpmFZZss2oWmYE0BrnjTBDB1f/3LDFOcxSSRmSIi+ZWbSKxCXFDNSNtxckAzhERqQvqIJionwisk+JTxSSgijlKuTSDhRfycKFAsxjgM1GSM5FPNeJf7n9XMZtbyCJlkuSYKnD0U5gzKFVTkwpJxgycaKIMyp+ivEQ6SKkarChiphYeVF4pwa54Z1bTfbF7M26uAAHIITYIEz0AZXoAMcgMEjeAav4E170l60d+1jOlrTZpl98Afa5w8+pJxX</latexit>

: applicable from inflation 
to reheating

“small quartic coupling”

[Choi, Kang, HML, Yamashita (2019)]



State of reheating
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9⇠22
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<latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit><latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit><latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit><latexit sha1_base64="ok1PBHyznS36odTNG6mImz5BpCk="></latexit>

VE ⇡ ��M2
P

6⇠22
�2

<latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit><latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit><latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit><latexit sha1_base64="dXI0dKcY4w2DVj5EVauaNOwG0L4="></latexit>

“radiation-like” “matter-like”

Linear coupling No linear coupling



Inflaton condensate

Background-dependent masses during reheating:

Decay rates of inflaton condensate:

Inflaton condensate:

H
2 =

⇢�c(t)

3M2
P

=
⇣ 1

2t

⌘2
,

<latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit><latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit><latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit><latexit sha1_base64="nfWMmqsuZ/qHipeql2Fd4JUg1cs="></latexit>

⇢�c =
1

4
���

4
c(t)

<latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit><latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit><latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit><latexit sha1_base64="BFJ4E8qqa9cQGYZq94MDlj+AMcg=">AAACGXicbVC7TsMwFHXKq5RXgJHFokIqS5WgSsAAqsTCWCRCKzUhchynseo8ZDtIVZTvYOFXWBgAMcLE3+C0GaDlSLaOzrn32vd4KaNCGsa3VltaXlldq683Nja3tnf03b07kWQcEwsnLOEDDwnCaEwsSSUjg5QTFHmM9L3xVen3HwgXNIlv5SQlToRGMQ0oRlJJrm7aPEzc3MYhdXFxYQcc4dws8k5hMzXFR25pwfK677i4JY9dvWm0jSngIjEr0gQVeq7+afsJziISS8yQEEPTSKWTIy4pZqRo2JkgKcJjNCJDRWMUEeHk09UKeKQUHwYJVyeWcKr+7shRJMQk8lRlhGQo5r1S/M8bZjI4c3Iap5kkMZ49FGQMygSWOUGfcoIlmyiCMKfqrxCHSKUjVZoNFYI5v/IisU7a523zptPsXlZp1MEBOAQtYIJT0AXXoAcsgMEjeAav4E170l60d+1jVlrTqp598Afa1w+EIqCy</latexit>

,
<latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit>

� H.
<latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit><latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit><latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit><latexit sha1_base64="HfdEJhVzh5LhWeuaeS3OrFUaGOg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUC9S8NJjBdMW2lA22026drMbdjdCKf0PXjyoePUHefPfuG1z0NYHA4/3ZpiZF2WcaeN5305pbX1jc6u8XdnZ3ds/qB4etbTMFaEBkVyqToQ15UzQwDDDaSdTFKcRp+1odDfz209UaSbFgxlnNExxIljMCDZWavWSBDXcfrXmud4caJX4BalBgWa/+tUbSJKnVBjCsdZd38tMOMHKMMLptNLLNc0wGeGEdi0VOKU6nMyvnaIzqwxQLJUtYdBc/T0xwanW4zSynSk2Q73szcT/vG5u4utwwkSWGyrIYlGcc2Qkmr2OBkxRYvjYEkwUs7ciMsQKE2MDqtgQ/OWXV0lw4d64/v1lrX5bpFGGEziFc/DhCurQgCYEQOARnuEV3hzpvDjvzseiteQUM8fwB87nDwEYjkY=</latexit>

Jacobi cosine (“unharmonic”)

