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@ Discovery of gravitational waves (GW) by LIGO & Virgo
LIGO/Virgo, PRL 116 (2016), PRL 118 (2017)

@ Source: mergers of black holes and neutron stars

~ GW astronomy and cosmology



A Window to the Very Early Universe?

@ Pulsar Timing Arrays
~ Evidence for Stochastic GW Background

14 billion years.

1 billion years
TS »

@ Lower frequency than LIGO/Virgo events
~ Mergers of supermassive black holes?
@ More interesting: particle physics origin
e First-Order Phase Transition (FOPT)
e Cosmic strings
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Looking Forward to More Discoveries

THE GRAVITATIONAL WAVE SPECTRUM

quantum fluctuations in the very early Universe
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First-Order Phase Transitions

See talks by Merchand, Kowalska

T>T, T

G
T=T,

N

T<T.

@ High temperature: potential minimum at ¢ =0

© T < T.: deeper mimimum at ¢ = v, separated by barrier
© Tunneling ~ bubbles of true vacuum

© GW from bubble collisions and turbulence
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Gravitational Waves from Particle Physics
@ SM: no FO electroweak PT for Higgs mass > 70 GeV

@ GW from thermal fluctuations in plasma

Tiu = 1 x 108 GeV

@ Peak at frequency ~ GHz

@ Amplitude enhanced for
o Very weakly interacting new particles
o Gauss-Bonnet Cosmology

nai
EM Resonant Detector Extrapolation
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SM Extensions with First-Order Phase Transitions

@ Most famous: SUSY with light stop

@ Minimal from model building perspective: 2HDM

@ Minimal from EFT perspective: higher-dimensional operators

@ Many recent works
See talks by Rubio, Merchand, Koutroulis, Gorbunov, Kowalska, Wang, King
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SM Extensions with First-Order Phase Transitions

V(h) [GeV*]

@ Most famous: SUSY with light stop

@ Minimal from model building perspective: 2HDM

@ Minimal from EFT perspective: higher-dimensional operators

@ Many recent works

Chala et al., JHEP 07 (2018)

See talks by Rubio, Merchand, Koutroulis, Gorbunov, Kowalska, Wang, King
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Higgs Inflation

=v-9 RJ"‘EQ ¢ Ry - Q’j'/(Dudﬁ (Dup) = Vu(o) + ..

@ J: Jordan frame

@ R: Ricci scalar

@ V,: SM Higgs potential

@ &: non-minimal coupling to gravity

o Consistent with all symmetries
e Required for renormalization in curved spacetime See talk by Rubio

e Not necessarily small
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Higgs Inflation

=~y HJ+5(N@RJ g4 (D) (Dyg) - Viy(9) + ...

@ J: Jordan frame

@ R: Ricci scalar

@ V,: SM Higgs potential

@ &: non-minimal coupling to gravity

o Consistent with all symmetries
e Required for renormalization in curved spacetime See talk by Rubio

e Not necessarily small
@ Def.: conformal factor Q?(¢) =1 + 25%

M2
L=\/G5| = 92(0) Ry~ g5 (D) (Dug) = Vul@) + ..
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Unitary gauge: ¢ = 0
@ Unitary gauge: ¢ = (p+V)/V/2
@ Weyl transformation to Einstein frame: g; - ge = Q2(v) gy

2 2
@ Canonical normalization: x = f dwm




Higgs Inflation

@ Unitary gauge: ¢ = ((90 N 3)/\/5)

@ Weyl transformation to Einstein frame: g, - ge = Q%(¢) gy

(22,,)2 1
Q4 Q2

%)
@ Canonical normalization: y = jd<p g
- V7G| " R~ Yo 00000 - Ve -

@ Minimal coupling to gravity but higher-dimensional operators
@ Gravity remains weak below cutoff ~ Mp Q
@ Potential flat for large field values ~ slow-roll
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Bezrukov & Shaposhnikov, PLB 659 (2008)

@ Minimal coupling to gravity but higher-dimensional operators
@ Gravity remains weak below cutoff ~ Mp Q
@ Potential flat for large field values ~ slow-roll




FOPT and Inflation from the Higgs?

@ SM + higher-dimensional operators ~ FO EWPT
C C
V(9) = -126%6 + Mo'0)% + 3 (870)° + 21 (67 0)*

o f: cutoff
@ Cs, Cg: dimensionless couplings
@ SM + non-minimal coupling to gravity ~ inflation
Can we have both?
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FOPT and Inflation from the Higgs?

@ SM + higher-dimensional operators ~ FO EWPT
C C
V(9) = -126%6 + Mo'0)% + 3 (870)° + 21 (67 0)*

e f: cutoff
@ Cs, Cg: dimensionless couplings
@ SM + non-minimal coupling to gravity ~ inflation
Can we have both?
CMB measurements
Scalar power spectrum amplitude  In(10'° As) = 3.044 + 0.014

Scalar spectral index ns = 0.9649 + 0.0042
Tensor-to-scalar power ratio r <0.036 (95% CL)

~ Strong contraints on inflationary parameters
~ Strong bounds on higher-dimensional operators
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Plot by Juhoon Son
See also Jinno, ..., Park, JCAP 03 (2020)

Attractor point for ¢ > 1 ~ effects of ¢g and cg reduced




CMB Constraints
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@ Very strong constraints for £ < 1
@ Room for new physics at high scales (f < Mp) for & > 1
@ No way to affect EWPT (requires f ~ TeV)
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Higgs Inflation in a Dark Sector

@ U(1)x gauge symmetry
@ SM singlet scalar with U(1)x charge
e Spontaneously breaks U(1)x ~ FOPT ~ GW
e Non-minimal coupling to gravity ~ Higgs-inflation-like inflation
@ Optional: fermion(s) with mass from Yukawa coupling
@ Very weak coupling to SM (details t.b.d.) ~» reheating
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Effective Scalar Potential at Finite Temperature

V(he, T) = Viree(hc) + V1—Ioop(hc) + Vin(he, T)
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2 options for generating potential barrier around T ~ v (so far)
@ No fermions, A «< 1 See talk by Kowalska
@ 1 (Dirac) fermion, A ~ 0.1

~ FOPT possible



Scalar Potential with Barrier

2 options for generating potential barrier around T ~ v (so far)
@ No fermions, )\ <« 1 See talk by Kowalska
@ 1 (Dirac) fermion, A ~ 0.1

~ FOPT possible

GW spectrum determined by
@ Nucleation temperature T,
@ « «» strength of PT

@ (3 «» duration
See talks by Merchand, Wang

Calculated with help from CosmoTransitions
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Case 3. U(1) model . ,
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Plot by Liliana Velasco Sevilla



Conclusions and Outlook

@ Higgs inflation doesn’t like higher-dimension operators in potential

@ Dark U(1)x ~ gravitational waves and inflation from same scalar
@ Ongoing work
e Constraints on and from inflation
e Map parameter space
e Calculation of GW predictions
@ Future directions
e Inflaton coupling to SM ~ reheating
Lower scale of symmetry breaking
Different gauge groups
Dark Matter
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