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THE INGREDIENTS
Inflation followed by kination (w = + 1)
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> The Higgs is a spectator field non-
minimally coupled to curvature

1 1
V(h) = §§Rh2 - ZAh‘l

The Higgs is sensitive to the

THE PROBLEM OF

cosmological history!

REHEATING

How do we link
inflation to a

thermalised SM bath? THE OUTCOMES

> The Higgs reheats the early Universe
> Background of gravitational waves

> Higgs stability during inflation

> Potential instability during kination

> Links between particle physics and
cosmological observables

Image credits: CERN



The Higgs’' Hubble-induce phase transition

L M2

2) 2
== —"R—g" (D H)' (D, H) — X (HTH - ”EQW) —fH’fHR+£s

The inflaton field dynamics leads to inflation
(w = — 1) followed by kination (w = + 1)
(e.g. quintessential inflation)
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The Higgs' Hubble-induce phase transition
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The inflaton field dynamics leads to inflation
(w = — 1) followed by kination (w = + 1)
(e.g. quintessential inflation)

The Higgs is a spectator field during inflation

Symmetry breaking between inflation and
kination [Figueroa+ "16]
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V(h) = ZERI + AR
R =3(1 — 3w)H?

Hubble-induced phase transition: tachyonic
instability and non-perturbative particle
production [Bettoni+ 19, '21]
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The Higgs is massive,
— suppressed fluctuations,

— suppressed isocurvature pert.

KINATION
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The Higgs is tachyonic,

— exponential growth fluctuations

,




The Higgs' Hubble-induce phase transition
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The inflaton field dynamics leads to inflation “
(w = — 1) followed by kination (W = + 1) Ver(h) Ver(h)
(e.g. quintessential inflation)

The Higgs is a spectator field during inflation AR A

Symmetry breaking between inflation and
kination [Figueroa+ "16]
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Hubble-induced phase transition: tachyonic & 0
instability and non-perturbative particle S
production [Bettoni+ 19, '21] < 10%
Reheating is automatic! (Ricci reheating) 10%
[Opferkuch+ "19]
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Beyond tree level: vacuum metastability

® Higgs quartic coupling A(u) runs to negative values at high scales
9gs g Pling g g

® Strong dependence on the exact value of top quark pole mass

e Effective potential can be metastable (two vacua separated by a barrier)
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Beyond tree level: vacuum metastability

A Unstable
Non-minimal coupling during kination V(h) fluctuations
worsens the stability problem!

1 Tachyonic
V(h) = f( 6H2) 4)‘(H)h4 phase .

— : : )
If we task the Higgs with reheating, we \/ H
need a Stability criterion Hubble—induced minimum

Upper limit on maximum energy density
(and also maximum amplitude) of classical

fluctuations STABILITY CRITERION:

Prac < Vinax

[Bezrukov+ "12]

Results from [GL, J. Rubio 2402.06000]



Beyond tree level: vacuum metastability

A Unstable
® Non-minimal coupling during kination V(h) fluctuations
worsens the stability problem!
1 Tachyonic
V(h) = f( 6H2) 4)‘(U)h4 phase .
— : : )
e |f we task the Higgs with reheating, we \/ H
need a Stability criterion Hubble—induced minimum

® Upper limit on maximum energy density
(and also maximum amplitude) of classical

fluctuations STABILITY CRITERION:

from numerical 3-loop
running of A(u)

[Bezrukov+ "12]

Results from [GL, J. Rubio 2402.06000]



Beyond tree level: vacuum metastability

Unstable

A .
® Non-minimal coupling during kination V(h) fluctuations
worsens the stability problem!
1 Tachyonic
V(h) = f( 6H2) 4)‘(U)h4 phase .
— : : )
e |f we task the Higgs with reheating, we \/ H
need a Stability criterion Hubble—induced minimum

® Upper limit on maximum energy density
(and also maximum amplitude) of classical
fluctuations

STABILITY CRITERION:

from lattice simulations from numerical 3-loop
prac(X, €) = 16 iy, exp (B + fav + BsInv) ALl V+ >

[GL, J.Rubio, 2307.03774]

Results from [GL, J. Rubio 2402.06000]



Stability constraints on reheating

3

01 10 50 100 200 300 500 700

® Fix the top pole mass and compute Classically Unstable Vacuum

constraints from stability and BBN e
i m=171.1 GeV
temperature S (ins=2.1x101 GeV

e Estimate stability region p,,. < V. ., with 3

loop running of 1 Ty =108 GeV.,,,

Ty =10 GeV.

