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S

The Higgs field is crucial
to the SM as we know it

Gives masses to the
fermions

Electroweak symmetry
breaking gives masses to

W/Z, splits off y

All rises from the unique
shape of the Higgs
potential
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https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/

The BEH Mechanism
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https://en.wikipedia.org/wiki/Big_Bang#/media/File:CMB_Timeline300_no_WMAP.jpg
https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full

from the smallest scales, to the largest scales, 5,
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Understanding the Higgs Potential

ﬂb The Higgs potential plays a
h"ﬂ central role in the SM
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https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full

Potential and Pairs

The SM Higgs potential is:
V() = —p¢” + Ao’

Our universe lives in the minimum:

V =V, + \h? + )vuh?’

— V() + —m h2 h Uh3 —|—
9 "H 207 %
Mass term=—— Self—interaction
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x, = —H%  SM predicts HH production,
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ApM . and allows to measure potential
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But interference means
X-sec is very low
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V()

¢

We have a prediction for the shape
from the SM...

But other shapes of the potential
still allow for
Electroweak Symmetry Breaking

Other shapes could reveal evidence
for Electroweak Baryogenesis, or hints
to vacuum stability
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Signal distribution strongly
depends on K

Increasing K, leads the “triangle
diagram’ to dominate:

signal peak shifts to lower m1

Cross-section also depends on
K,: discoverable now!
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https://arxiv.org/abs/1910.00012

Is the Universe Stable!?
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Quantum corrections (i.e. interactions with other particles) mean
that the effective shape can be quite different from &

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

M. Swiatlowski (TRIUMF) 10
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https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full

Baryogenesis

Where did the universe’s antimatter go!

In 1967, Sakharov described 3 conditions to explain its disappearané:\\e:
S .
fne

|. Baryon-number violating processes s (‘;\P\I’Be\\el\
2. CP-violating processes please find
5F Out-of-equilibrium dynamics

The Higgs potential can play a critical part in this story:
Electroweak baryogenesis

Long story short:
|.  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!

M. Swiatlowski (TRIUMF) I February 18,2026
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The Higgs decays instantly, to
a range of particle types

j Higgs pairs are rare,
and have a hugely rich
WW 10" structure of final states
102 =
> 1073 % |
o 10 g’ " Branching
ﬁ 'g, Ratio
._%3 10°® g
10° &
1077
108
bb WW 99 Tt CC 7Z Yy Zy mn P
P .h\,hlggs | decay . g Man on Wire, Guardian
M [GeV] 4b, bbt7,and bbyy are

the most powerful,
but all final states needed!
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http://hep.uchicago.edu/~johnda/work/DiHiggsFall2016.pdf
https://www.theguardian.com/film/2008/aug/01/documentary1

\;

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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Comparlng the Main Channels

Phys. Rev. D 106 (2022) 052001 Phys. Rev. D 110 (2024) 032012 s.Rev. D 108 (2023) 052003
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Rarest signal, Medium signal, Largest signal,
lowest bkgd medium bkgd Largest background

Medium trigger Challenging trigger:
thresholds: still b-tagging at trigger level

important for K Novel DNN bked
BDT/DNN for main observables estimate

Low trigger threshold:
Critical for k;
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/
https://link.aps.org/doi/10.1103/PhysRevD.108.052003

Phys. Rev. Lett. 133 (2024) 101801

ATLAS Combination ’(‘23

—e— Observed limit (95% CL) : .
ATLAS o it (95% O Cgmblned I|m|ts.strongly
Vs =13 TeV, 126—140 fb~! (UHH =0 hypothesis) Improve over mputs
oM (HH) =32.8 fb [ Expected limit £10
9gF +VBF oo Expected limit +20
Obs.  Exp All channels contribute,
b1t + £ } 0 14 but top 3 contribute
’ the most
Multilepton— * 17 11
bbbb|- * 53 8.1 Expected sensitivity at
_ * - 2.4xSM,
bbyy[— 4.0 5.0
1 observed at 2.9xSM
bbttT™ |~ * 5.9 3.3
Comoned M 28 24 Still a ways to go for
0I [ | I5I L I10I L I15I L I20I L I25I L I30I L I35I L I40I

evidence...
95% CL upper limit on HH signal strength uyy
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https://arxiv.org/pdf/2406.09971

Sensitivity to K,

Phys. Rev. Lett. 133 (2024) 101801
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Combined limits (again)
strongly improve
over inputs

Trigger and background
dramatically affect

sensitivity to K

Multilepton moves to
third-best measurement;

better triggers than 4b!
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arXiv:2507.0349

A))

bbyy Analysis Strategy o~

Pre-selection Sy After pre-selection, split
into high-mass and
My < 350 GeV My 2 350 GeV low-mass selections

BDT trained in each region:
select low- and high-purity

with BDT

Fail BDT Fail BDT

o [ T T T I T T g - T T T I T T
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https://arxiv.org/abs/2507.03495

arXiv:2507.0349 | 7 ;

bbyy Results v

—
N

®
—e— Observed limit Q [ Expected
=
ATLAS ---- Expected limit (uyy = 0) 8 ATLAS 1 Observed
Vs =13/13.6TeV, 140/ 168 fb~! Expected limit (upy = 0) £20 C12FvVS=13/13.6 TeV. 140/ 168 fb~1
- Expected limit (uyy = 0) =10 .% ’
HH - bbyy — - Expected limit (U = 1) > HH - bbyy
o Expected limit (uyy = 0) Q10r
JHEP 01 (2024) 066 3
)
Exp. Exp. T
OBS- (it = 0) (s = 1) T 0.8
I
B 0 e =
L i | 4.8 4.2 55
Run 2 : 0 ‘IL 06 B
a | | 1.01
L i i 5.8 3.8 5.0 0.84
Combined i ' 3.8 2.6 3.7 0.49
| 0.2
OI.Iéllléll“lé‘..é‘“1IOH.1|2“‘1|4.H16
95% CL upper limit on Hy 0.0 Run 2 Run 3 Combined

