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» T = 0 effective potential + thermal corrections:
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» Energy minima separated by a potential barrier — latent heat from
tunneling



First order electroweak phase transition?

NO phase transition in the SM (smooth crossover)!

Need significant modifications

to EW scale dynamics from BSM physics:

» Through radiative corrections
to the Higgs (often O(1) couplings)?

» Multiple phase transitions
before settling to the EW minimum?

» Non-renormalizable operators?
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» Infrared problem: light bosons are nonperturbative

9 wm<r ¢*T
em/T — 1 " m

expansion parameter ~ g2n,(m) =

» Phase transitions precisely due to light fields: Higgs mass ~ 0 near 7



Why not perturbation theory?

» Infrared problem: light bosons are nonperturbative

@  m<r ¢°T
em/T — 1 m

expansion parameter ~ g>ny(m) =

» Phase transitions precisely due to light fields: Higgs mass ~ 0 near 7T,

Examples:

» Perturbation theory underestimates transition strength by ~ 50% in
MSSM

» Perturbative effective potential always has a barrier
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How to perform a nonperturbative calculation?



How to perform a nonperturbative calculation?
» Idea from the 90’s:
1. Integrate out heavy field modes perturbatively

II. Study IR physics on the lattice



Dimensional reduction at high 7°

How to perform a nonperturbative calculation?
» Idea from the 90’s:

I. Integrate out heavy field modes perturbatively

II. Study IR physics on the lattice

» What are the heavy modes?
—Thermal fluctuations of inverse length < 77"

TZ F(p)ein, _ 2T bosons
(2n+ 1)7T  fermions

Matsubara decomposition
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High-T effective theories

» Temperature decouples —IR theory is three dimensional and easy to

simulate

» Easily applied to (perturbative) BSM theories
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Leun

> Integrate out w,, # 0 modes
L3q

> Integrate out electric screening
Lsa

EFT for nonperturbative dynamics
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Example: phase transition with two Higgs doublets  Kainulainen et al. 1904.01329

T
L N | | | |
1 R EEE e R
% : : \'\‘ : : :
O 115 e O S —
= : : : e ‘ :
T
: : : : Y
s e S

0.00 002 004 006 008 0.0 0.12
1/B¢ ~ lattice spacing



Measurable from discontinuity of condensates (@), ((¢t¢)2) ...
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SM + SU(2) triplet scalar (finite lattice):
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EFT for SM + any sufficiently heavy scalar:

L34 —Ff}F;j +(Dip) (Di) + m3eT e + A3(79)?

+ neglected higher-order operators



Model independent study?

EFT for SM + any sufficiently heavy scalar:

Lsa = iﬂ‘;m‘;ﬂw)* (Dig) +m3old + As(¢70)?

+ neglected higher-order operators

Nonperturbative phase diagram known
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» First order transition for 0 < z < 0.11

» Crossover for z > 0.11
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Nonperturbative nucleation rate known Moore & Rummukainen *01

Large couplings
or many BSM fields

x>0.11: crossover

tona =HZ!

x—0: BSM degrees of
freedom become dynamical

}:-E:Egllza-tll%zps or dim-6 operators important
tend = tsh
102 +
10! . . LISA SNR=10
1073 1072 107!

a

No observable gravitational wave signals from any theory that looks like SM
in the infrared at high-7'! arXiv:1903.11604



Conclusions

» New physics contributions can turn the EW phase transition into first
order

» Calculations at high temperature can be simplified with effective theory
methods

» Lattice methods can provide quantitative results, and can be used to
estimate the performance of perturbation theory
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Backup: Properties of the effective theory

Example: Two Higgs doublet model.

Vg1, do) = m2oidy + m2edhds + mZdlds + - + As(dld1) (dhea) +

The resulting EFT:

Laa =5 (F)? + (Dr6n) (D) + (D,62)' (Dy2) + TR(T)6n

+ T3 (T) B da + Ma (Tl o + - - + Aa(T) (] 61) (dheb2) +

» Super-renormalizable — exact relations to lattice parameters.

» Very accurate in the weak coupling regime. Error in the SM is ~ 1%.
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» Find precise T, by reweighting the histograms to equal weight.

T 12 13 11 15 16 17 1s

($ho)sa/ T



