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I. Context & Questions



Was There an Electroweak Phase Transition ?

* Interesting in its own right
* Key ingredient for EW baryogenesis

 Source of gravitational radiation

3.1
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Was There an EW Phase Transition?
Verr (H, @)

How did we
end up here ?

Extrema can evolve differently as T evolves >
rich possibilities for symmetry breaking 41



Was There an EW Phase Transition?

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 2>
thermodynamics ? ilities for symmetry breaking 42
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Tew =2 Scale for Colliders & GW probes

High-T SM Effective Potential

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

To ~ 140 GeV — TEW
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First Order EWPT from BSM Physics

o T>T. Representative thermal
histories = barrier for
< =L SFOEWPT
/ T<T,
h
tunnel
¢ TEW ~ 140 GeV ¢ ¢
1 1 1
T¢ TEW
Tew Tew
3 5 > h __— —> h
a,H*¢#? : T>0 aH*#* : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect 6



Il. Model lllustrations

NOT SURE IF HIGGS

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

- EW Multiplets (SM + 3,4,...)
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Simplest Extension

Standard Model + real singlet scalar
22 22
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Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010



Simplest Extension

Standard Model + real singlet scalar

¥,
aQ (1t
Vits = 5 (HH

O

Phenomenology

hi =sinf s + cosf h

ho = cosf s —sinf h

my 5, 0, h; h; hy couplings

Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010



Exotic Higgs Decays & EWPT

¢ TEW ~ 140 GeV ¢ ¢
T\ A A
T¢ Tew
TEW \ TEW
—s 3 > h — 55
a,H’¢* : T>0 ayH?¢? : T=0 a,H¢: T=0
loop effect tree-level effect tree-level effect
1 L O ( (7);2) Exotic decays ['(hg, mg) = sin? O T'(hgy, mo)
g122 = —Va« _
g122 = 5 Va2 h, = h,h,
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Exotic Higgs Decays & EWPT

¢ TEW ~ 140 GeV ¢ ¢
T‘ 4 A
Ty +\1-EW -
TEW EW
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Exotic Higgs Decays & EWPT
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Exotic Higgs Decays & EWPT
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Ill. Electroweak Phase Transition

* Perturbative study

« Lattice benchmark (new)

10



Light Singlets: Exotic Higgs Decays

One loop perturbation theory

EWPT viable: |sin 6] = 0.01
numerical ~—
— EWPT viable:
Semi analytic
- nucleation
decisive

m, [GeV]

J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena

et al 2203.08206, Wang et al 2203.10184, "



New: Lattice + EFT@ T >0

|Sin e| =0.01 100 |sing] = 0.01

10 20 30 40 50 60
m; [GeV]

J. Kozaczuk, MR-M, J. Shelton 1911.10210

Two-loop PT:
3d EFT

L. Niemi, MURM, G. Xia 2404.NNNNN
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Light Singlets: Exotic Higgs Decays

Z, breaking One loop perturbation theory
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IV. Phenomenology

 Prompt h, decays
* Displaced h, decays

* Invisible h, decays

14



Light Singlets: Exotic Higgs Decays

Prompt decays:

h, >h, h, > AABB

EWRPT viable:
numerical  ~

1

[sin 6]= 0.01

| IIIIIIII | IIII[IJI [ S

4—— LHC: 2019 &

/HL

Future e*e-

G122 = vag + O(6°)

| 1 | 1 1 | | | | 1 1
30 40 50
m, [GeV]

J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena
et al 2203.08206, Wang et al 2203.10184,
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Light Singlets: Exotic Higgs Decays

Prompt decays: h, 2 h, h, 2> AA BB

EWPT viable: sin 0= 0.01
numerical  ~ =

4—— LHC: 2019 &

/HL

| IIIIIIII | IIII[IJI [ S

Future e*e-

| | | | | | | | | | |
Other .»~ 30 40 50 60|
probes? m; [GeV]

J. Kozaczuk, MR-M, J. Shelton 1911.10210
See also: Carena et al 1911.10206, Carena

et al 2203.08206, Wang et al 2203.10184, 2



Light Singlets: Exotic Higgs Decays

Z, breaking: prompt h, decays

Br(h—ss)
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Light Singlets: Exotic Higgs Decays

Z, breaking: prompt h, decays Explicit Z,
breaking
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Light Singlets: Exotic Higgs Decays

Sistep,
Z, breaking: prompt h, decays Explicit Z, he’”?o byn}n{ /\E”Fr*/atr
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Light Singlets: Exotic Higgs Decays

h; 2 h, h, 2 4b (prompt)

EWPT viable:
numerical — ~~
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Light Singlets: Exotic Higgs Decays

h, 2 h, h, 2 4j Displaced (LLP)

EWPT viable:
numerical
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Light Singlets: Exotic Higgs Decays

h; 2 h, h, 2 4b (prompt)

EWPT viable:
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Light Singlets: Exotic Higgs Decays

Invisible decays
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VI. Outlook

Determining the thermal history of EWSB is key
challenge at the forefront of high energy physics
& cosmology

Exotic Higgs decays provide a unique probe of a
first order EW phase transition, with implications
for baryogenesis and gravitational waves

Robust theory requires close interplay of lattice

computations with state-of-the-art perturbative
studies (EFT)

Exciting experimental prospects ahead with
complementary searches at the HL-LHC and

future e+e- colliders
20
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Determining the thermal history of EWSB is key ‘
challenge at the forefront of high energy physics
& cosmology

Exotic Higgs decays provide a unique probe of a
first order EW phase transition, with implications
for baryogenesis and gravitational waves
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Was There an EW Phase Transition?

Bubble Collisions

Higgs precision tests

¥ &

Grav Radiation L A
X @ j_féi
Direct Production B i %
/ ) SM Higgs BSM Higgs
VoD - O  How heavy or light can @
S / be ?
3 e \ ?
* How coupled to H ?
BSM Higgs
Extrema can evolv _ , >
rich possibilities fc" Can it be discovered at -

the LHC or beyond ?



Challenges for Theory

Perturbation theory

* LR. problem: poor
convergence

« Thermal resummations

« Gauge Invariance
(radiative barriers)

* RG invariance at T>0

BSM proposals I/

Non-perturbative (I.R.)

Computationally and labor
intensive

B3



EFT 1: Thermodynamics

Matching: Two Elements

Dimensional Reduction
All integrals are 3D with prefactor T - Rescale fields, couplings...

/ d'k _)lZ/ &k © 9% =T 9Py
(2m)4 B~ (27)3 * TAu=A3g

Thermal Loops

Equate Greens functions

b2y = %[1 +11(0,0)] ¢ as 3 = T [ag — as (I (0) + 115(0)) + T'(0)]
Field Quatrtic coupling
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Characteristic Strain
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Gravitational Waves

10 12

Stochastic
background

IPTA A. Addazi, SPCS 2023

10 4

10 -16

Massive binaries

Resolvable galactic

-18
10 LISA binaries

LIGO

Taiji, Tianqgin

Characteristic Strain
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| 1
| 1
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|
1
: K -10000 EW
10 2 : !
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/ Frequency / Hz

EWPT laboratory for GW micro-physics: colliders can probe
particle physics responsible for non-astro GW sources > test
our framework for GW microphysics at other scales




BSM EWPT: Inter-frontier Connections

Robust theory:

EFT + lattice Observables:

Collider model specific

Signatures
Combined
reach

Hydro:
a, B/ H-

-

Mapping

™~

Phase

Diagram
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