2.6xSM expected limit 0.840 signal strength: long way

to go but signal strength starting
Entire Run2 combination was 2.4! to emerge!
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https://arxiv.org/abs/2507.03495

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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ATLAS-CONF-2025-012

The Results ’(‘23

ATLAS and CMS Prefiminary ~* O=eved ATLAS and CMS individually
---- Expected (5™ = 0) .
LHC Run 2 = Expected £10 exclude ~3xSM signal
Vs =13 TeV [ Expected +20
oM., ver(HH) = 32.8 fb T Expected (U™ =1)
oo OB B Combined, expected limit
-------------------- e at | ./xSM, and observed
CMS i 'if 35 2.6 3.6 at ZSXSM
L Corresponds to |.1 0,
ATLAS— . I 2.9 2.4 3.5 .
L observed signal
""" T (1.30 expected)
Combined— i ® ’i' 2.5 1.7 2.8
Ll I L1 Iil I L1 1 i| I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 11 I L1 1 1 I | I L1 NOt Celebrating yet’ bUt
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. . . ’
95% CL upper limit on HH signal strength gy comlng INto view:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/

K, Sensitivity
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o\
(Q?«

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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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-012/
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The HL-LRC

~HiLum
\lA}jGE HADRON' COLLIDER

LHC / HL-LHC Plan

LHC HL-LHC

EYETS 13.6 TeV Ls3

13 TeV 13.6 - 14 TeV ener

Dlodes Consolidation
splice consolidation

cryolimit LIU Installation N
7 TeV 8 TeV button collimators interaction ) inner triplet ) HL LH(_:
— R2E project regions Civll Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2023 2025 2026 2027 2028 2030 IIII"I@
ATLAS - CMS ./_.—————-"l
upgrade phase 1 5t075
i)::::lg:sgts P9 P ALIT.AuSpg;ra%'(\enS x nominal Lumi
nominal Lumi w ALICE - LHCb ) 2 x nominal Lumi )

75% nominal Lumi | '/— upgrade ! !
integrated JEALUURIE
30 b | 190 b | 500 fb"! | mnosty BT

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY < PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. | PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES
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Datasets

HL-LHC data
B . e —vs 3500
— 7 - Inal i
NG ate 3000
qg 6 - Run2 Run3 Run /1 o500
S 9 - oo
=y ) | 2000
g 2 _ 0000 7 1000
X
[3e; 1 . ‘ 500
9 - _~
0 0
2010 2015 2020 2025 2030 2035 2040
Year
Run2: 5% Run3:~10%
of total of total
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The Price of Rate: P|Ieup

(Lv

To enable mcreased Ium|n05|ty, coII|S|ons need to be more frequent

H\Jﬂ yika L%\ ]"x?
it

q\l ol
ot |

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

Improved muon coverage
and triggering (NSW)

Upgraded Trigger
and Data Acquisition:
10x increased bandwidth

LA B\ ' ,4 ; J] 1 ;!‘:

| LT N TN <SS R “l New endcap high-
- | ; | | 17757 IR AN, \, Y granularity timing
| i\ Vi 7= 2R = AN G\ W8 detector: ~20 ps

| timing resolution

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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ATL-PHYS-PUB-2025-018

A))

Higgs Pairs Sensitivity v

12 - .
)
c ATLAS + CMS Projections ESPPU 2026
5 Lol Vs =14 TeV, 3 ab™! per experiment
'“é SM HH production (k) = 1)
o
o B
— 8} bbbb
h:;) mmm bbyy
2 6l bbTT
0 BEEE Combined
T
T 41
2 »
° 0 026
2 2
ESPPY 20-007) ESPPU
(CERN-2

Previous round of projections: 40 sensitivity
Latest results: 80 sensitivity

Likely to keep growing as techniques continue to improve!

M. Swiatlowski (TRIUMF) 30 February 18,2026


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/

ATL-PHYS-PUB-2025-018

A))

K, Sensitivity (™

8 1 1 ' 1 1 1
= ATLAS + CMS Projections ESPPU 2026
i 20 F Vs =134 TeV, S3, J ab~! per experiment
A~ All othjer coupling$ fixed to SM
| 68% dL ks €[0.74} 1.29]
157
Combingtion
bbt*T
bbyy
107 bbbb
Multilepgon
bbli
> NN \r 1 S 95% CL |
________ ______ = — e .08%CL
D | =

K, sensitivity also significantly improved

Roughly ~30% precision (at | 0)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/

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

M. Swiatlowski (TRIUMF) 32 February 18,2026


https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf

The Nathaniel Plot
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ATL-PHYS-PUB-2025-018

2\
(L\)f

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!

M. Swiatlowski (TRIUMF)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/
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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!

/ { \ 35
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If | lose you here, I'll come back for you
in 5 slides!
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AL

The Electroweak Phase Transition (LV

T<T,

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

Both the SM, and modified models, undergo a phase transition:

Minimumat ¢ =0vs @ # 0

Modified models lead to out of equilibrium dynamlcs
in the early universe E——
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https://meetings.triumf.ca/indico/event/116/session/8/contribution/33/material/slides/0.pdf
https://iopscience.iop.org/book/978-1-6817-4457-5

Electroweak Baryogenesis ?z\),

i 7 & 7
< H -4 9 &

Tunneling

These processMadeir Aadae in - t#&dtﬁmtmmsmtry breaking
matiters sycherbetirnylbyeaking
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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”

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
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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