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• Unknown energy scale
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• Unknown couplings
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Reheating stage

• Unknown equation of state • Unknown distribution
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• A single field � for both inflation and dark energy (quintessential inflation)

• An unavoidable non-minimal coupling of the Higgs field H to gravity

• No additional degrees of freedom beyond the electroweak scale
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Interesting outputs
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• The Higgs field is safely stabilized during inflation (no isocurvature pert.)

• Appealing connection between SM parameters and (post-)inflationary era

• The Higgs field itself can be responsible for heating the Universe

Based on G. Laverda, JR, JCAP 03 (2024) 033 & JHEP 05 (2024) 339
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For a review see e.g. D. Bettoni, JR, Galaxies 10 (2022) 1, 22
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Quintessential inflation

Only key ingredient:
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For a review see e.g. D. Bettoni, JR, Galaxies 10 (2022) 1, 22
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Quintessential inflation

Only key ingredient:

Period of kination
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Not Higgs inflation

Higgs field is a spectator
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Spinodal/Tachyonic instability

• The Z2 symmetry of the action is preserved by the dynamics.

• The field is not classical but rather quantum.

• A homogeneous component description is completely inaccurate.

D. Bettoni, JR, JCAP 01 (2020) 002
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Classicalization

• Following dynamics needs non-analytical techniques.

• High occupation numbers ! Classical Lattice Simulations

f 00
 + (2 �M2(z))f = 0

D. Bettoni, JR, JCAP 01 (2020) 002



Beating Domain Walls

WATCH NOW 
AND RELAX

<latexit sha1_base64="ANTNwMz34tUu24edb372kQCF770="></latexit>

D.Bettoni, A. Lopez-Eiguren, JR, JCAP 01 (2022) 01, 002



<latexit sha1_base64="E3DdRRtOiZPZzp0WZ+yE/1GJ5R4="></latexit>

Based on G. Laverda, JR, JCAP 03 (2024) 033 & G. Laverda, JR, 2402.06000

<latexit sha1_base64="yqd4tndKWKQj2whowYkkLZg5rKE="></latexit>

⇢tac(�(µ), ⇠) = 16H4
kin exp (�1(�) + �2(�) ⌫ + �3(�) ln ⌫)

<latexit sha1_base64="nCgRFeOdYZ3PUEsymmonOfYoOk0="></latexit>

Lattice-based fitting formulas: O(100) 3+1 classical lattice simulations

<latexit sha1_base64="l9oS8RdN9aGRaNrGZM74zhz/3jE=">AAAB/nicbVDLTgIxFO34RHyNumTTCCauyAwLdEl04xKNPBKYkE65QEPbmbQdE5yQ6M/oyqg7P8If8G8sOAsFz+rce85Ne04Yc6aN5305K6tr6xubua389s7u3r57cNjUUaIoNGjEI9UOiQbOJDQMMxzasQIiQg6tcHw501t3oDSL5K2ZxBAIMpRswCgxdtVzCzegKeHQxzSSg0gJwrFhAnDpvtRzi17ZmwMvEz8jRZSh3nM/u/2IJgKkoZxo3fG92AQpUYZRDtN8N9EQEzomQ+hYKokAHaTzEFN8Yl/HZgR4Pv/2pkRoPRGh9QhiRnpRmy3/0zqJGZwHKZNxYkBSa7HaILEBIzzrAveZAmr4xBJCFbO/xHREFKHGNpa38f3FsMukWSn71XL1ulKsXWRF5FABHaNT5KMzVENXqI4aiKJH9Ize0Lvz4Dw5L87rj3XFyW6O0B84H99mtZUM</latexit>

Rescaled conformal time z

<latexit sha1_base64="FJJPLLQIkl/NM9YoygUD13Jhndc=">AAACAnicbVDLTsJAFJ3iC/FVdenCicTEFWlZoEuiMXGJiTwSaMh0uMCE6bSZhwlp2OnP6MqoOz/BH/BvnGIXCp7VmXvOzZ1zwoQzpT3vyymsrK6tbxQ3S1vbO7t77v5BS8VGUmjSmMeyExIFnAloaqY5dBIJJAo5tMPJVaa370EqFos7PU0giMhIsCGjRNtR3z3uGTEAma2n1wLkaIoH9qpkockMs75b9ireHHiZ+DkpoxyNvvvZG8TURCA05USpru8lOkiJ1IxymJV6RkFC6ISMoGupIBGoIJ0HmeHTYSyxHgOev397UxIpNY1C64mIHqtFLRv+p3WNHl4EKROJ0SCotVhtaDjWMc76sGklUM2z2IRKZn+J6ZhIQrVtrWTj+4thl0mrWvFrldpttVy/zIsooiN0gs6Qj85RHd2gBmoiih7RM3pD786D8+S8OK8/1oKT7xyiP3A+vgHEUJhD</latexit>

