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EXPERIMENT: HIGGS EXISTS
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[Image from PhD Comics]



THEORY: SYMMETRY RESTORED AT HIGH T
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PHASE TRANSITION HAPPENED!
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[Image from PhD Comics]



In the SM the PT is a crossover.

The search for a first-order PT is
5 search for New Physics!

[K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Phys. Rev. Lett. 77, 2887 (1996); K. Rummukainen, M. Tsypin, K. Kajantie,
M. Laine and M. E. Shaposhnikov, Nucl. Phys. B 532, 283 (1998); F. Csikor, Z. Fodor and J. Heitger, Phys. Rev. Lett. 82, 21 (1999) ]



PHASE TRANSITION
IN THE EARLY
UNIVERSE




FIRST-ORDER PHASE TRANSITION

g

high temperature:
EW and conformal
symmetry restored




FIRST-ORDER PHASE TRANSITION
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FIRST-ORDER PHASE TRANSITION
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FIRST-ORDER PHASE TRANSITION




FIRST-ORDER PHASE TRANSITION
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FIRST-ORDER PHASE TRANSITION
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FIRST-ORDER PHASE TRANSITION
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SUPERCOOLED PHASE TRANSITION

V(gﬂ) :

Before nucleation: period of
thermal inflation,

e Percolation temperature < critical
temperature,

e Huge energy release (compared to

o AV
radiation energy), a & — > 1,

Prad

e Percolation during inflation: make
sure that bubbles percolate!

e Significant reheating after the PT

[L. Randall, G. Servant, JHEP 05 (2007) 054, T.
Konstandin, G. Nardini, M. Quiros, PRD82 (2010) 083513,
T. Konstandin, G. Servant, JCAP 1112 (2011) 009, J.
Kubo, M. Yamada, JCAP 1612 (2016), T. Hambye, A.
Strumia 88 (2013) 055022 and many more recent papers]



MODEL FOR
SUPERCOOLING




ARCHETYPE: CLASSICAL SCALE INVARIANCE
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THE MODEL

3

b
? New SU(2) sector ?
gx» My J

‘ I ‘l
| !
J ‘ |
!3 H I ‘3 ¢ i
S } — “
| , | !
‘,—;«» E —— —— — === T/ = _ _ . ‘ ‘,,,... - S —— — =~ — T~ = =

I
{..Q...Q...Q...

!

—
—_— « ——— — ——

= T

[See also: T.Hambye, A.Strumia, PRD88 (2013) 055022, C.Carone, R.Ramos, PRD88 (2013) 055020, V.V.Khoze, C.McCabe, G.Ro, JHEP 08 (2014) 026, T. Hambye, A.Strumia,
D.Teresi, JHEP 1808 (2018) 188, I.Baldes, C. Garcia-Cely, JHEP 05 (2019) 190, T.Prokopec, J.Rezacek, BS, JCAP 02(2019)009, D. Martaria, P. Tseng, JHEP 02 (2021) 022]



PROBING SU(2)CSM THROUGH GW
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[Image adapted from: M. Kierkla, PhD thesis, University of Warsaw, 2025]
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SUPERCOOLED PHASE TRANSITION

log,o SNR (LISA) [NLO det]
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ADVANCING

BUBBLE
NUCLEATION RATE




BUBBLE NUCLEATION RATE

I = Adyn + Agtar = Adyn + Ader + eXP(=Seirl @ ])



BUBBLE NUCLEATION RATE

I = Adyn + Agtar = Adyn + Ader + eXP(=Seirl @ ])

Proper treatment of:

1. renormalisation-scale dependence
2. thermal resummations

3. exponential prefactors



HIGH-T VS LOW-T

V(p)/(10" GeV?h
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SCALE DEPENDENCE - SOURCE OF UNCERTAINTY

My Mx

M. Kierkla, A. Karam, BS, JHEP 03 (2023) 007]



SUPERCOOLING AT HIGH TEMPERATURE??

: High-t t
4 igh-temperature Supercooled

phase transition |

effective field
theory




HIGH-TEMPERATURE EFT FOR NUCLEATION

”!h High-temperature

Supercoolead

effective field .
ohase transition |

theory

M. Kierkla, BS, T.V.I. Tenkanen, J. van de Vis, JHEP 02 (2024) 234]



HIGH-TEMPERATURE EFT FOR NUCLEATION

Supercoolead
phase transition |

theory

M. Kierkla, BS, T.V.I. Tenkanen, J. van de Vis, JHEP 02 (2024) 234]



NUCLEATION RATE WITHOUT DERIVATIVE EXP.

