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Early Universe

GUT?
Strings?

EW Symmetry Breaking
and the
EW Phase Transition

Reheating?
Inflation?

Baryogenesis?

What is the nature of the EWPT? —
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Why would the EW phase transition be first order?

e If it is, we might see gravitational waves — Signal!
« EW baryogenesis
e Connections to BSM: Dark matter, extended Higgs sectors

* We would like to know the nature of EWSB in any case
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First order phase transitions gained a lot of interest because of
stochastic gravitational wave production

10 -12

Stochastic
background
\ / 10 =14
Bubble
<« 7! 0 — 10 ¢ eLISA
v c Massive binaries
v =0 =
=
/ \ P 10 LISA
l e
-
@
I
2 Extreme mass % /
S 1™ ratio inspirals no GW150914
& !
- "
2
10 2
DECIGO
10
10 ¢

101 10°% 10 10+ 102 10° 102 10¢ 10°
Frequency / Hz

Higgs Potential 2025: Exploring Symmetry Breaking in Particle Physics and the Early Universe



Why Electroweak Baryogenesis is a great idea

EW baryogenesis is a testable model

Sphaleron process

L :  Baryon number violation from Sphalerons
®. L * Needs extra CP violation
* Needs a strong first order phase transition
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If one has the right ingredients it
gives the expected asymmetry!
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Electroweak Baryogenesis is a great idea

But it is in trouble...

Extra sources for CP violation are constrained by EDM of the
electron, neutron and some atomic elements (i.e. Hg)

d.| < 1.1 x10 *ecm
dy = (0.0 £ 1. 15000 + 0.245) x107°° e-cm.

d(*?”Hg) = (0.49 £ 1.29444; £ 0.764,5:) x 107*?¢ cm,
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Changing the phase transition dynamics

Symmetry Non-Restoration Inverse Symmetry Breaking Multi-step Phase Transition
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Electroweak Symmetry
Non-Restoration

Usually, symmetry non-restoration occurs
where there are negative thermal masses

2 Yt )\sh 2
Ty~ (2L +... £ N, T
m=(T) (4—1— + 12)

Number of extra scalars ~100!
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Electroweak Sym metry [Biekoétter et al 2023]
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But, symmetry non-restoration was
found in a simple CP even 2HDM!
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Questions we had

e Is there really Electroweak Symmetry non-restoration in the 2HDM?

We found strong disagreement between different resummation methods

* S0, what causes the observed symmetry non-restoration?

 More generally, how reliable are our methods for calculating
the thermal effective potential?
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Given a tree-level potential VO((b) , We can obtain the mass matrix

15 (¢)

0*Vo(9)
0p;0p;

Get field dependent masses:

mi(6) = Uki(0)MZ;(0) U, (6)

Zero temperature 1-loop potential

i = (all scalar fields).

Vow (mi(9)) =

1
642

S i @) g
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Static equilibrium thermal field theory

Introduce a thermal plasma from a compact Euclidean time

'y e ) 2mn/p for bosons dp” 1
Pu = (an; k) Wiy = {(Qn + 1)n/B  for fermions 2T E Zn,:

1-loop thermal potential

Higgs Potential 2025: Exploring Symmetry Breaking in Particle Physics and the Early Universe



High temperature limit:

Low temperature limit:

T\ 1/2 _ 15 _
JB,F(y)’LT = = (5) y3/4€ /0 (1 T 5y 1/2>
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Propagators see thermal bath

G(wa P) — :

W2 + P2 — m3($) — H(w, p; T)

Gap equation

Mj; (¢, T) = mig 1 (¢) + i (M*(¢,T), 0; T)
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Truncated high temperature thermal mass:

M2(6,T) = md () + Tij(md(6),T)  (Truncated gap eq.

m2g(T) ~ mg + I(T) ~ mg + \T*

The problem is, finite temperature QFT loses perturbativity
(near the critical temperature)

Higgs Potential 2025: Exploring Symmetry Breaking in Particle Physics and the Early Universe



Finite temperature QFT: loss of perturbativity

(daisy) ~

A2T3 /AT2\" 2
m M2 ‘

When \T? > m?

Theory becomes non-perturbative!

Daisy diagrams require a reorganization
of the perturbative expansion
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Dealing with perturbativity breakdown: Resummation

: Pros: Easy to implement
* Arnold-Espinosa scheme Y P

Cons: Only reliable at T>>m
 Parwani scheme

Inconsistent higher order corrections

_ Pros: Self-consistent at all temperatures
 Full-dressing

With full gap-equation

Cons: Harder to implement than AE & Parw

Miscounts Daisy/Superdaisy diagrams

e Partial-d ressing Pros: Self-consistent at all temperatures

Correct higher-loop daisy contributions

Cons: Harder to implement than AE & Parw
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Arnold-Espinosa scheme:

1 (0, T) = Vo(9) + Vew (m3(9)) + Ver (@) + Vr(mF(¢), T) + Vigainy (6, T).

VR (0, 7) = — o= 3 (a6, T - (m2(6))°%)

127

Resums only the daisy diagrams!

N N
Vdaisy _ T 1 >‘T2 d m3
N 12r N!' \ 4 dm?

00 3/2
2 : daisy T 2 A 2
oo oo N V —_— m™m _|_ _T .
Z vdaisy _ T 1 /\T2 d m3 N 127T ( 4 )

N 127 &~ NI\ 4 dm? N=0
N=0 N=0
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Parwani scheme:

et (M, T) = Vo(¢) + Vow (mz;(9, T)) + Vor(¢) + Vr(mz (6, T)).