Energy distribution
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Radiation-like products for arbitrary potential

<latexit sha1_base64="ANTNwMz34tUu24edb372kQCF770="></latexit>

D.Bettoni, A. Lopez-Eiguren, JR, JCAP 01 (2022) 01, 002

Gradients are crucial
<latexit sha1_base64="E3DdRRtOiZPZzp0WZ+yE/1GJ5R4="></latexit>

Based on G. Laverda, JR, JCAP 03 (2024) 033 & G. Laverda, JR, 2402.06000



Onset of radiation domination

<latexit sha1_base64="nCgRFeOdYZ3PUEsymmonOfYoOk0="></latexit>

Lattice-based fitting formulas: O(100) 3+1 classical lattice simulations

<latexit sha1_base64="E3DdRRtOiZPZzp0WZ+yE/1GJ5R4="></latexit>

Based on G. Laverda, JR, JCAP 03 (2024) 033 & G. Laverda, JR, 2402.06000



<latexit sha1_base64="E3DdRRtOiZPZzp0WZ+yE/1GJ5R4="></latexit>

Based on G. Laverda, JR, JCAP 03 (2024) 033 & G. Laverda, JR, 2402.06000

• Turbulent

• Far from thermal

Heating “temperature”
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<latexit sha1_base64="ANTNwMz34tUu24edb372kQCF770="></latexit>

D.Bettoni, A. Lopez-Eiguren, JR, JCAP 01 (2022) 01, 002

By-product
First lattice characterisation

of Ricci reheating



JR et al., Phys.Rev.D 90 (2014) 027307, Phys.Rev.D 92 (2015) 8, 083512, JCAP 02 (2018) 040

Quantum contributions of heavy SM particles to e↵ective potential important
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<latexit sha1_base64="FcSk/6/0ViWGVWzOd4VFWx4C+tQ=">AAACAXicbVDLSgNBEJyNrxhfUY+CDAbBg4Td4OsiBD3oUcFEIbuE2bGTDJnZXWZ6xbDkpD+jJ1Fv/oI/4N84iXvwVafqrmroqjCRwqDrfjiFicmp6ZnibGlufmFxqby80jRxqjk0eCxjfRUyA1JE0ECBEq4SDUyFEi7D/vFIv7wBbUQcXeAggUCxbiQ6gjO0q3Z5XbUzXyvaGx56td3qLvW3fYRb1Co7geawXa64VXcM+pd4OamQHGft8rt/HfNUQYRcMmNanptgkDGNgksYlvzUQMJ4n3WhZWnEFJggG+cY0s1OrCn2gI7n796MKWMGKrQexbBnfmuj5X9aK8XOQZCJKEkRIm4tVuukkmJMR3XQa6GBoxxYwrgW9kvKe0wzjra0ko3v/Q77lzRrVW+vune+U6kf5UUUyRrZIFvEI/ukTk7JGWkQTu7JI3khr86d8+A8Oc9f1oKT36ySH3DePgHkxpXY</latexit>

mh = 125.5GeV

<latexit sha1_base64="UABnSONEGE2UBkrwWeceUba1emc=">AAACAHicbVDLSsNAFJ34rPUVdSnCYBFclaSL6rLUjcsK9gFtKJPJbTt0Mgkzk0II3ejP6ErUnd/gD/g3TmoW2npW595zLtxz/JgzpR3ny1pb39jc2i7tlHf39g8O7aPjjooSSaFNIx7Jnk8UcCagrZnm0IslkNDn0PWnN7nenYFULBL3Oo3BC8lYsBGjRJvV0D4bJCIAmZ9nTUgjEWAtATCHGfD50K44VWcBvErcglRQgdbQ/hwEEU1CEJpyolTfdWLtZURqRjnMy4NEQUzolIyhb6ggISgvW8SY44tRJLGeAF7Mv70ZCZVKQ994QqInalnLl/9p/USPrr2MiTjRIKixGG2UcKwjnLeBAyaBap4aQqhk5ktMJ0QSqk1nZRPfXQ67Sjq1qluv1u9qlUazKKKETtE5ukQuukINdItaqI0oekTP6A29Ww/Wk/Vivf5Y16zi5gT9gfXxDYB1lu4=</latexit>

Beyond tree level
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An open question

