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Key Themes for This Talk

The possibility of primordial gravitational waves
generated from various particle physics dynamics has
become an exciting area of exploration

There exist many creative ideas for novel phenomena
and dynamics that could have generated GW

Realizing which, if any, of these ideas was realized in
nature requires input from additional observables and
performing the most rigorous theoretical calculations

The electroweak phase transition provides a unique
“laboratory” for testing our theoretical methods and
ideas, with LHC and next generation collider
measurements providing key input
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Outline

. Context & Questions
Il. Electroweak Phase Transition: A Laboratory
Ill. Theoretical Robustness & Pheno Interface:
* IR Problem
* Nucleation & gauge invariance
« Wall velocity
IV. Outlook
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GW: Electroweak Phase Transition
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Il. EW Phase Transition
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Was There an Electroweak Phase Transition ?

* Interesting in its own right
* Key ingredient for EW baryogenesis
« Source of gravitational radiation

* Laboratory for testing phase
transition theoretical tools
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Was There an Electroweak Phase Transition ?

Interesting in its own right
* Key ingredient for EW baryogenesis

« Source of gravitational radiation
"« Laboratory for testing phase
fransition theoretical tools

__________________________________________________

This talk
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Was There an EW Phase Transition?

FOEWPT
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What Was the EWSB Thermal History ?

Verr (H, @)

How did we
end up here ?

Extrema can evolve differently as T evolves 2>
rich possibilities for symmetry breaking 6.1



What Was the EWSB Thermal History ?

What is the landscape
of potentials and their
thermal histories? How did we

end up here ?

How can we probe this
T > 0 landscape
experimentally ?

How reliably can we
compute the n evolve differently as T evolves >
thermodynamics ? ilities for symmetry breaking 6.2



MJRM: 1912.07189

First Order EWPT from BSM Physics
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First Order EWPT from BSM Physics

Veff
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First Order EWPT from BSM Physics

tree-level effect
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BSM EWPT: Inter-frontier Connections

Robust theory:

EFT + lattice Observables:

Collider model specific
Signhatures
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BSM Scalar: EWPT & GW

High-T dimensional reduction: DR 3d EFT
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BSM Scalar: EWPT & GW

Collider probes of
BSM parameters
in £ sy

-
‘Q

- -
S -
- -
-~ e
-

~
.

Dynamical BSM
scalars

Integrate out

_—"| BSM DOF

LISA SNR

T~

10}

10
Latent heat

Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604

9.4



lll. Theoretical Robustness

* IR Problem
* Nucleation @ finite T: gauge invariance

 Wall velocity
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Inputs from Thermal QFT

Thermodynamics Dynamics
* Phase diagram: * Nucleation rate: transition
first order EWPT? occurs? Ty ? Transition

duration (GW) ?

 Latent heat: GW
- EW sphaleron rate: baryon

number preserved?

11.1



Inputs from Thermal QFT

Thermodynamics Dynamics
Phase diagram: * Nucleation rate: transition
first order EWPT? occurs? Ty ? Transition

duration (GW) ?

Latent heat: GW
EW sphaleron rate: baryon

number preserved?

How reliable is the theory ?

11.2






EWPT & Perturbation Theory: IR Problem

/ Bose dist fn

o d3p 1
) = [ ooy BT
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EWPT & Perturbation Theory: IR Problem

/ Bose dist fn
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EWPT & Perturbation Theory: IR Problem

/ Bose dist fn

Bosonic loop at T>0

d*p 1 g*T / d*p 1
I(T) = ¢° / E,T —|T—
( ) g (27T)3 fB( ) (p2 -+ m2)” (e’ LR (27T)3 (p2 _I_ m2)”
Small p regime T
- Effective expansion parameter
ET) — —
fB( ) ) m

Field-dependent thermal mass

Near phase transition: ¢ ~ 0
m?(p,T) ~ C1 g*¢” + C g*T% = m7(p) o) <ot
mr(p)<g
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Theory Meets Phenomenology