,
<latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit><latexit sha1_base64="mbn5Zw/UqD0oyvJgvjqc7gK/B+U=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPUiBS8eWzC20Iay2U7btZtN2N0IJfQXePGg4tW/5M1/47bNQVsfDDzem2FmXpgIro3rfjuFldW19Y3iZmlre2d3r7x/8KDjVDH0WSxi1QqpRsEl+oYbga1EIY1Cgc1wdDv1m0+oNI/lvRknGER0IHmfM2qs1Djrlitu1Z2BLBMvJxXIUe+Wvzq9mKURSsME1brtuYkJMqoMZwInpU6qMaFsRAfYtlTSCHWQzQ6dkBOr9Eg/VrakITP190RGI63HUWg7I2qGetGbiv957dT0r4KMyyQ1KNl8UT8VxMRk+jXpcYXMiLEllClubyVsSBVlxmZTsiF4iy8vE/+8el31GheV2k2eRhGO4BhOwYNLqMEd1MEHBgjP8ApvzqPz4rw7H/PWgpPPHMIfOJ8/4HiMgA==</latexit>

;
<latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit>

[T. Tenkanen(2016); Almeida et al (2018); 
Choi, Kang, HML, Yamashita (2019)]



Reheating and dark matter
Reheating temperature:

Dark matter abundance: ��H ⇠ ��H/⇠21 . 10�7
<latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit><latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit><latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit><latexit sha1_base64="N0ltumQHesiOhEruR8MUwvbWUvk=">AAACJ3icbVDLSgMxFM34rPU16tJNsAhurDNFqG604KbLCtYWOtMhk0nb0CQzJBmxDP0cN/6KGxEVXfonpg9QWw8EDuecy809YcKo0o7zaS0sLi2vrObW8usbm1vb9s7urYpTiUkdxyyWzRApwqggdU01I81EEsRDRhph/2rkN+6IVDQWN3qQEJ+jrqAdipE2UmBfesyEIxRkHu5RWB16inL4Iyra5cjIJ949bZcC12NEqVHEddrZcXkY2AWn6IwB54k7JQUwRS2wX7woxiknQmOGlGq5TqL9DElNMSPDvJcqkiDcR13SMlQgTpSfjQ8dwkOjRLATS/OEhmP190SGuFIDHpokR7qnZr2R+J/XSnXnzM+oSFJNBJ4s6qQM6hiOWoMRlQRrNjAEYUnNXyHuIYmwNt3mTQnu7MnzpF4qnhfd69NC5WLaRg7sgwNwBFxQBhVQBTVQBxg8gCfwCt6sR+vZerc+JtEFazqzB/7A+voGhhKlzg==</latexit>

out of equilibrium

Higgs decay:

Inflaton decay:

;
<latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit><latexit sha1_base64="kTO9BLiuEnR6us5Ug9Qe3MY6QUI=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUBGk4MVjC8YW2lA222m7drMJuxuhhP4CLx5UvPqXvPlv3LY5aOuDgcd7M8zMCxPBtXHdb6ewsrq2vlHcLG1t7+zulfcPHnScKoY+i0WsWiHVKLhE33AjsJUopFEosBmObqd+8wmV5rG8N+MEg4gOJO9zRo2VGtfdcsWtujOQZeLlpAI56t3yV6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2aETcmKVHunHypY0ZKb+nshopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMvyY9rpAZMbaEMsXtrYQNqaLM2GxKNgRv8eVl4p9Vr6pe47xSu8nTKMIRHMMpeHABNbiDOvjAAOEZXuHNeXRenHfnY95acPKZQ/gD5/MH9yWMjw==</latexit>

: non-thermal production



Dark radiation from DM
Dark matter produced due to inflaton condensate 

remains relativistic until late times.

“Dark Radiation”

DM non-relativistic if

TNR > TBBN
<latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit><latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit><latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit><latexit sha1_base64="RpUU3hffF6rTW/2OClxR1vJuzyM=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXIWkCtpNKXXjqlRpbKENYTKdtEMnD2YmQolZ+CtuXKi49Tvc+TdO2yy09cCFwzn3cu89XsyokKb5rRVWVtfWN4qbpa3tnd09ff/gXkQJx8TGEYt410OCMBoSW1LJSDfmBAUeIx1vfD31Ow+ECxqFbTmJiROgYUh9ipFUkqsftd20zwPYvMtqOW00mpmrl03DsirWeRWahjkDtBZJGeRoufpXfxDhJCChxAwJ0bPMWDop4pJiRrJSPxEkRniMhqSnaIgCIpx0dn8GT5UygH7EVYUSztTfEykKhJgEnuoMkByJRW8q/uf1EulfOSkN40SSEM8X+QmDMoLTMOCAcoIlmyiCMKfqVohHiCMsVWQlFcLSy8vErhhVw7q9KNdreRpFcAxOwBmwwCWogxvQAjbA4BE8g1fwpj1pL9q79jFvLWj5zCH4A+3zBz5ClSU=</latexit>

