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Even in the SM, our universe may be meta-stable:
able to tunnel to a lower energy state!

Measuring the potential as best as we can is critical: BSM physics
can move our universe between stability and instability
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|.  The shape of the Higgs potential changes during the early universe
2. The nature of this “phase change” can introduce “dynamics” (3)

3. But the SM phase change is not sufficient: need BSM with higher k; to
introduce a strongly first-order phase transition

Measuring the Higgs potential critical to test this possibility!
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4b, bbt7, and bbyy are

the most powerful,
but all final states needed!
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Searching for Higgs Pairs ?@,

events
events

I > s >

™ mun [GeV] DNN
The invariant mass Mgy is a Multivariate analysis with ML
standard observable also extremely common

SM signal peaks at 400, with long tail  Can use My to design SM
(x, # 1 peaks lower) and BSM targeting regions

b-tagging and jet reconstruction key to everything!
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Run 2 analysis had a huge range of improvements

from both ATLAS and CMS

Broadly similar approaches, but many differences in strategy

Ultimately very similar sensitivity

Perfect time for a first combination to see what is possible!
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With actual production
coming into view,

K, becomes the next target

Combined limits strongly
Improve over inputs

More data needed to
Improve measurements:
all statistically limited

Looking forward to full
Run 3 analysis and beyond!
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Datasets

HL-LHC data
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Datasets
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Datasets
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The Price of Rate: Pileup €2

increased luminosity, collisions need to be more frequent;

 To enable

' Bunch spacing fixed at 25 ns
Only option: increase pileup

M. Swiatlowski (TRIUMF) 28 February 18,2026




The Price of Rate: P|Ieup

(Lv
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 Bunch spacing fixed at 25 ns Expect 200 collisions per |
Only option: increase pileup crossmg’ Compare to ~60 today
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Upgrades

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transifion radiafion tracker

Semiconductor fracker
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Upgrades

Improved muon coverage
and triggering (NSW)

Upgraded Trigger
and Data Acquisition:
10x increased bandwidth
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25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets

Upgraded electronics Solenoid magnet | Trc

for calorimeters, muon system: Semiconducto
greater precision, speed

New all-silicon Inner Tracker,
Radiation-hard and coverage to |n| < 4
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Likely to keep growing as techniques continue to improve!
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Roughly ~30% precision (at | 0)
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The Nathaniel Sketch

Very helpful way of visualizing our
precision: what Higgs potentials
are possible with our
measurements today!?
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Very helpful way of visualizing our
precision: what Higgs potentials
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Very helpful way of visualizing our
precision: what Higgs potentials
are possible with our
measurements today!?

LHC (now)

And what’s possible at the HL-LHC?
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The Nathaniel Sketch

Very helpful way of visualizing our
precision: what Higgs potentials
are possible with our
measurements today?

LHC (now)

N. Craig and R. Petrossian-Byrne

And what’s possible at the HL-LHC?

HL-LHC
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What does this tell us
about EWBG!?

Here, compare precision
achievable at LHC

under K;-only interpretation
and

“Realistic” theory models
with SFOPT in other lines

We will be probing
the electroweak
phase transition at
HL-LHC!
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Conclusions

come into focus today, and , ? EXPERIMENT
are even more exciting at S HL-LHC tf event in ATLAS ITK
the HL-LHC = .

 Extrapolations likely underestimate
our sensitivity: can’t project
how clever we will be!

A\ Many crédiblemodels for EWBG will
1 ‘ be tested at the HL-LHC: ‘
7 exciting times ahead!
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If | lose you here, I'll come back for you
in 5 slides!
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What happens as we increase the temperature:
Go back in time towards the Big Bang

The Electroweak Phase Transition
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The Electroweak Phase Transition

What hagpens as we increase the temperature:
ack in time towards the Big Bang

Both the SM, and modified models, undergo a phase transition:
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What hagpens as we increase the temperature:
ack in time towards the Big Bang

Both the SM, and modified models, undergo a phase transition:
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Modified models lead to out of equilibrium dynamlcs
in the early universe E——
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Electroweak Baryogenesis

V(@)

Step 0: Near the big bang, no EWSB: whole universe in ¢p = 0 state

As the universe cools, the potential changes...
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Tunneling

Step |:At 1, pockets of EWSB form via tunneling
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Tunneling

Step 2: CP Violation (NB: requires BSM) creates baryon flux
due to interactions at the boundary

Matter and anti-matter have different transmission/reflection
probabilities at the boundary
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Tunneling

Step 3: High-temperature baryon-violating processes (sphelarons)
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Electroweak Baryogenesis ’(‘z\),

V(@)

Tunneling

Step 3: High-temperature baryon-violating processes (sphelarons)
at ¢ = O remove anti-baryons

These processes don't occur in the ¢p # O state: electroweak symmetry breaking
leads to matter symmetry breaking
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Electroweak Baryogenesis &

V(g)

Step 4: Universe continues to cool to fully broken
symmetry, but anti-baryons have been removed
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V(@)
The shape of the Higgs potential

at 1 is critical: needs to be a
first-order phase transition
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V(@)
The shape of the Higgs potential

at 1 is critical: needs to be a
first-order phase transition

Can’t smoothly crossover the
whole universe at once:
need ‘bubbles’ of broken symmetry

We need a modified Higgs potential
to enable this first order transition:;

K, could be between 1.2 and 6
(very roughly!)

And we could see this
at the LHC with di-Higgs!
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End very technical warning

Summary: changes in the Higgs potential can
explain matter/anti-matter asymmetry via
a process called “Electroweak Baryogenesis”
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End very technical warning

Summary: changes in the Higgs potential can
explain matter/anti-matter asymmetry via
a process called “Electroweak Baryogenesis”

The earliest moments of the universe are determined
by the Higgs potential and its shape!
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The Higgs is still new and not fully explored
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The SM leaves huge questions:

Is the universe stable?
Where’s the missing anti-matter?

The shape of the Higgs potential

may be key to the birth and death
of the universe
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The Higgs is still new and not fully explored
What can we learn from this new particle?
We can measure the Higgs potential

The SM leaves huge questions:

Is the universe stable?
Where’s the missing anti-matter?

The shape of the Higgs potential

may be key to the birth and death
of the universe

Higgs pairs are the next frontier to understanding
the Standard Model and Beyond
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