The Rise and Fall of the SM Higgs:
EW Vacuum Stability during Kination

Based on G. Laverda, JR, JCAP 03 (2024) 033 & JHEP 05 (2024) 339
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Reheating stage
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e Unknown energy scale e Unknown masses
e Unknown fields e Unknown couplings

e Unknown equation of state e Unknown distribution



A simple scenario

e A single field ¢ for both inflation and dark energy (quintessential inflation)
e An unavoidable non-minimal coupling of the Higgs field H to gravity

e No additional degrees of freedom beyond the electroweak scale
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Interesting outputs

e The Higgs field is safely stabilized during inflation (no isocurvature pert.)
e Appealing connection between SM parameters and (post-)inflationary era

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

G. Laverda, JR, JCAP 03 (2024) 033 & JHEP 05 (2024) 339



Quintessential inflation

Inflaton potential U

¢kin ¢rad ¢eq d’de
Only key ingredient: Field value ¢

Period of kination ,
For a review see e.g. D. Bettoni, JR, Galaxies 10 (2022) 1, 22



Quintessential inflation

A

Energy density p

Inflaton potential U

Kination

¢kin ¢rad ¢eq ¢de
Only key ingredient: Field value ¢

Period of kination , .
For a review see e.g. D. Bettoni, JR, Galaxies 10 (2022) 1, 22



Hubble-induced Higgs mass
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Energetically subdominant / Spectator field
Negligible contribution to the effective Planck mass, £h? < M2
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D. Bettoni, JR, Phys.Lett.B 784 (2018) 122-129; D. Bettoni, G. Domenech, See also Figueroa & Byrnes 1604.03905, Dimopoulos, Markkanen 1803.07399,
JR, JCAP 02 (2019) 034, D. Bettoni, JR, JCAP 01 (2020) 002, D. Bettoni, A. Opferkuch, Schwaller, Stefanck 1905.06823 (homogeneous approx. only)
Lépez-Eiguren, JR, JCAP 01 (2022) 01, 002




Tachyonic particle production
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Spinodal /Tachyonic instability
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e The Z5 symmetry of the action is preserved by the dynamics.

e The field is not classical but rather quantum.

e A homogeneous component description is completely inaccurate.
D. Bettoni, JR, JCAP 01 (2020) 002
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Classicalization
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e Following dynamics needs non-analytical techniques.

e High occupation numbers — Classical Lattice Simulations

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



Beating Domain Walls

WATCH NOW
AND RELAX

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




Energy distribution
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Lattice-based fitting formulas: O(100) 341 classical lattice simulations
3
Prac(A(),§) = 16Hﬁin exp (B1(A) + B2(N) v+ B3(N) Inv) v = ;

G. Laverda, JR, JCAP 03 (2024) 033



(Gradients are crucial

G. Laverda, JR, JCAP 03 (2024) 033
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Radiation-like products for arbitrary potential
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Onset of radiation domination

Lattice-based fitting formulas: O(100) 341 classical lattice simulations
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. @ ” By-product
Heating “temperature First lattice characterisation

of Ricci reheating
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Beyond tree level

Quantum contributions of heavy SM particles to effective potential important

0-14 | | L] L] L] L] L] L] 1 | | | | | | | | | | I | |
v my = 125.5GeV

I | | | |
mt=1 70.0 —

0.12 m=171.0
0.1 m=172.0 === -
m=173.1 —-- _
0.08 m=174.0
A\ 0.06 m=175.0 - - -
0.04 -
0.02 -
0 B e
-0.02 ~LLLTITIIIIIIE
-004 . 3+ 1 4 4 4 4+ 1 4 43 93 3 1 4 4 4 4 1 4
100000 1e+10 1e+15 1e+20
u(GeV)

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



An open question
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Vacuum stability during kination
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Scanning of parameter space

Three-loop renormalisation-group running of the Higgs self-coupling
Agnostic approach to top quark mass values, m; = 170 — 173 GeV
Wide range for non-minimal coupling parameter & ~ 1 — 700

Wide range for the onset scale of kination Hiin ~ 106 —10'° GeV
O(1000) 3+1-dimensional classical lattice simulations.

Checking for existence and crossing of the barrier
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G. Laverda, JR, 2402.06000



Stability constraints on the top mass

173.0-

my [GeV]

171,00 §

Favours lower masses for the top quark
G. Laverda, JR, 2402.06000



Heating the Universe before BBN

Explosive tachyonic Higgs production allows to heat the Universe.
Additional restrictions on parameter space
&
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Gravitational waves
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Ultra High-Frequency GW detectors

Inverse Gertsenshtein effect

Mecanical resonators
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Potentially observable ;
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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 m; = 171.3 GeV, the heating temperature can be as large as 10” GeV.

Potential gravitational waves signatures
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Hubble-induced phase transitions
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e Natural triggering mechanism for phase transitions

e Non-thermal & non-perturbative

e Short-lived topological defects



Top mass measurements
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Inverse Gertsenshtein effect, Sec. 4.2.2

GW-OSQAR II (built) [306]

(2.7 —14) - 10'* Hz

hc,n.,st,o =~ 8 : 10_26

GW-CAST (built) [306]

(5—12)- 10" Hz

hensto =~ 7-10728

GW-ALPs II (devised) [306]

~ 10'° Hz

hemsto =~ 2.8 107

Resonant polarization rotation, Sec. 4.2.4 [317]

Cruise’s detector (devised) [318]

(0.1 —10°) GHz

~ —18
hO,n,mono ~ 10

Cruise & Ingley’s detector (prototype) [319,320] 100 MHz 8.9.107 1
Enhanced magnetic conversion
~ 10 GHz heonsto =~ 10730 — 10726
(theory), Sec. 4.2.5 [324]
Bulk acoustic wave resonators
(MHz — GHz) 4.2.107%* —24.107%
(built), Sec. 4.2.6 [330,331]
Superconducting rings, (theory), Sec. 4.2.7 [332,333] 10 GHz ho,n.mono = 10731
Microwave cavities, Sec. 4.2.8
Caves’ detector (devised) [335] 500 Hz h~2.10%
Reece’s 1st detector (built) [336] 1 MHz h~4.10"17
Reece’s 2nd detector (built) [337] 10 GHz h~6-10""
Pegoraro’s detector (devised) [338] (1 -10) GHz h~10"%
Graviton-magnon resonance
(8 —14) GHz 1.1-1002—-13.10°%

(theory), Sec. 4.2.9 [339]