<latexit sha1_base64="0Sbc6QNDJzwJ5j8e+IrLLT7726E="></latexit>

F. Bezrukov, M. Shaposhnikov, J.Exp.Theor.Phys. 120 (2015) 335-343,
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Higgs e↵ective potential during kination
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<latexit sha1_base64="DWPDTmS+/+iGacs8LBaupb7EmLg=">AAACD3icbVDLTgJBEJz1ifhCPXqZSEw8GLLLAT0SvXjERB4JEDI7NDBhdnYz02NCNnyE/oyejHoz8Qf8G2eRg4J1qu6qTroqTKQw6Ptf3srq2vrGZm4rv72zu7dfODhsmNhqDnUey1i3QmZACgV1FCihlWhgUSihGY6vM715D9qIWN3hJIFuxIZKDARn6Fa9wnnHqj7o7DxtMG5tRA2yUEiBE9q3WqghHQs1c097haJf8megyySYkyKZo9YrfHb6MbcRKOSSGdMO/AS7KdMouIRpvmMNJIyP2RDajioWgemms1RTejqINcUR0Nn825uyyJhJFDpPxHBkFrVs+Z/Wtji47KZCJRZBcWdx2sBKijHNyqF9oYGjdMkF41q4LykfMc04ugrzLn6wGHaZNMqloFKq3JaL1at5ETlyTE7IGQnIBamSG1IjdcLJI3kmb+Tde/CevBfv9ce64s1vjsgfeB/fsZCdpw==</latexit>

Vacuum stability during kination

<latexit sha1_base64="E3DdRRtOiZPZzp0WZ+yE/1GJ5R4="></latexit>

Based on G. Laverda, JR, JCAP 03 (2024) 033 & G. Laverda, JR, 2402.06000

<latexit sha1_base64="nyhJ03RoQ3RQiu5guV8Y4Sylzc0=">AAAB53icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFQ3QtGNywr2B9qhZNI7bWwmMyQZoQx9Bl2JuvN9fAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38z89iMqzWN5byYJ+hEdSh5yRo0dtXoyvfLcfrniVt25yDJ4OVQgV6Nf/uwNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i16KkEWo/m287JSdhrIgZIZm/f2czGmk9iQKbiagZ6UVvNvzP66YmvPQzLpPUoGQ2Yr0wFcTEZFaaDLhCZsTEAmWK2y0JG1FFmbGnKdn63mLZZWidVb1atXZ3Xqlf54cowhEcwyl4cAF1uIUGNIHBAzzDG7w73HlyXpzXn2jByf8cwh85H9+xpowz</latexit>

⌫ = 10
<latexit sha1_base64="w4G9JI1lIFmlA74Gve68HdnRkz0=">AAAB93icbZDLSsNAFIYnXmu9xcvOzWARXEhIVFo3QtGFLivYCzSlTKan7dCZJMxMhBj6LLoSded7+AK+jdOahbb+q2/O/w+c8wcxZ0q77pe1sLi0vLJaWCuub2xubds7uw0VJZJCnUY8kq2AKOAshLpmmkMrlkBEwKEZjK4nfvMBpGJReK/TGDqCDELWZ5RoM+ra+6KrL72K55z5J5kvBb6Bxrhrl1zHnQrPg5dDCeWqde1PvxfRRECoKSdKtT031p2MSM0oh3HRTxTEhI7IANoGQyJAdbLp9mN81I8k1kPA0/fvbEaEUqkITEYQPVSz3mT4n9dOdP+ik7EwTjSE1ESM10841hGelIB7TALVPDVAqGRmS0yHRBKqTVVFc743e+w8NE4dr+yU785L1au8iAI6QIfoGHmogqroFtVQHVH0iJ7RG3q3UuvJerFef6ILVv5nD/2R9fENDP6RZw==</latexit>

mt = 171.3GeV

Number of e-folds



<latexit sha1_base64="JNG3dMAS8nBp0RHBWsfu3OLgZIw=">AAACCnicbVC7TsMwFHXKq5RXgJHFokIwVUmHwljBwlgEfUhtVTnuTWvVsSPbQaqi/gH8DEwI2Bj5Af4Gp2SAljMd33Ou7XOCmDNtPO/LKaysrq1vFDdLW9s7u3vu/kFLy0RRaFLJpeoERANnApqGGQ6dWAGJAg7tYHKV6e17UJpJcWemMfQjMhIsZJQYOxq4p71EDEFl6+ktJUIwMcIyxDFRJAIDCuuYUJgN3LJX8ebAy8TPSRnlaAzcz95Q0iQCYSgnWnd9Lzb9lCjDKIdZqZdosDdPyAi6lgr7mu6n80AzfBJKhc0Y8Pz825uSSOtpFFhPRMxYL2rZ8D+tm5jwop8yEScGBLUWq4UJx0birBc8ZAqo4VNLCFXM/hLTsS2B2g50ycb3F8Muk1a14tcqtZtquX6ZF1FER+gYnSEfnaM6ukYN1EQUPaJn9IbenQfnyXlxXn+sBSffOUR/4Hx8Ax+rmxw=</latexit>