A. Non-perturbative

 Most reliable determination of character
of EWPT & dependence on parameters

» Broad survey of scenarios & parameter
space not viable

B. Perturbative
« Most feasible approach to survey broad
ranges of models, analyze parameter
space, & predict experimental signatures
« Quantitative reliability needs to be verified

13.1
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Theory-Pheno Interface

NOT SURE IF HIGGS

Simple Higgs portal models:
* Real gauge singlet (SM + 1)

 Real EW ftriplet (SM + 3)

141
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Theory-Pheno Interface

NOT SURE IF HIGGS

Simple Higgs portal models:

* Real gauge singlet (SM + 1)
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Real Triplet & EWPT: Novel EWSB
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Real Triplet & EWPT: Novel EWSB
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Theory-Pheno Interface

NOT SURE IF HIGGS

Simple Higgs portal models:

---------------------------------
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Theory-Pheno Interface
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Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks : Resonant di-Higgs & precision Higgs studies

Resonant di-Higgs

Next gen pp ...........
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7
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094 095 096 0 400 500 600 700 800
h-S Mixing ——> cos6@ m» (GeV)
bbyy & 4t

Kotwal, No, R-M, Winslow 1605.06123

~ Perturbative thermal QFT

See also: Huang et al, 1701.04442;
Li et al, 1906.05289 17.1



Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks : Resonant di-Higgs & precision Higgs studies

& ; Resonant di-Higgs
/\) (;/\ A'/“\ ,.;f’
1000$) S \\\" C\ T L Next 2 (92 100 TeV, 30/ab =
s ' 1 T\ 100 TeV, 3/ab =
900% SFOEWPT ® 100 \ K\“ TSl 14 TeV,3/ab ==
e (| TR
L . ol B
g [00p | MnmER X adad] o WIETTSes o oose ] S IS
Q 600} i ok g - N
Q) 5 EWPO w0 ik ~
S ol ‘ lemp o
400¢ \ —
300} oty i 0.1 LHC N
094 095 096 097 098 099 1.00 400 500 600 700 800
h-S Mixing —> cos@ ms (GeV)
bbyy & 4t

Kotwal, No, R-M, Winslow 1605.06123

~ Perturbative thermal QFT

See also: Huang et al, 1701.04442;
Li et al, 1906.05289 17.2



Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks : Resonant di-Higgs & precision Higgs studies
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Lauri Niemi, MJRM, Gutao Xia, 2405.01191

Singlets: Lattice vs. Pert Theory
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Lauri Niemi, MJRM, Gutao Xia, 2405.01191

Singlets: Lattice vs. Pert Theory
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Lauri Niemi, MJRM, Gutao Xia, 2405.01191

Singlets: Lattice vs. Pert Theory

Mj = 350 GeV, ag = 2.5,by = 40 GeV, by = 0.3, 8 = 40, N, = 80
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« FOEWRPT region: PT-lattice agreement
* Pheno: precision Higgs studies may be sensitive to a greater

portion of FOEWRPT-viable param space than earlier realized 18



lll. Theoretical Robustness

* IR Problem
* Nucleation @ finite T: gauge invariance

 Wall velocity

™
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BSM Scalar: EWPT & GW

Collider probes of
BSM parameters
in £ sy

. Integrate out
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Tunneling @ T>0

Tunneling rate / unit volume:

['= Ae 1+ O(h)]

A~O(1)xT*
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Tunneling @ T>0

Tunneling rate / unit volume:

['= Ae 14+ O(h)]

¢
ﬁ\
. T¢N-EW
EW 2
L 5 55 > h d*p | 2dyp

Y.
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Exponent in I” Path: minimize Sg

Sy = /d% {%(%)2 + Ve, T)}

A~O(1)xT*
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Tunneling @ T>0

Radiative barriers = standard

method gauge-dependent I’ Tunneling rate / unit volume:

f i [ = Ae 11+ O(h)]

A e .
Ay [ N\wa ,
| EW | I
: I ! ! d? 2 d
L J'E hl i > 17 —¢+——¢:V'(¢,T)
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SSB @ T>0 : Power Counting

Lofgren, MRM, Tenkanen,
Schicho 2112.0752 > PRL

—————————————————————

T=0 parameter <0 Thermal corrections > 0
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SSB @ T>0 : Power Counting