® Simulate stability of HIPT with hundreds of
lattice simulations via Cosmolattice
[Figueroa+ ‘20, ‘21, ‘26]

The Higgs by itself can maintain

vacuum stability while reheating the
Universe at high temperatures!

Results from [GL, J. Rubio 2402.06000]



Effects of top quark pole mass

® Running A(u) depends very

sensitively on the top pole mass

® Agnostic approach to incorporate
uncertainties on the exact value

® Fix H,;, and compute the stability

constraint with m, as free parameter

1. high m, = lower instability scale

2. low m, = higher instability scale

3. Critical m ~ 170.9 GeV

Recent ATLAS result m}")le = 170.7 £ 1.5 GeV

[ATLAS collab. 2507.02632]
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Results from [GL, J. Rubio 2402.06000]



Gravitational waves from the stable Higgs

® Non-linear dynamics lead to local anisotropies = source for gravitational waves

) . 1 9
hij + 3th'j — ¥V2hij = —a2M2 H;-I;-T

P

® Position of the peak depends on rescattering = dependence on m, via 1

® Connection between cosmological and particle physics measurements
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10 Results from [GL, J. Rubio 2502.04445]



What about new physics at high scales?

® Higher-order operators in effective

potential solve the instability problem At
105} e
1 — Hiin=10"* GeV
V(H) = ERHVH+NHTH)*+—(HH)’ — Haa 101 Gev
A 107% Hiqn=10'"" GeV
® New physics at high scales L0-7]

Qawl(k)

= modified rescattering |
— change in frequency and amplitude of 108}

the GW spectrum
109}

® Distinct features w.r.t. standard scenario
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11 Results from [GL, J. Rubio 2502.04445]



Take-home message:

Non-minimal coupling stabilises the Higgs during inflation, it leads to tachyonic particle
production during kination and it produces a gravitational-wave signal

The Higgs can be responsible for heating, its stability can be checked against the barrier
in the effective potential

Connection between SM parameters, cosmological parameters and gravitational waves
Thanks!

For more details see:
GL, J. Rubio et al. 2307.03774, 2402.06000, 2409.15450, 2502.04445, 2505.00900



Additional material
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Spectator field approximation

® Compute the Ricci scalar from Einstein equations

1 — A TX_ 5

® A;controls the sign of the Ricci scalar = constraint <X2> < M]%/f

® A\, controls the magnitude of the Ricci scalar. It goes to zero for large amplitude
fluctuations

<X2> < ]\41,%/62 In practice <X2> < 0.01 % Ml%/é=2

® Agreement with the cut-off derived from EFT



EFT cut-off

® \Weyl transformation to the Einstein frame

_ . 1
Gy — § QQW L 0P =12 assuming  Lg = —f”(b%@b — V(¢)

® Expansion for small-field values of y

/ d*z\/—g

2

A 1

PR+£¢—1 14 9 +€L O XDy x— 14 20 s & S TO+0(u* Ly, u'Ly)
2 A Mp M3 )47 2M3

® Read out the lowest energy scale

Mp
T

® Constraint on the maximum amplitude of fluctuations:

(X?) < 0.01 x M3/€°
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Transient amplification from inflation to kination

® The non-adiabatic transition from inflation to kination
leads to the gravitational production of tield fluctuations

® Simple computation of non-adiabatic amplitication:

2

n

2 o=k4m2 ~k* with m’,=0 for w=1/3 (toradiation dom.)

W = k*4m? with m? =12¢°H* for w=—1  (from inflation)

m

W

Sub horizon k2> m? no amplification
2 2
- 2 7172 2 2 Min H
Tachyonic band a*H* < k* <mi, () = 5 o5 ~ 6 (§>

Super horizon K < o’ H? () = /3¢ (%)
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High-frequency GW detectors

Energy spectrum of grav. waves h*Qaqw
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Image from: Challenges and Opportunities of Gravitational Wave Searches above 10kHz, Aggrawal et al. ‘25



Rescaling of GW frequency and amplitude

® Rescaling due to non-standard expansion epoch during
production [Allahverdi et al. "21]
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CMS

Lagrangian mass extractions

Pole mass from cross section
Inclusive tt 7 TeV, NNLO ® CT10
Inclusive tt 7+8 TeV, NNLO @ CT14
Inclusive tt 13 TeV, NNLO ® CT14

Inclusive tt 13 TeV, NNLO ® CT14

Differential tf 13 TeV, NLO + 3D fit (mf°'°, o, PDF)
Dilepton 7+8 TeV, ATLAS+CMS cross section

