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Source: 2405.18349 — Ekstedt, Schicho, Tenkanen
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https://arxiv.org/abs/2405.18349
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Source: 10.3390/sym12050733, Senaha
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https://doi.org/10.3390/sym12050733
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First Order
Phase Transitions

... play a key role in electroweak
baryogenesis

... could act as a source of detectable
gravitational waves
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https://doi.org/10.3390/sym12050733

CERN-TH/96-126
HD-THEP-96-15
TUHET-333

The Standard Model o o

Is There a Hot Electroweak Phase Transition at mgyg=>my?
K. Kajantie®™!, M. Laine®?, K. Rummukainen®?, and M. Shaposhnikov®*

& Theory Division, CERN, CH-1211 Geneve 23, Switzerland
b Department of Physics, P.O.Boz 9, 00014 University of Helsinki, Finland

We provide non-perturbative evidence for the fact that there is no hot electroweak
phase transition at large Higgs masses, my = 95, 120 and 180 GeV. This means
that the line of first order phase transitions separating the symmetric and broken
phases at small my has an end point my .. In the minimal standard electroweak
theory 70 GeV < my . < 95 GeV and most likely mpy . = 80 GeV. If the electroweak
theory is weakly coupled and the Higgs boson is found to be heavier than the critical
value (which depends on the theory in question), cosmological remnants from the
electroweak epoch are improbable.

Source: 9605288 — Kajantie, Laine, Rummukainen, Shaposhnikov
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https://arxiv.org/abs/hep-ph/9605288

No first order phase transition in the Standard Model!
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The Standard Model potential

1
Lia = 7Fuw Fuv + (D, ®)*(D,®) + p*®*® + \(0*®)?

Vig]

V(6) = —ym?¢ + A"
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Could high-T contributions
change the shape?

In principle yes!

... but it will not save the SM
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How to study phase transitions Via($, T5 5) = Viree + Victoon
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How to study phase transitions Vea(9, T, ) = Viroe + Vitoop

1. For the 1-loop potential to be able to affect the tree-level potential, it must be relatively large
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How to study phase transitions Vea(9, T, ) = Viroe + Vitoop

1. For the 1-loop potential to be able to affect the tree-level potential, it must be relatively large
2. This breaks the loop expansion! We must perform a resummation!
3. Hence we should use an EFT

Start: (d + 1)-dimensional SMEFT

Scale Validity Dimension Lagrangian

Hard ik d + 1 ESMEFT (27)

l Integrate out n # 0 modes and fermions

Soft gT d L34 (B.26)

This is known as Dimensional Reduction MBS
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The Standard Model

T

0 V(¢) = —sm?¢” + Acb

T>>0 :1 2
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The Standard Model
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The Standard Model

Vere (05 T')
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Could loops inside the 3D EFT change the shape of the potential?
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See 9212235v2 — Arnold, Espinosa
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http://arXiv.org/abs/hep-ph/9212235v2

How to study phase transitions (again)
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How to study phase transitions (again)

1. For the 1-loop potential (in the 3D theory) to be able to affect the tree-level potential, it must be
relatively large
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How to study phase transitions (again)

1. For the 1-loop potential (in the 3D theory) to be able to affect the tree-level potential, it must be

relatively large
2. This breaks the loop expansion! We must perform a resummation!

3. Hence we should use an EFT
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How to study phase transitions (again)

1. For the 1-loop potential (in the 3D theory) to be able to affect the tree-level potential, it must be
relatively large
2. This breaks the loop expansion! We must perform a resummation!

3. Hence we should use an EFT

1 1 3 2
T > (g>2 T > (g) T > <g>2 7T > (g) 7T
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hard scale semisoft scale soft scale supersoft scale ultrasoft scale

4

There is a Nucleation EFT. See 2108.04377 — Gould, Hirvonen
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https://arxiv.org/abs/2108.04377

The Standard Model

1 gs 1
V(gs) = 5mid — 7 =63 + phadh

Only perturbative if the (3D) gauge boson can
be integrated out!

