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From Bass, De Roeck and Kado. Mature rev.phys.




VACUUM DECAY

4()

As we always do, we want to find things that extremise an action

$(0) = [ e (50,07 + Vo)

Fluctuations

—

s
\

——

Which means finding extrema of the corresponding
energy functional:

L Temneling 0 Ulo(a)] = [ & |5(Ve) + V(9
Metastable ”
Vacuum

0

Markkanen, Rajantie, Stopyra [1809.06923]
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True
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The Electroweak Phase transition, EWPT (schematically)
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|

Wall

FIRST ORDER

At high temperatures,
the potential is
symmetric

At a certain temperature, a
new minimum develops.
d The transition can happen
smoothly (second-order) or
strongly (first-order).

SECOND ORDER

At zero temperature EW
symmetry is broken and we
do QFT calculations around

the broken phase.




In the Standard Model....

At tree-level, there is no barrier

* At leading order (loop + thermal) a
radiative barrier is possible

e Lattice calculations settled the matter
In the 90s:

THE ELECTROWEAK PHASE TRANSITION:
A NON-PERTURBATIVE ANALYSIS

K. Kajantie®®!, M. Laine®*?, K. Rummukainen®?® and M. Shaposhnikov®?

The Higgs is way to heavy for a first order EWPT!



Slide taken from c; esa

LISA

Laser Interferometer Space Antenna

/ The first gravitational wave

\O observatory in space

separated by

Fonte Easth In triangular formation

\
<A .
Following Earth in its orbit

around the Sun

s Planned
launch date

Predecessors: LISA Pathfinder (technology demonstration)

Mergers of Stellar-origin black
supermassive White dwarf binaries holes falling into
black holes at the in the Milky Way supermassive
centre of galaxies black holes

Spacel9 &

1078
— Qw
10-9 - LISA sensitivity
1{}—]1} ;
10~ 1]

T At It At
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Figure 3: Example output of the PTPlot tool. The plot shows an example of the GW power

spectrum from a first-order PT, along with the LISA sensitivity curve (h*Qgens(f) taken from the
LISA Science Requirements Document [65]). The parameters of the example model are vy, = 0.9,
a=0.1, /H, = 50, T, = 200 GeV, g, = 100.

Detecting gravitational waves from cosmological phase
transitions with LISA: an update

Chiara Caprini®, Mikael Chala”“', Glauber C. Dorsch?, Mark Hindmarsh®/,
3 I - - > 2R
Stephan J. Huber/, Thomas Konstandin?*, Jonathan Kozaczuk"*/:3,
Germano Nardini*, Jose Miguel No"™, Kari Rummukainen®, Pedro
~q & . -3 - - - . ] Ll

Schwaller”, Geraldine Servant?°, Anders Tranberg®, David J. Weir®?1
For the LISA Cosmology Working Group




From LISA cosmology WG

Particle
physics model

PT parameters

Effective action — 3, H.
Energy budget — a, s(a, vy)

Bubble wall dynamics — vy,

1

GW power spectrum

Numerical simulations —

h*Qaw (fi Hy,, B, V)

LISA sensitivity

Configuration + noise level —
h2 Qsens(f )

Signal-to-noise ratio




Particle
. '
physics model < Beyond SM!

For the EWPT to be first order we need BSM physics.

But not every BSM model predicts this, though many do!

Let’s say it was first order, then the BSM physics responsible is either:
* At a higher scale (heavy, > 1 TeV)
At a lower scale (light) but very elusive.

There are so many models though! Can we be a little agnostic?



HEFT (abridged)

+
Instead of H, = &
A Higgs centered Effective Field Theory, where the Higgs 1s parametrized as }/ (v+h +1iGp)
40
| 1 : Ll (,0+
U = exp(2i®/v), d = p'T* = 7 V2 ERE N

2

Lrprr O UZI )Tr {D,U'D,UY - a )2 —V(h),

. 2
Fh)=1+2a"+b" 4., V(&) = m2h? (l+d3h N L )

v V2 2 v 4 p?

The SM correspondsto a = b = d3 = dy = 1 and the remaining terms with higher powers of h are set to zero.

New physics would then be parametrized by deviations from these values.

Works for new physics that 1s light or heavy
Easy to define deviations of Higgs self interactions from the SM
Accounts for cases where new physics gets mass from the Higgs vev

Harder to define a good power counting that always works
Other sectors are more flexible which leads to many definitions

Egs. borrowed from 2305.07689



Particle h
Beyond SM, eaUy
physics model — d
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This is formally an expansion in the ratio of the EW scale ]
and the NP scale. Higgs sector Operators

BSM effects SM particles
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A very lively discussion/debate around 2014 on what a
”good” basis for the SMEFT would be.

CERN-PH-TH /200747

The Strongly-Interacting Light Higgs Finding minimal ”userI” bases Of
G. F. Giudios", C. Grojeant, A, Pomarak, R. Rattami™ operators is not straightfoward.