I' = Adyn ' Astat

det O det O
s a(an)j ¢(€0F)

o —(S[g,1-S[g)
d et @a(¢b)

Astat = H ja%a\

O (p) = — 0>+ mZ(p)
0,@) = — & + (V'O (¢)



COMPARISON OF DIFFERENT APPROXIMATIONS
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[M. Kierkla, P. Schicho, BS, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]



COMPARISON OF DIFFERENT APPROXIMATIONS
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[M. Kierkla, P. Schicho, BS, T.V.I. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]
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RENORMALISATION




RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

Vi)
VO(p) = —1¢*

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]



RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

Vi)
VO(g) = —Ag*

! 91 p* 3”3
Vi(p) — [ log ==~ =
6472 U2 2

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]



RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

e

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]



RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

V)

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]



RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

e

4

gt 3)ple3
Vil(g) = 6/"1-/"‘ | Aot : _7)
i 2 pag

/

3044 0252 5

+ 4 log 2

6472 U2 6

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]



RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

42 V(@) = lfkﬂ

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]



RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

V(qo) 1 3e4qp4 1 equz 5

From minimisation

4
Is = —ke”t = -
MS T3 1672

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]



RADIATIVE SYMMETRY BREAKING

ABELIAN HIGGS MODEL

V(qo) 1 3e4qp4 1 equz 5

From minimisation

4
Is = —ke”t = -
MS T3 1672

Predicted ratio of masses
M

B 3e?
M3,

= a—
72

[S.Coleman, E. Weinberg, PRD 7 (1973) 1888]
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THE ON-SHELL POTENTIAL
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CONSEQUENCES

GW predictions are

safe. If r = rows O3
and MS are

equivalent and no
mass terms are
generated.

With RSB 3

hierarchy of masses
IS Introduced. Is it 3

good solution of
the hierarchy
problem?
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PHASE TRANSITION — MICROSCOPIC SCALES
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PHASE TRANSITION — INTERMEDIATE SCALES




PHASE TRANSITION — MACROSCOPIC SCALES




WHY DO WE NEED TO
ADVANCE THE
MICROPHYSICAL
DESCRIPTION?




WHAT KIND OF PT CAN BE OBSERVABLE?

Large couplings
or many BSM fields

x>0.11: crossover
105_

x-0: BSM degrees of

1- and 2-loop freedom become dynamical
cancellations or dim-6 operators important
| tend = tsh
102 4
101 | , LISA SNR 8
103 102 101

a

[Figure adapted from: Phys.Rev.D 100 (2019) 11, 115024, O. Gould, J.
Kozaczuk, L. Niemi, M. J. Ramsey-Musolf, T. V.I. Tenkanen, D. J. Weir]



RG SCALE DEPENDENCE
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[plot adapted from: D. Croon, O. Gould, P. Schicho, T. Tenkanen, G. White, JHEP 04 (2021) 055]



SUPERCOOLED PHASE TRANSITIONS

(¢) e Percolation temperature < critical
| temperature,

e Before nucleation: period of
thermal inflation,

Huge energy release (compared to
N %

Prad

> 1,

radiation energy), a ~

e Significant reheating after the PT

e Typically realised in models with
classical scale invariance




HIGH-T VS LOW-T
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HIGH-T VS LOW-T
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At large tfields My(@)/T > 1, At small fields My (p)/T < 1,

use LT approximation to compute T, AV use HT approximation to compute 7, R.H:



WHAT'S NEW AT NLO?

|
S;EFT, NLO _ 471.J'dr I.2 <EZI;ILO(V3)( aiv3)2 n V];FT, NLO(V3)>

 New effective * two-loop matching
operator in the kinetic e NLO potential
term * Includes missing (4d)
e Behaves badly for RG scale dependence
¢; — 0 e 3d scale invariant

[M. Kierkla, BS, T.\.I. Tenkanen, J. van de VisJHEP 02 (2024) 234]



IMPROVED PRECISION CHANGES PREDICTIONS
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van de VisJHEP 02 (2024) 234]



IMPROVED PRECISION CHANGES
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van de VisJHEP 02 (2024) 234]



VALIDITY OF EFT — SCALE-SHIFTERS

M. Kierkla, BS, T.V.I. Tenkanen, J. van de Vis, JHEP 02 (2024) 234]



DERIVATIVE

EXPANSION

~50+

Integrand of Sy [GeV]

~100¢ e fuill NLO -
= = =+ Kkinetic
w0 \ / v
00 02 04 06 08 10 12 14
r [GeV™]