Lofgren, MRM, Tenkanen,
Schicho 2112.0752 > PRL
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T=0 parameter <0 Thermal corrections > 0

Near cancellation for T ~ T
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Wi~ O(Q@NT2)< O(9g°T?)
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Power Counting

Lofgren, MRM, Tenkanen,

Schicho 2112.0752 - PRL
1, ~ T
1 1.
ﬂ“ -~ g 3 VLc(if 5#’2&@2 + Z/\é4
- CTET 1o avE
2 2 T2 119 [2¢+(§T +d’>]'
y7i ~ g-T oL EA S A '
T
2 . 3712
Heff g°T

Radiative barrier:
&-independent
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(Re) Organize the Perturbative Expansion

lllustrate w/ Abelian Higgs

1 -
L= ZF#VFMV + (Dp®)*(Dp®)
PB4+ N@°D) + Lo, + Ly

Full 3D effective action

Lofgren, MRM, Tenkanen,
Schicho 2112.0752 > PRL

Hirvonen, Lofgren, MRM,
Tenkanen, Schicho 2112.08912

Sy = /d% [Veff(qs, T) + %Z(q‘),T) (8;0)° + .. ]

Adopt appropriate power-counting in couplings

3 1
S3=apg" 2 +a19”2 +A
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(Re) Organize the Perturbative Expansion

lllustrate w/ Abelian Higgs - Lofgren, MRM, Tenkanen,
Schicho 2112.0752 > PRL
1
L= ZFuquu + (D#(I))*(D”(I))  Hirvonen, Lofgren, MRM,

Tenkanen, Schicho 2112.08912

+p? 0 + N(D*®)? + Ly + Loy

Full 3D effective action

Sy = /d% [V@“(@, T) + %Z(q‘),T) (8;0)° + .. ]

Adopt appropriate power-counting in couplings

- —3 —3 G.I. pertubative expansion only valid
53 _H ;@g i @ up to NLO = A: higher order
7

contributions only via other methods

G.l. pertubative expansion 24.2



Tunneling @ T>0: G.I. & Nielsen Identities

Lofgren, MRM, Tenkanen,

Adopt appropriate power-counting in couplings Schicho 2112.0752 = PRL

3 1
S3=apg 2 +a1972 +A

Order-by-order consistent with Nielsen Identities

5Geft off cz) =2 [ aty(x(@)c()e()
95 _ _ /ddx 05" ¢() JAR
0¢ 0¢(x) x |0:Bi(y) + V2g¢ox(v)]

Numerical comparison with e —— Szto O(g7?) :
conventional approach B0 = Bt L — 0<f<4
2001
§ 150 /
Conventional: | e—
/
0 < g < 4 50
%0 45 40 475 480 455 490
T 25




lll. Theoretical Robustness

* IR Problem
* Nucleation @ finite T: gauge invariance

 Wall velocity

26



GW & Collider : EWPT Phase Diagram

Real triplet extension

(c)

mmmm | |SA sensitivity
B BMA (20)
BMA' (20)

Lisa /

2.5

2nd Step

2.0

1 Step FO
0.5 Crossover i
| | | | |
100 125 150 175 200 225 250
ms [GeV]

BMA: my + h=2 yy

BMA’: BMA + XV> ZZ

Friedrich, MJRM, Tenkanen, Tran 2203.05889

BMA’
/ (d)
\‘"'Il' LELELRLLLLY | 60”1
4L 0 =
10% . & ;
I % i ]
& 1
103 - .t’-‘., i 2 ,-—_
* g I.’.‘.:- I]‘ 40—:?/’/
T i L \,\s‘t:'f’,,.';;"
Q - L P T SO
102 E &1’, I‘I A* -
. | BMA PRIE ]
101'_ Ll Ll :‘i\l |||||“.|..l- T ETIT:
10~* 10— 10~ 101 10°
a
« Two-step
« EFT+ Non-perturbative
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GW & Collider : EWPT Phase Diagram