If DM remains relativistic during BBN,

Extra radiation:
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aNR
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:

<latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit><latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit><latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit><latexit sha1_base64="cscLFsCexDMdNjXmhXS+Yb448Ck="></latexit>



Light inflaton DM

Blue: relic density, Purple: BBN, Orange:  TNR<Teq

DM masses in the range of 0.1 eV . m� . 100 eV.
<latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit><latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit><latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit><latexit sha1_base64="6OgWHPkqXZNbLNxzFBt2P3/Jo7o=">AAACG3icbVDLSgMxFM34rPU16tJNsAguZJhpBe1GCm5cVrAP6Awlk962ocnMkGSEMvRD3PgrblyouBJc+DemD3y0HgicnHMPyT1hwpnSrvtpLS2vrK6t5zbym1vbO7v23n5dxamkUKMxj2UzJAo4i6CmmebQTCQQEXJohIOrsd+4A6lYHN3qYQKBIL2IdRkl2khtu+Q6nn+a+VJgqI98DkopJrBo+7TPvq+e6/4MOW27YFJe0SuVseu4E2BvnhTQDNW2/e53YpoKiDTlRKmW5yY6yIjUjHIY5f1UQULogPSgZWhEBKggmyw3wsdG6eBuLM2JNJ6ovxMZEUoNRWgmBdF9Ne+Nxf+8Vqq7F0HGoiTVENHpQ92UYx3jcVO4wyRQzYeGECqZ+SumfSIJ1abPvClhYeVFUis6Zce7OStULmdt5NAhOkInyEPnqIKuURXVEEX36BE9oxfrwXqyXq236eiSNcscoD+wPr4AG6CgWQ==</latexit>

[Choi, Kang, HML, Yamashita (2019)]



Bounds from large scales
CMB lensingMatter power spectrum

Suppression at small scales:

mDM < 4.7 eV
<latexit sha1_base64="Skd149gg24HG8ihxxNZ94FjqnQ8=">AAACAHicdVDLSgMxFM3UV62vUTeCm2ARXEiZKW3HgkhBF26ECvYBnaFk0rQNTWaGJCOUoW78FTcuVNz6Ge78GzNtBRU9cOHknHvJvcePGJXKsj6MzMLi0vJKdjW3tr6xuWVu7zRlGAtMGjhkoWj7SBJGA9JQVDHSjgRB3Gek5Y/OU791S4SkYXCjxhHxOBoEtE8xUlrqmnu8m7iCw4uryWmp4LjH0xdpTrpm3ipYlu1UHJiSYrlSTYldLttFaGslRR7MUe+a724vxDEngcIMSdmxrUh5CRKKYkYmOTeWJEJ4hAako2mAOJFeMr1gAg+10oP9UOgKFJyq3ycSxKUcc193cqSG8reXin95nVj1T7yEBlGsSIBnH/VjBlUI0zhgjwqCFRtrgrCgeleIh0ggrHRoOR3C16Xwf9IoFqoF+7qUr53N08iCfXAAjoANHFADl6AOGgCDO/AAnsCzcW88Gi/G66w1Y8xndsEPGG+fW1GVvw==</latexit><latexit sha1_base64="Skd149gg24HG8ihxxNZ94FjqnQ8=">AAACAHicdVDLSgMxFM3UV62vUTeCm2ARXEiZKW3HgkhBF26ECvYBnaFk0rQNTWaGJCOUoW78FTcuVNz6Ge78GzNtBRU9cOHknHvJvcePGJXKsj6MzMLi0vJKdjW3tr6xuWVu7zRlGAtMGjhkoWj7SBJGA9JQVDHSjgRB3Gek5Y/OU791S4SkYXCjxhHxOBoEtE8xUlrqmnu8m7iCw4uryWmp4LjH0xdpTrpm3ipYlu1UHJiSYrlSTYldLttFaGslRR7MUe+a724vxDEngcIMSdmxrUh5CRKKYkYmOTeWJEJ4hAako2mAOJFeMr1gAg+10oP9UOgKFJyq3ycSxKUcc193cqSG8reXin95nVj1T7yEBlGsSIBnH/VjBlUI0zhgjwqCFRtrgrCgeleIh0ggrHRoOR3C16Xwf9IoFqoF+7qUr53N08iCfXAAjoANHFADl6AOGgCDO/AAnsCzcW88Gi/G66w1Y8xndsEPGG+fW1GVvw==</latexit><latexit sha1_base64="Skd149gg24HG8ihxxNZ94FjqnQ8=">AAACAHicdVDLSgMxFM3UV62vUTeCm2ARXEiZKW3HgkhBF26ECvYBnaFk0rQNTWaGJCOUoW78FTcuVNz6Ge78GzNtBRU9cOHknHvJvcePGJXKsj6MzMLi0vJKdjW3tr6xuWVu7zRlGAtMGjhkoWj7SBJGA9JQVDHSjgRB3Gek5Y/OU791S4SkYXCjxhHxOBoEtE8xUlrqmnu8m7iCw4uryWmp4LjH0xdpTrpm3ipYlu1UHJiSYrlSTYldLttFaGslRR7MUe+a724vxDEngcIMSdmxrUh5CRKKYkYmOTeWJEJ4hAako2mAOJFeMr1gAg+10oP9UOgKFJyq3ycSxKUcc193cqSG8reXin95nVj1T7yEBlGsSIBnH/VjBlUI0zhgjwqCFRtrgrCgeleIh0ggrHRoOR3C16Xwf9IoFqoF+7qUr53N08iCfXAAjoANHFADl6AOGgCDO/AAnsCzcW88Gi/G66w1Y8xndsEPGG+fW1GVvw==</latexit><latexit sha1_base64="Skd149gg24HG8ihxxNZ94FjqnQ8=">AAACAHicdVDLSgMxFM3UV62vUTeCm2ARXEiZKW3HgkhBF26ECvYBnaFk0rQNTWaGJCOUoW78FTcuVNz6Ge78GzNtBRU9cOHknHvJvcePGJXKsj6MzMLi0vJKdjW3tr6xuWVu7zRlGAtMGjhkoWj7SBJGA9JQVDHSjgRB3Gek5Y/OU791S4SkYXCjxhHxOBoEtE8xUlrqmnu8m7iCw4uryWmp4LjH0xdpTrpm3ipYlu1UHJiSYrlSTYldLttFaGslRR7MUe+a724vxDEngcIMSdmxrUh5CRKKYkYmOTeWJEJ4hAako2mAOJFeMr1gAg+10oP9UOgKFJyq3ycSxKUcc193cqSG8reXin95nVj1T7yEBlGsSIBnH/VjBlUI0zhgjwqCFRtrgrCgeleIh0ggrHRoOR3C16Xwf9IoFqoF+7qUr53N08iCfXAAjoANHFADl6AOGgCDO/AAnsCzcW88Gi/G66w1Y8xndsEPGG+fW1GVvw==</latexit>

(CMB lensing) [K. Osato et al (2016)]