M. Kierkla, BS, T.V.I. Tenkanen, J. van de Vis, JHEP 02 (2024) 234]



NUCLEATION RATE BEYOND LEADING ORDER

——
Astat — Hja%a qub | det/ﬁqb(g”F) g_(S[C”b]_S[C”F])
a \ det @a(gﬂb) det @gb(qﬂb)

=~ w i~

Construct the soft EFT (resum the gauge contributions)
Compute the LO bounce solution

Remove the gauge contributions from the action

Compute the one-loop effective action without the derivative
expansion

Add the two-loop contribution (at NLO is the soft expansion)
to the effective potential

[Procedure proposed in: O. Gould, J. Hirvonen, PRD 104 (2021) 9, 096015]



NUCLEATION RATE BEYOND LEADING ORDER

——
Astat — Hja%a qub | det/ﬁgb(gﬂF) e_(S[C”b]—S[CUF])
a \ det @a(¢b) det @¢(§0b)

\ Testof the
* Test of validity of the approximations for

Inclusion of tluctuations
from the scale-shifting fields momentum expansion scalar prefactor



'S THE PERTURBATIVE APPROACH RELIABLE?

0.10
0.08
Convergence in
0.06 .
2 thermodynamical
g 004 studies
Q
| 0.02 | ,
3 No lattice computation
o0 with 4 < 0!
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—0.04 5 5 | |
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Zr

[figure adapted from: A. Ekstedt, P. Schicho, T. V. I. Tenkanen, Phys.Rev.D 110 (2024) 9, 096006]

[See also: O. Gould and T. V. I. Tenkanen, JHEP 01 (2024) 048, L. Niemi et al. PRL 126 (2021)
171802, PRD 110 (2024) 115016]



SCALAR DETERMINANT
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[M. Kierkla, P. Schicho, BS, T.V.l. Tenkanen, J. van de Vis, JHEP 07 (2025) 153]



WHAT CAN WE LEARN FROM THE SIGNAL?Y
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B T, - 1H, - l0g 10 6,y =
B T, -0.17. SNR = 10
. T, = 0.01H,

[A. Gonstal, M. Lewicki, B. Swiezewska, 2502.18436]
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WHAT CAN WE LEARN FROM THE SIGNAL?Y
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ne spectrum



WHAT CAN WE LEARN FROM THE SIGNAL?Y
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[A. Gonstal, M. Lewicki, B. Swiezewska, 2502.18436]

log ‘5FF‘

(inaccessible at co
determined from t

log; | 5TmaXF |

better than 10%

e Decay rate of the scalar

liders?) can be

ne spectrum

e Individual parameters can be
determined with an accuracy



LISA PLS

I, =1H,

[, =0.1H,

[, =0.01H,
et fp
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[A. Gonstal, M. Lewicki, B. Swiezewska, 2502.18436]



RECONSTRUCTION OF GEOMETRIC PARAMETERS
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DETERMINANTS FROM THE EFFECTIVE ACTION

e el Pl — J Dy D e —SLy.o+¢]



DETERMINANTS FROM THE EFFECTIVE ACTION

e Vel ] — J Dy Dpe > 20 +d]

o B B 2 _
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DETERMINANTS FROM THE EFFECTIVE ACTION
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DETERMINANTS FROM THE EFFECTIVE ACTION
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DETERMINANTS FROM THE EFFECTIVE ACTION

e _Seff[gﬂ] — J 9}(@ ébe —S[)(,g0+gb]

o N ~ o 3
e el — J@%e =Sl De —<%[0,¢]¢ + %(p(‘;Tg[O,qo]go + )

o~ Sel#] — H : o —S[0.¢]
T4/det O,(p)

1
Senlw] = Slg] + = Z trlog O,(¢)

For a scalar
contribution
and a constant
backgrouna

|
ng)[éﬂo] = Etl” log (—52 + V”((Po)) — VST)((P())



DETERMINANTS FROM THE EFFECTIVE ACTION
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STOCHASTIC GW BACKGROUND

() 3() 6() O() | 20) | 50 180

Separation Angle Between Pulsars, &, [degrees)

[G. Agazie et al. (NANOGrav Collaboration),
Astrophys. J. Lett. 951, L8 (2023), arXiv:2306.16213]




STOCHASTIC GW BACKGROUND

\() 6() O() | 20) | 50 180

n Angle Between Pulsars, &, [degrees)

t al. (NANOGrav Collaboration),
btt. 951, L8 (2023), arXiv:2306.16213]
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STOCHASTIC GW BACKGROUND
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Cosmic SuperStrings
——=—- Domain Walls

———=— FKirst—order GWs

——-= Scalar-induced GWs