Real triplet extension

25 (c)
mmmm | |SA sensitivity
m BMA (20) 2nd Step

20 BMA £20) ’ Significant v,
BMA dependence

~1.5 Lisa e / S () N

© B . s | ' P '

. o J &

1.0 _ : Yy, A X--q
103k 5, ! 1 625 I

1 Step FO * F ! ! e a I

0.5 Crossover J QEQ [ / N g :

’ l 1 1 1 1 L RS I
100 125 150 175 200 225 250 Lo2h AN I
m; [GeV] - |BMA |10 S i

i e il

1. 11

101-‘ Ll 1 ..1....! :'1‘\......“:} 1 ......‘rl

BMA: my + h=2 yy 10% 102 102 10T 195

a ————————— -

BMA’: BMA + XV> ZZ - Two-step

« EFT+ Non-perturbative

Friedrich, MJRM, Tenkanen, Tran 2203.05889 Al



GW & Collider : EWPT Phase Diagram

Real triplet extension

2.5 (c)

mmmm | |SA sensitivity
m BMA (20) 2nd Step

BMA' (20)

Significant v,,

2.0 ;
BMA dependence

N1 Lisa
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BMA: my + h=2 yy

BMA’: BMA + XV> ZZ

« Two-step
« EFT+ Non-perturbative

Friedrich, MJRM, Tenkanen, Tran 2203.05889 Al




Computing Wall Velocity

Mass variation

LISA SNR
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Computing Wall Velocity

Total friction pressure
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Computing Wall Velocity
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Computing Wall Velocity
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Computing Wall Velocity

0, T8 + 0, ... =0

plasma
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Computing Wall Velocity

aTW+8 T =

plasma

EOV \(adanoff Baym - Boltzmann

AV (6, T)

29.2



Computing Wall Velocity

Kadanoff-Baym - Boltzmann

(¢,T)

AV

o ——— -

29.3
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Computing Wall Velocity

Kadanoff-Baym “constraint eq”

------------------------------------------------- I
' ik 0xGZ + e~ [m?, GZ] = —ie=°([T", GZ] + [IIZ, "] + = {n> Gy — {G>,H<}),:
|

Project out distribution functions

I 0 0 !
dk® . d > dk I

! —k—G<A~+— — e °m2(2), G<(k, 2

=/0 d~<>202ﬁ[<>,<>] i

] 4 y 2m . |

| [ e e+ s 6.

I 2 0 27T 1

x (2m)°6(Ek — Ep — Ey)5° (ko — pL — P1) + (Ap: ¢ —Aps)
+ InverseProcess,

Lt 5 a2 o160k |
I 9 (z) 0 | fs(k,2) I
! l% 0z dz akz] ¢Ek !
- _ d*p d*p’ 1+ fo(p,2) 1+ fo(P, 2) !
: — ) @) ) (@n)? Fk, ) 2E, 2E, i
l l
| |
| |
| |
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Computing Wall Velocity

Kadanoff-Baym “constraint eq” Wigner transformed
e e e e e e / Wightman functions
|~ 2ik - 0x G + [m?, G] = —ie " WHLGE]  [I12, C") + (I, G<) — {C¥,TI<))
1

“Diamond operator”

= |
! 1 (A OB 9A 8B\i
I O(A(k, I)B(kafl’)) =3 (&Cu ok, Ok, 81‘#)

Ak d ©dK .
/0 kG (k, 4)+§ e (), G (k, )

1 kO —<> h < < h
=5 5me G5+ 5 G,

|

1

:

0 |

o1 |Gt Gy - s e |
|

|

|

|

x (2m)°6(Ek — Ep — Ey)5° (ko — pL — P1) + (Ap: ¢ —Aps)
+ InverseProcess,

: 2 dm?(z) 0 = !
: 0z dz Ok, Ey :
I Bp [ Bp 1+ fa(p,2) 1+ fo(p/, 2) '
I @ny ) @y P2, 2Ey |
: I
I |
I |
I |
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Computing Wall Velocity

Kadanoff-Baym “constraint eq” Wigner transformed
e e e e e e / Wightman functions
|~ 2ik - 0x G + [m?, G] = —ie " WHLGE]  [I12, C") + (I, G<) — {C¥,TI<))
1