mDM < 16 eV
<latexit sha1_base64="ksJrjp10kL/734rEXlR0ODc1Vag=">AAAB/3icdVDLSgMxFM3UV62vURcu3ASL4ELKpNjWgkhBF26ECk5baEvJpGkbmswMSUYow2z8FTcuVNz6G+78GzNtBRU9cOHknHvJvccLOVPacT6szMLi0vJKdjW3tr6xuWVv7zRUEElCXRLwQLY8rChnPnU105y2Qkmx8DhteuOL1G/eUalY4N/qSUi7Ag99NmAEayP17D3RiztSwMvr5AyVO8fTB20kPTvvFBwHVcoVmJJiqVxNCSqVUBEio6TIgznqPfu90w9IJKivCcdKtZET6m6MpWaE0yTXiRQNMRnjIW0b6mNBVTeeHpDAQ6P04SCQpnwNp+r3iRgLpSbCM50C65H67aXiX1470oPTbsz8MNLUJ7OPBhGHOoBpGrDPJCWaTwzBRDKzKyQjLDHRJrOcCeHrUvg/cYuFagHdnORr5/M0smAfHIAjgEAF1MAVqAMXEJCAB/AEnq1769F6sV5nrRlrPrMLfsB6+wTkOZWD</latexit><latexit sha1_base64="ksJrjp10kL/734rEXlR0ODc1Vag=">AAAB/3icdVDLSgMxFM3UV62vURcu3ASL4ELKpNjWgkhBF26ECk5baEvJpGkbmswMSUYow2z8FTcuVNz6G+78GzNtBRU9cOHknHvJvccLOVPacT6szMLi0vJKdjW3tr6xuWVv7zRUEElCXRLwQLY8rChnPnU105y2Qkmx8DhteuOL1G/eUalY4N/qSUi7Ag99NmAEayP17D3RiztSwMvr5AyVO8fTB20kPTvvFBwHVcoVmJJiqVxNCSqVUBEio6TIgznqPfu90w9IJKivCcdKtZET6m6MpWaE0yTXiRQNMRnjIW0b6mNBVTeeHpDAQ6P04SCQpnwNp+r3iRgLpSbCM50C65H67aXiX1470oPTbsz8MNLUJ7OPBhGHOoBpGrDPJCWaTwzBRDKzKyQjLDHRJrOcCeHrUvg/cYuFagHdnORr5/M0smAfHIAjgEAF1MAVqAMXEJCAB/AEnq1769F6sV5nrRlrPrMLfsB6+wTkOZWD</latexit><latexit sha1_base64="ksJrjp10kL/734rEXlR0ODc1Vag=">AAAB/3icdVDLSgMxFM3UV62vURcu3ASL4ELKpNjWgkhBF26ECk5baEvJpGkbmswMSUYow2z8FTcuVNz6G+78GzNtBRU9cOHknHvJvccLOVPacT6szMLi0vJKdjW3tr6xuWVv7zRUEElCXRLwQLY8rChnPnU105y2Qkmx8DhteuOL1G/eUalY4N/qSUi7Ag99NmAEayP17D3RiztSwMvr5AyVO8fTB20kPTvvFBwHVcoVmJJiqVxNCSqVUBEio6TIgznqPfu90w9IJKivCcdKtZET6m6MpWaE0yTXiRQNMRnjIW0b6mNBVTeeHpDAQ6P04SCQpnwNp+r3iRgLpSbCM50C65H67aXiX1470oPTbsz8MNLUJ7OPBhGHOoBpGrDPJCWaTwzBRDKzKyQjLDHRJrOcCeHrUvg/cYuFagHdnORr5/M0smAfHIAjgEAF1MAVqAMXEJCAB/AEnq1769F6sV5nrRlrPrMLfsB6+wTkOZWD</latexit><latexit sha1_base64="ksJrjp10kL/734rEXlR0ODc1Vag=">AAAB/3icdVDLSgMxFM3UV62vURcu3ASL4ELKpNjWgkhBF26ECk5baEvJpGkbmswMSUYow2z8FTcuVNz6G+78GzNtBRU9cOHknHvJvccLOVPacT6szMLi0vJKdjW3tr6xuWVv7zRUEElCXRLwQLY8rChnPnU105y2Qkmx8DhteuOL1G/eUalY4N/qSUi7Ag99NmAEayP17D3RiztSwMvr5AyVO8fTB20kPTvvFBwHVcoVmJJiqVxNCSqVUBEio6TIgznqPfu90w9IJKivCcdKtZET6m6MpWaE0yTXiRQNMRnjIW0b6mNBVTeeHpDAQ6P04SCQpnwNp+r3iRgLpSbCM50C65H67aXiX1470oPTbsz8MNLUJ7OPBhGHOoBpGrDPJCWaTwzBRDKzKyQjLDHRJrOcCeHrUvg/cYuFagHdnORr5/M0smAfHIAjgEAF1MAVqAMXEJCAB/AEnq1769F6sV5nrRlrPrMLfsB6+wTkOZWD</latexit>

(Lyman-α forest) [M. Viel et al (2005)]

[K. Osato et al (2016)]



Conclusions
• We proposed a general form of sigma models to 

unitarize Higgs inflation.

• Large linear non-minimal coupling leads to sizable 
deviation in tensor mode up to r=0.01, novel 
reheating and small inflation masses/parameters.

• Light inflaton can also play roles for EW phase 
transition and Higgs production (work in progress).

• Inflation decays by gravity coupling, but it can be a 
viable candidate for light dark matter, being consistent 
with cosmological constraints.
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