*CERN, Theory Division, CH-1211 Geneva 23, Switzerland
"Service de Physique Théorique, CEA Saclay, F91191 Gif-sur-Yuvette, France
IFAE, Unwersitat Autonoma de Barcelona, 08193 Bellaterra, Barcelona, Spain
dInstitut de Théorie des Phénoménes Physiques, EPFL, CH-1015 Lausanne, Suntzerland
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We develop TTP10-35

triggered by PREPARED FOR SUBMISSION TO JHEP
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Higgs coupli —
composite o = Mndet DimenSiDH Six OperatDrS

I: Formalism and A Dependence

Renormalization Group Evolution of the Standard Dimension-Six Terms in the Standard Model Lagrangian*

B. Grzadkowski', M. Iskrzynski!, M. Misiak!®* and J. Rosiek!

! Institute of Theoretical Physics, University of Warsaw,
Elizabeth E. Jenkins,” Aneesh V. Manohar,” Michael Trott"! | Hoza 69, FL-00-651 Wersew, Poianc.
” frt;p?:;fz”?F;){}::;i:;;;;:;;”; E:T”U af Caiyarnia. . Sew: Eiago, 8300 Glman Liriwe, o 2 Institut fiir Theoretische Tf-'z!'.rhrr.t.ph.y:-*rl‘. Karlsruhe Institute of Technology (KIT),
®Theory Division, Physics Department, CERN, CH-1211 Geneva 23, Switzerland D-76128 Karlsruhe, Germany.
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- ABSTRACT: We calculate the order A, A® and Ay” terms of the 59 x 59 one-loop anomalous |

~ dimension matrix of dimension-six operators, where A and y are the Standard Model Higgs self - Abstract

e coupling and a generic Yukawa coupling, respectively. The dimension-six operators modify -

— the running of the Standard Model parameters themseives, and we compute the compiete . When the Standard Model is considered as an effective low-energy theory, higher dimensional

' one-loop result for this. We discuss how there is mixing between operators for which no o S . . . : . ; .
r— : , interaction terms appear in the Lagrangian. Dimension-six terms have been enumerated in the

direct one-particle-irreducible diagram exists, due to operator replacements by the equations o :
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Particle .
physics model af 7

Aeax g X * Large coefficients
needed for FOPT
| * They suggest a sub-TeV
scale of NP
* Or the need to go
beyond dim 6
* ... unlikely

 Smaller coefficients do
the trick

 TeV-scale NP

9  Testable at future

' colliders

[arXiv:2103.14022 ECM, Enberg, Lofgren]
[Map of all cases, ongoing work ECM, Enberg, Lofgren]




Cosmology at colliders!

[arXiv:i2103.14022 ECM, Enberg, Lofgren]
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Particle
physics model ™

Beyond SMEFT

What if some of the new physics is Iight and
does not live at much higher scales?

Let’s take that one particle from a BSM theory is light, then we could do the same approach,

C-m.+ 02
! é O, O("@)

a
W e
5

o _ !
Let’s say we take a particle, C:\_ f;p\or W% S
. l,.;f‘ + SM
DM
N\
Then we just write a new set of operators O = O v, O

6%‘,@ - (5 a:é%r]‘r



_ , | | Ongoing work, ECM, Enberg, Moretti ...
Then we would modify the Higgs interactions

4 b\' cj f"j
NI SMEPT .,}iff;i
Vv V
Sakat g l,L v t+
o w dogt = Ay 35 60
or- 7 el B S
(h

And connect to models with first-order EWPT semi-agnostically



Finding minimal ”useful” bases of
operators is not straightfoward....

But partly automatable!

BasisGen: automatic generation of operator bases

The Sym2Int program: going from symmetries to interactions

Renato M. Fonseca™

SMEFTplus @ d = 6

Standard Model Effective Field Theory - colored scalar

TTK-23-25 / P3H-23-066 — September 2023
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Beyond SMEFT: A proof of concept
We start with colored scalar, one state.
The SM extended with X ;..f:;' Could be second Higgs, vector boson,
4 etc..

An EFT basis with dim 6 operators + light Selection of a subset of relevant
state W4 operators, including SMEFT + new ones

_ Typically tricky but based on SMEFTsim,
FeyRules + Feynarts model file W4V open source repository

Borrows from simplified model

“ . approach
NLO UFO model file . A Thanks for making it open
source!

Phenomenology study

ECM, Moretti, Enberg, Waltari ... Ongoing work



- {Conclusions

"L Understanding the Higgs potential connects particle physics to cosmology.

.~ Limits on Higgs couplings will be useful to understand the Electroweak
) ) Phase Transition.

EFTs are a good tool to study BSM (semi) agnostically

Linear EFT (SMEFT, not HEFT) approaches can be used even when some NP
states are light

We are working on a proof of concept study for a useful semi-automated
iImplementation
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