Vig]
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The Standard Model

1 gg g 1 4
V(ps) = —m3q53 67r¢3+1)\3¢3

Only perturbative if the (3D) gauge boson can
be integrated out!

M

/1:7

A~ g

The measured Higgs mass has too large A!

Vig]
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The Standard Model Effective Field Theory

QSD — (90T90)37

Qoo = (p'0)

(#7p),

Qup = (' Dyp)* (o' DHy)

L* (Dy") (DM)+ml( ")# 2(" ")’ +C'Q +C'' Q) +C'°Qro

Following conventions of 1704.03888 — Dedes, Materkowska, Paraskevas, Rosiek, Suxho
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https://arxiv.org/abs/1704.03888

The Standard Model Effective Field Theory

QSD — (90T90)37
Q.0 = ('e)D(p'y),
Qop = (0" D) (o' D)

L™ (D) ") +m?( ))@ +C''Q +C'PQp

Following conventions of 1704.03888 — Dedes, Materkowska, Paraskevas, Rosiek, Suxho

UPPSALA
UNIVERSITET


https://arxiv.org/abs/1704.03888

The Standard Model Effective Field Theory

V(6) = —om? + At — 0%

¥ The first study considered a tree-level barrier:
0407019 — Grojean, Servant, Wells
* ... Many more studies which look for barriers using perturbation theory
¥ New relation for Higgs mass means radiative barrier possible again:
2103.14022 — Camargo-Molina, Enberg, JL
« And many more possibilities:
2410.23210 — Camargo-Molina, Enberg, JL
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https://arxiv.org/abs/hep-ph/0407019
https://arxiv.org/abs/2103.14022
https://arxiv.org/abs/2410.23210

The Standard Model Effective Field Theory

1.Tree Level Barriers
2.Radiative Barriers
3.Radiative Symmetry Breaking
4.Supercooled transitions

2410.23210 — Camargo-Molina, Enberg, JL
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https://arxiv.org/abs/2410.23210

Veg (03 T')

The Standard Model Effective Field Theory at high T
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A Catalog of First-Order Electroweak Phase Transitions in the Standard Model
Effective Field Theory

gz_

Shorthand | Meaning of acronym

TLB tree-level barrier

SQTLB | small quartic TLB

g S * RB radiative barrier
o e TP SCRB6
o ol RSB radiative symmetry breaking
RB6 RB with dimension-six term! §
) SM o : .
9 RSB6 t RSB6 | RSB with dimension-six term! $
Oj: RSB | SC supercooled variant
¢ ¢ o 0 ¢ ¢ ¢
JT

2410.23210 — Camargo-Molina, Enberg, JL UPPSALA
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https://arxiv.org/abs/2410.23210

Numerical results
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0.2

Vv smelli (1810.07698) — Aebischer, Kumar, Stangl, Straub

v
A2 g g2 light-weight genetic algorithm — Camargo-Molina, Wessén
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https://arxiv.org/abs/1810.07698
https://github.com/JoseEliel/lightweight_genetic_algorithm/

Conclusions

¥ Phase transitions care a lot about A and other potential parameters
¥ The SMEFT can support a first order phase transition

¥ Requires somewhat low new-physics scale

¥ Many different kinds of barriers
¥ Future work:

¥ Higher order calculations

¥ Lattice studies
¥ Explore collider phenomenological signatures such as di-Higgs

v

SAS
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BONUS: Gravitational waves

Large couplings

or many BSM fields

x> 0.11: crossover
a \ / 101

10% + 10%

* \ .
T T
Q103 4 x—0: BSM degrees of tena = Hx' Q1034

freedom become dynamical

1- and 2-1 ; p
cairclellatf.cglps or dim-6 operators important
tend = tsh
102 - 102
101 - : . LISA SNR=10 101
103 102 1071

Source: 1903.11604 — Gould, Kozaczuk, Niemi, Ramsey-Musolf, Tenkanen, Weir
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BONUS: Gravitational waves in the SMEFT
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Source: 1903.11604 — Gould, Kozaczuk, Niemi, Ramsey-Musolf,
Tenkanen, Weir

We found one power counting which we estimate to move
the blob in the right direction: a tree-level barrier with a
small negative quartic coupling.