“Diamond operator”

= |
! 1 (A OB 9A 8B\i
I O(A(k,:r)B(kafl’)) =3 (&Cu ok, Ok, 81‘#)

Ak d ©dK .
/0 kG (k, 4)+§ e (), G (k, )

1 kO —<> h < < h
=5 5me G5+ 5 G,

|

1

:

0 |

o1 |Gt Gy - s e |
|

|

|

|

""" F::::::::::::"""""""""""
& 1dm*(z) 9 | fo(k,2) inti
le o : d4 8k] oA ,: mass variation
7‘535';' )1+f@( 2) 1+ fo(p, 2)
(2m) .--ZE,--———-2EP~
(27r)35(Ek —E, — Ep')éz(kL —pL— pl)L+ (Ap: +» —Ap:)

+ InverseProcess, @~ tmmmm—m—————
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Computing Wall Velocity

Wigner transformed

Kadanoff-Baym “constraint eq” Wiaht functi
ightman functions

1 . . |
| — 2ik - 0xGZ + e~ °[m2, GZ] = —ie~© 2]+ 112, G") + %{1?, G<} - %{G>, <)), !

“Diamond operator”

Project out distribution functions r “““““1“3_,4_5 B' “(.;4'(; B' ':
STy Ty i O(Ak2)B(ka) = 3 (axﬂ ok, ~ ok, 8I#>=
L o< L e P 0 A -

| Sk e ka5 [ e e, 65k 2)
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25 0 27!' ([H Ga]+[Ha>Ga])'

|
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|
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r """ r‘ o o o o o — o EEEEmm—_—————— ';
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1V. Outlook

The possibility of primordial gravitational waves
generated from various particle physics dynamics has
become an exciting area of exploration

There exist many creative ideas for novel phenomena
and dynamics that could have generated GW

Realizing which, if any, of these ideas was realized in
nature requires input from additional observables and
performing the most rigorous theoretical calculations

The electroweak phase transition provides a unique
“laboratory” for testing our theoretical methods and
ideas, with LHC and next generation collider
measurements providing key input

31.1
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EWPT & Perturbation Theory

Expansion parameter

\ Infrared sensitive

near phase trans

SM lattice studies: g .+ ~ 0.8 in vicinity of EWPT for
m,_, =~ 70 GeV *

* Kajantie et al, NPB 466 (1996) 189; hep/lat 9510020 [see sec 10.1] -



Tunneling @ T>0: Take Aways

For a radiatively-induced barrier, a gauge-invariant
perturbative computation of nucleation rate can be
performed for S;to O (g7?) by adopting an appropriate

power counting for T in the vicinity of T,

Abelian Higgs example generalizes to non-Abelian
theories as well as other early universe phase transitions

Remaining contributions to I,,. beyond O (g 7?) in S;
and including long-distance (nucleation scale)
contributions require other methods

Assessing numerical reliability will require benchmarking
with non-perturbative computations 29



Tunneling @ T>0

Theoretical issues:

* Radiatively-induced barrier (St’d Model) - gauge
dependence

« T =0Abelian Higgs: E. Weinberg & D. Metaxas: hep-ph/9507381

e T=0 Std Model: A. Andreassen, W. Frost, M. Schwartz 1408.0287

« T >0 Gauge theories: recently solved in 2112.07452 (- PRL) and
2112.08912

* Multi-field problem (still gauge invar issue)

» Cosmotransitions: C. Wainwright 1109.4189
« Espinosa method: J. R. Espinosa 1805.03680

24



Challenges for Theory

Perturbation theory Non-perturbative (L.R.)
* LR. problem: poor - Computationally and labor
convergence intensive

e Thermal resummations

 Gauge Invariance
(radiative barriers)

* RG invariance at T>0

141



Challenges for Theory

Perturbation theory

* LR. problem: poor
convergence

« Thermal resummations

 Gauge Invariance
(radiative barriers)

* RG invariance at T>0

BSM proposals |/

Non-perturbative (I.R.)