Scanning of parameter space

<latexit sha1_base64="E3DdRRtOiZPZzp0WZ+yE/1GJ5R4="></latexit>

Based on G. Laverda, JR, JCAP 03 (2024) 033 & G. Laverda, JR, 2402.06000

<latexit sha1_base64="u4jsgQmQceDEvBWL2+HuY3b1/cY=">AAAB4nicbZDNTgIxFIXv4B/iH+rSTSMx0Q2ZMQZdEt24hER+EpiQTrkDDe3MpO2YkAkvoCuj7nwkX8C3seAsFDyrr/ecJvfcIBFcG9f9cgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqG1CNgkfYMtwI7CYKqQwEdoLJ3dzvPKLSPI4ezDRBX9JRxEPOqLGj5sWgXHGr7kJkFbwcKpCrMSh/9ocxSyVGhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnMaIStZ8tFp2RszBWxIyRLN6/sxmVWk9lYDOSmrFe9ubD/7xeasIbP+NRkhqMmI1YL0wFMTGZ9yVDrpAZMbVAmeJ2S8LGVFFm7FVKtr63XHYV2pdVr1atNa8q9dv8EEU4gVM4Bw+uoQ730IAWMEB4hjd4d4bOk/PivP5EC07+5xj+yPn4Bmjpik0=</latexit>

)

• Three-loop renormalisation-group running of the Higgs self-coupling

• Agnostic approach to top quark mass values, mt = 170� 173 GeV

• Wide range for non-minimal coupling parameter ⇠ ⇠ 1� 700

• Wide range for the onset scale of kination Hkin ⇠ 106 � 1015 GeV

• O(1000) 3+1-dimensional classical lattice simulations.

• Checking for existence and crossing of the barrier

1015



<latexit sha1_base64="Ok/Y2dajI1dYBIPD7xWXzp4HKoY=">AAACFHicbVBNTwIxFOziF+LXqkcvjcTEE9nlgB6JXjxiFDABQrrlAQ3ddtO+NSEb/ob+GT0Z9WK8+28syEHBOU3fzGs7EyVSWAyCLy+3srq2vpHfLGxt7+zu+fsHDatTw6HOtdTmLmIWpFBQR4ES7hIDLI4kNKPR5VRv3oOxQqtbHCfQidlAib7gDN2o64ftVPXATNezG2SRkALHlGtl0TCh0FKtKA6Bok5ozKyddP1iUApmoMsknJMimaPW9T/aPc3TGBRy6W5ohUGCnYwZFFzCpNBOLSSMj9gAWo4qFoPtZLNoE3rS12b2/uz825ux2NpxHDlPzHBoF7Xp8D+tlWL/vJMJlaQIijuL0/qpdAnptCHaEwY4yrEjjBvhfkn5kBnG0fVYcPHDxbDLpFEuhZVS5bpcrF7Mi8iTI3JMTklIzkiVXJEaqRNOHskzeSPv3oP35L14rz/WnDffOSR/4H1+Az4nn38=</latexit>

Stability constraints on the top mass

<latexit sha1_base64="E3DdRRtOiZPZzp0WZ+yE/1GJ5R4="></latexit>

Based on G. Laverda, JR, JCAP 03 (2024) 033 & G. Laverda, JR, 2402.06000
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Favours lower masses for the top quark
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Hkin = 1010 GeVHkin = 106 GeV
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Heating the Universe before BBN
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Explosive tachyonic Higgs production allows to heat the Universe.

Additional restrictions on parameter space
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Lower bound on the inflationary scale
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Gravitational waves’ production
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Ultra High-Frequency GW detectors



Hkin = 109 GeV

Potentially observable in resonant cavities

PRELIMINARY

5T external magnetic field, one-meter long cavity with a 5m radius
arXiv:2203.15668 [gr-qc] (Phys. Rev. D 108, 124009)
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Conclusions

• A non-minimally coupled Higgs is safely stabilized during inflation but

undergoes a tachyonic instability during kination.

• The transition between the two phases acts as a natural cosmic clock.

triggering a copious non-perturbative production of Higgs particles and

bringing its amplitude close to the instability scale.

• Lower top quark masses are generically favored.

• The Higgs field itself can be responsible of heating the Universe after

inflation.

• For mt = 171.3 GeV, the heating temperature can be as large as 10
5
GeV.

• Potential gravitational waves signatures
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• Natural triggering mechanism for phase transitions

• Non-thermal & non-perturbative

• Short-lived topological defects

• Specific gravitational waves signatures

Hubble-induced phase transitions
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