Shorthand /[T [ "/MH  ("/H)rs
SQTLB ‘ g ! ‘ g
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BONUS: Tree Level Barrier

TLB & SQTLB ' 2
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BONUS: Radiative Barriers

+C83lg,

m3 05 #3

Va(lg) = 2131 =134 22

RB 3(! 3) 53" 16" 4
m2>0, C;>0.
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BONUS: Radiative Symmetry Breaking

Ly — %,2 "3|4 9 | T3 T.to.gg!:zs
RB Ve = e et plalela) 95l 7
m2>0, "5> 0
m2 , " 9 T3 1o @12 C!
B E Vs(lg) = 23+ 2he Zoa(gelg) + 9500 BE 4 2ig

b W
X2 X %3 for scalars and fermions
Ja(X)= —5 log—=! Ca , Ca= ¢
64 M A for gauge bosons,

()
JTEO(x) = i dy y?log 1+ e Y*x

Y%+  for fermions,
&1 for bosons.
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BONUS: Supercooled potentials

SC TLB

SC RB/RSB

m2 g I I
2 " 4
< 0.

m3 o
Vs(!3) = 23 2! 15#'3,

m3 > 0.
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BONUS: QFT at finite temperature

L") = 'l (x),

n="1

#, =2n$T (bosons) #,=2n+1)$T (fermions), n! Z.

Only bosons have (Matsubara) zero-modes. Hence the 3D EFT only consists of bosonic fields.
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BONUS: The effective potential at finite temperature

‘/eff(¢7 T? la) — ‘/jcree —I_ ‘/1—loop ’

O

1
‘/1—100p = Jl—loop = 5# ln (P2 =+ m2> 9
P
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Bonus: “The Laundry List”

«Gauge dependence

«Strong renormalization scale dependence
«The Goldstone boson catastrophe

IR divergences

«Imaginary potentials

«Mirages

e Perturbative breakdown

«Resummation method dependence

eLinear terms

UPPSALA

See 2301.05197 — LSfgren UNIVERSITET




Bonus: “The Laundry List” — Dissolved

-Gauge dependence

- Strong renormalization scale dependence® Use EFTs together with strict

-TFhe Goldstone bosen-catastrophe €Xpansions:

IR divergences - Take perturbation theory seriously
Jmaginarypetentials «Use hierarchies of scales to guide your
-Mirages thinking
cResumpatienrethoadeserdence

o en e RS

UPPSALA
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BONUS: Tunneling / Nucleation analogy

2201.07331, Andreas Ekstedt

2108.04377, Oliver Gould, Joonas Hirvonen

The bounce extremizes the Euclidian action:

/
0} — 2n — &VLg! ; ! b($ ) = 0
S [#p]= 0 # " p(X) X /":"b © wl0) =0
Zero T (4D Field Theory): Finite T (3D Field Theory):

_ | S, _ S
!T:O_ 2lme !T#O_ Adyne el

ET




BONUS: Protected by a Hierarchy of Scales

3
Step 1 Step 2 g? 2
11} T 1 gT 1 TT 1] gl_T
!||#$ !||#$ ' -||#-$ ' ."#.$
thermal scale intermediate scale nucleation scale ultrasoft scale

Scale Validity Dimension Action Fields

7 = D" ir e! Ser [! 1
Intermediate gT d S($3) Bz, Bg H3z %, C3 '

Srirp= mouv gl S[E T+ W]
Step 2: Matching 1Pl actions. Se'[" 7 ]= log D € :

Nucleation g%T d Sue ($3) 195

See also:
2205.02687 , Joonas Hirvonen

2108.04377, Oliver Gould, Joonas Hirvonen




BONUS: 3D EFT & EWPT

¥ Early days:
¥ 9404201 — Farakos, Kajantie, Rummukainen, Shaposhnikov
¥ 9501375 — Braaten, Nieto
¥ Modern reviews:
¥ 2101.05528 — Gould
¥ 2104.04399 — Gould, Tenkanen
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