Computationally and labor
intensive
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Challenges for Theory

Perturbation theory

Non-perturbative (I.R.)

* LR. problem: poor
convergence

« Thermal resummations

 Gauge Invariance
(radiative barriers)

* RG invariance at T>0

« Computationally and labor
intensive

\ Dimensionally
reduced 3D EFT

atT>0

BSM proposals |/

14.3



GW & EWPT Phase Diagram

Real triplet extension

25 (a)
I metastable
0 two-step
Il one-step
crossover

2.0

1 Step FO

Crossover
0'5 1 ] ] ] ] ]
100 125 150 175 200 225 250
ms [GEV]

(Duration) - B/H«

104
103}
1025—
E— mgs =150 GeV
m; = 200 GeV )
101-‘ .. two-st?p ot RTTT] L NETERTIY:
104 10— 10—4 101 1

Friedrich, MJRM, Tenkanen, Tran 2203.05889

a Latent heat




GW & EWPT Phase Diagram

Real triplet extension
(@)

2-5 .
B metastable
W two-step 10%¢
EEm one-step -
2.0 crossover ____——"—
103 3
~ 1.5 :E*
«Q
1.0 107
1 Step FO S f
= [ — =150 GeV
Crossover g 22 =200 GeV
0.5 N Q » two-step ;
1 ] ] ] ] \__101__ A _J e L
100 125 150 175 200 225 250 102 103 102 10T 10°
ms [GeV] a Latent heat

Friedrich, MJRM, Tenkanen, Tran 2203.05889




GW & EWPT Phase Diagram

Real triplet extension
(@)

2.5 .
B metastable
0 two-step 1045_
EEm one-step ==
2.0 crossover ___——"———
1031
~ 1.5 :E* i
Q
1.0 . 10%F
‘ 1 Step FO 3 :
e~ | — =150 GeV
Crossover g 22 =200 GeV .
0.5 . Q » two-step ;
] ] ] 1 1 1P . _
100 125 150 175 200 225 250 =10 T T A -v= S ¥ pa—
10 10 10 10 1
m; [GeV] a Latent heat

« Single step transition: GW well outside LISA sensitivity
 Second step of 2-step transition can be observable
« Significant GW sensitivity to portal coupling

Friedrich, MJRM, Tenkanen, Tran 2203.05889 333




Gravitational Radiation & Colliders

4.5 . —
' \
4.0 .“ |“
3.5 : \
LISA sensitivity — 3 Ok : First order EWPT
25 T
)
20 —> ‘\ .
HL LHC di-Higgs — N\ AN
99 1-51 mm sNRysa>5 . M
1.0 - bBYY:Za Sl -
T —- bbyy:50 N S vee
0.5F— bbt*1t-:20
——= bbT*T™:50
0.0 ' ' '
0.05 0.10 0.15 0.20

MJRM, T.V.I. Tenkanen, V.Q. Tran, 2409.17554 5>



S. Coleman, PRD 15 (1977) 2929

Tunneling @ T=0: Coleman

Scalar Quantum Field Theory

19
ion
utio
50\ True vac

e
HBOunc l

y"YU lim (7, )

T—+00

J False vac

Rotational symmetry

/ .

Ln T Path: minimize Sg /

-
a

=72+ |f|2

d*p 3 dgp

_ U’
dp? T p dp ()

1
SE — /deB.fU {5(

00+ 5 (TP + Ul |

\

Friction term

93



Tunneling @ T>0

Scalar Quantum Field Theory

Tunneling rate / unit volume:
Ve D) EE‘F.IO/W) =0 L — ALESD 1+ O(h)
/ 4> ¢ /4’\ ¢ d” d
. N 2
| o=V

Exponent in I” Path: minimize Sg \

Friction term

Sy = /d% {%(%)2 + Ve, T)}

A~O(1)xT*

94



Inputs from Thermal QFT: EFTs

Thermodynamics Dynamics EFT 2
* Phase diagram: * Nucleation rate: transition
first order EWPT? occurs? Ty ? Transition

duration (GW) ?