Differential tf+jet 13 TeV, NLO ® CT18

MS mass from cross section
Inclusive tf 13 TeV, NNLO ® CT14

Direct measurements
Full reconstruction

Dilepton 7 TeV, KINb and AMWT
Lepton+jets 7 TeV, 2D ideogram

Dilepton 7 TeV, AMWT

All-jets 7 TeV, 2D ideogram

Lepton+jets 8 TeV, Hybrid ideogram
All-jets 8 TeV, Hybrid ideogram

Dilepton 8 TeV, AMWT

Single top quark 8 TeV, Template fit
Dilepton 8 TeV, M,,+M33 Hybrid fit
Lepton+jets 13 TeV, Hybrid ideogram
All-jets 13 TeV, Hybrid ideogram

Dilepton 13 TeV, m,, fit

Single top quark 13 TeV, In (m,/ 1 GeV) fit
Lepton+jets 13 TeV, Profile likelihood
Combination 7+8 TeV

Boosted measurements

—e—

1

Boosted 8 TeV, C/A jet mass unfolded |
Boosted 13 TeV, XCone jet mass unfolded
Boosted 13 TeV, XCone jet mass unfolded

Alternative measurements

stat. total

EEEEE ATLAS+CMS combination m{®* = 173.47)% GeV

JHEP 07 (2023) 2

----- CMS 7+8 TeV comb. m!"® = 172,52 + 0.42 GeV

B CMS 7+8 TeV comb. stat. uncertainty

v:2402 08713

-36

m™ <1770 5 (tot) GeV

mi™=1743 "2 (tot) GeV JHEP 08 (2016) 029
mi® = 1706 +2.7 (tot) GeV JHEP 09 (2017) 051
m™=1737 21 (tof) GeV [EPX

m™ =1705 +0.8 (tot) GeV PJC B0 (2020) 65

w734

mi** = 172.13 £ 1.43 (tot) GeV JHEP 0

mim)=1650 ‘'?

m'“=1755 =46 (stat)+4.6 (sys)GeV LHER O

m'® = 173.49 £ 0.43 (stat) + 0.98 (sys) GeV [P 1220
m'“=1725 =04 (stat)+1.5 (sys)GeV [EPJC 7220
m'® = 173.54 = 0.33 (slal) + 0.96 (sys) GeV [EP.C 74 (20
m'C = 172.35= 0.16 (stat)  0.48 (sys) GeV [PRD 93 (2076

mi'® « 172.32 2 0.25 (stat) + 0.59 (sys) GeV [PRO &

m'C = 172.82 = 0.19 (stat) + 1.22 (sys) GeV [PRD 93 (207

m)'® = 172.95= 0.77 (stal)
m}'¢ = 172.22 = 0.18 (stat)

-0.82
ous

s (8YS) GeV [PHD 9
mi'€ = 172.25  0.08 (stat) + 0.62 (sys) GeV (-1 7
ml'© = 172.34 = 0.20 (stat) + 0.70 (sys) GeV [EP.C
M) = 172334014 stat) "

mM¢ = 172.1320.32 (stat) "
my'® = 171.77 2 0.04 (stal) + 0.37 (sys) GeV [EP.C
m}'® = 172.52 = 0.14 (stat) £ 0.39 (sys) GeV (X2

m'©=1709 6.0 (stat)+6.7 (sys)GeV [EPJC 7720

(tot) GeV IHEP 07 (2023)

2 (tot) GeV EPJC 79

o (sys) GeV [EPUC 77 (2017) 354

.:? (sys) GeV [JHEF 12 (2021) 161

Top quark mass
measurement

® Direct measurements lead to top quark
reconstructed Monte Carlo mass

Pole mass is measured indirectly (cross

section measurements)

o (sys) GeV [FPJC 79(2079) 3

® Uncertainty in how to relate the

o reconstructed mass to theoretical

m'=1726 +0.4 (stat)+2.4 (sys)GeV [(PAL 124 (2020) 2020
m)'° = 173.06 = 0.24 (stat) + 0.80 (sys) GeV [FP.C 83 (20

definitions of top masses

Dilepton 7 TeV, Kinematic endpoints Pt m, =1739 +09 (staf) ::’ (sys) GeV [EP.c 7 )4
1+2 leptons 8 TeV, Lepton + secondary vertex - m)'° = 173.68 = 0.20 (stat) )f (sys) GeV [PRO o 008
1+2 leptons 8 TeV, Lepton + J/'¥ —o—— mi©=1735 3.0 (sta)£0.9 (sys) GeV WHEP 12 2076) 123
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Image from: Review of top quark mass measurements in CMS, CMS collaboration ‘24