Add and subtract the thermal mass to the lagrangian

Then, redefine the pole mass to include thermal effects.

In Parwani all modes are resummed, not only the problematic zero modes
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Full dressing: Replace thermal mass in the effective potential
Both Arnold-Espinosa and Parwani are examples of truncated full-dressing
2 "y 2 . 2 2
Meg (1) ~ my + I(T) ~ mg + AT

Easy to evaluate analytically in the high-temperature regime.

But, near the critical temperature this approximation is not reliable.

— One needs to solve the full gap equation self-consistently

— Then FD takes the thermal mass and replaces it in V__(T)

Vet (M?(,T)) = Vo(¢) + Vor(d) + Vow(M?(6,T)) + Vr(M?(,T), T)
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Partial Dressing (Tadpole resummation)

: - Thermal Resummation and Phase Transitions
Resummation Methods at Finite Temperature:

The Tadpole Way'
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Partial Dressing

1.Solve the full gap-equation for the thermal mass.
2.Insert the obtained thermal mass into the first derivative of the potential.

3. Integrate the tadpole to get the resummed potential.

M?*(9,T) = mgj(¢) + I(M*(4,T),T),

‘Z‘( ) ‘L‘ ( ? )
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Full vs Partial-Dressing

 The truncated methods have several issues:

— Rely on the high-temperature regime
— Inconsistent higher-order effects

For strong first order phase transitions they can be very unreliable

(Field excursions of order of the temperature)

* Boyd (1993) showed that full-dressing miscounts 2-loop daisy and
superdaisy diagrams

Partial dressing correctly incorporates daisy and superdaisy
and allows to go to intermediate temperature regime
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Case study: The two-Higgs Doublet Model

A 2 A
VO _ m%l |(I)1|2 4 m%z |(D2|2 o m%z ((D-{(I)Q -+ hC) + El ((D-{(I)l) -+ 22 ((I)T(I)Q)

+ 2 (@] ) (@f@z) + 2y (@]02) (@0y) + % [(@{@z)Q + h.c.] ,

CP-even

) ot B b by — P
"o ((’01 + hy +iap) /\/ﬁ) - ((U2 + ho + iay) /\/5) (I)Z =d _&)2

“alignment limit” cos(8 — a) =0

Light SM-like Higgs
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Case study: The two-Higgs Doublet Model
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Partial dressing in practice

62V0 82VCT GQVCW 82V
M (¢, T) = Uri(6 + + + Ul (0
£(@ T) = Uki(6r) 00,  Obip; = Obid; = 0bid; 1 (07)

Strategy: Write the self-energy in terms of
= M?(h1, ho, T)|

- m%k(hlth) ) k= h,H, Gy, A, GirHi iteration=1"
dm
Ok’ L A x -
* Tda T, Taha)s %a = h1, ha, a1, 02, 67, 03 Tia = Ti,a(Ti, O1) = ﬁ
dzm(%k _ 2
: + 4+ g
* pdg, PR bap=hnsha,a,05, 61, 65 Tiab = Ti,ab(Ti, 0T) = g5-g5-

z1 = mg(h1, ha) ,
ziv1 = z; + U 1 (07) M(z;, 750, Tiap) U(OT)
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Gap equation can be unstable in MSbar!
— On-shell renormalization scheme helps

Convergent thermal masses

Convergence of the gap equation A00F ST I T T R T T
i ] - [tanp=3 o aloesstees
1.5} : | T=95Gev sasinists
| | sgo] |[PH=TABGEV|" LB ¢
PR //N L | ma=050GeV | 352a vassess & & o
E g ]-0_ £l = i B sseee dosveee
= 2 : SR
— ~ L ] = oo ool eee
S| & 0508 ] % SaasstTEN e
"é\} H; -3 \C:?/ o..n.n‘
— = . o '5;1 esoevecsbesscves
~= ~ i = seoccseisies so0 ” 5 " N
S| & 00 S A N .
CH i L, esesseg slesses |
0.5 : -200+ siily Cpllt .
: Random(hi, h2, T') € {0,300} GeV: . ;;;;g‘gngg' BR R
_1-0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 > L ] [ ] ::..:::.. ® [ ] [ ] L ] l_
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 ':';!::'
_400 LB 1 1 T | LB [ LB T 1 ] 1

iw-itoratim] ~400 200 0 200 400
hi(GeV)

Higgs Potential 2025: Exploring Symmetry Breaking in Particle Physics and the Early Universe



Goldstone bosons
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Higgs Thermal Mass
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Arnold-Espinosa Parwani Partial Dressing
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Uncertainties in GW predictions
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« Partial dressing is superior to other resummation schemes

« But it is harder to implement...

How much can we trust our predictions?

More refined methods are required for that
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Summary

» Studied the EW phase transition in the 2HDM using different resummation
methods.

* Truncated schemes (AE, Parwani) fail near the critical temperature.
» Full dressing is self-consistent but miscounts higher-loop diagrams.
 Partial dressing is reliable and captures all relevant thermal effects.
* In 2HDM, methods disagree sharply — e.g. on symmetry non-restoration.

« Accurate predictions (e.g. GWs) require self-consistent resummation.
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Thank you



Gravitational waves

Latent Heat:
1 dAV (T

O = —
p;"kad p:ad dr

-av)||

Time scale of the phase transition:

dSs3
dt

t*gf d1T
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