« [atent heat: GW

- EW sphaleron rate: baryon
EFT 1 number preserved?

EFT 3

OOOOOOOOOO

. UNDE;‘
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Scales

DR 3dEFT

U
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Thermal Effective Field Theory: EFT 1

Meeting ground: 3-D high-T effective theory

Lean
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢gT > Integrate out Ay field
L3
light + ¢°T
—2 \ 2
V(¢) = fig30'¢ + As(¢'¢) +V(®@ )+ V(¢ @)porta
Non-dynamical BSM scalars Dynamical BSM scalars

97



EFT 1-A: Integrate Out All BSM Fields

Meeting ground: 3-D high-T effective theory

1 Lean
superheavy + 7T > Integrate out n > 0 modes
Ls
heavy + ¢T > Integrate out Aq field
L3
light + ¢°T
275
e

Vo) (2 p'o W

,Oy,/.

Assume BSM fields are

‘heavy” or “supeheavy” :
integrate out

Effective “SM-like” theory
parameters are functions of
BSM parameters

Lattice simulations exist (e.g., Kajantie et al "95)

77

Use existing lattice
computations for SM-like
effective theory & matching
onto full theory to determine
FOEWRPT-viable parameter
space regions

%
e
’Gs(, ” 98
s




EFT 1-A: Integrate Out All BSM Fields

Meeting ground: 3-D high-T effective theory

A ['full
superheavy + 7T > Integrate out n > 0 modes
fog
heavy + ¢T > Integrate out Ay field
L3 When £, contains BSM
light + g2T interactions, A; and u,scan
accommodate first order

EWPT and m,=125 GeV

V(9) = fig 30"¢ + A3(67)°

Lattice simulations exist (e.g., Kajantie et al "95) 99



Tunneling @ T>0: Gravitational Waves

Amplitude & frequency: latent heat & intrinsic time scale

Normalized latent heat

AQ = AF +TAS
S =—0F/0T
=

AQ ~ AV —TOAV/OT

30Aq
m2g, T4

O =

Time scale

1
H, dT

SR

100



Non-Dynamcial Real Singlet & EWPT: Probes

Dynamical
&L S needed

hy hy, h, coupling /v

B Finst order PT
B (4'¢) required

FOEWPT

Crossover

Lattice
essential to
identify
boundary

Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604

200 250) 200
my (GeV)

350

One-step
Non-perturbative

101




Non-Dynamical Real Singlet: Lattice vs PT

Benchmark pert theory

T./GeV T,/GeV  a(T.) B/H,

NP 140.4 140.2 0.011 8.20 x 107
3-d PT 1404 140.0 0.010 6.11 x 10*
4-d PT 131.0 130.7 0.004 5.59 x 10%

One-step

Gould, Kozaczuk, Niemi, R-M, Tenkanen, Weir 1903.11604 * Non-perturbative 102




Dynamical Real Singlet

Meeting ground: 3-D high-T effective theory

Lean
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + ¢gT > Integrate out Ay field
L3
light + ¢°T
—2 \ 2
V(¢) = fig30'¢ + As(¢'¢) +V(®@ )+ V(¢ @)porta
Non-dynamical BSM scalars Dynamical BSM scalars
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GW, Collider & EWPT Phase Diagram

1 Step FO

How combine sensitivities ?
2.0

o [Qew(P]7]
. GW
SNR N {T /fmin df |:Qsens<f)i| }

B BMA (20)

1.0 1 BMA’ (20)
Crossover I LISA sensitivity
"o 150 200 250 « Gaussian significance (N.,)

mxs (GGV)

BMA: my + h=2 yy

BMA’: BMA + XV> ZZ

Friedrich, MJRM, Tenkanen, Tran 2203.05889 104



Collider Signatures (Model-Dep)

Thermal I"(h 2 yy)

Higgs signal strengths
o o (ete- 2> Zh)

Higgs self-coupling

Exotic Decays

Single ¢ production
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MJRM: 1912.07189

Tew =2 Scale for Colliders & GW probes

High-T SM Effective Potential

V(h,T)sm = D(T? = T3)h* + Ah* + .

7.1



