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• The Large Hadron Collider 
is a 27 km long accelerator 
on the French/Swiss border


• Collides protons at 13 TeV: 
upgrade to 13.6 TeV this 
year for Run3


• Two large general purpose 
experiments, but I will 
focus on ATLAS

The LHC Today
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The HL-LHC, ~Tomorrow
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DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation
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30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam

The HL-LHC will be installed 2026-2028, and run in 2029-2035(++)

Increase energy to 14 TeV, 

and instantaneous luminosity to 5-7x1034 cm-2s-1
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Rising Energy
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Larger Cross Sections 

6Inclusive proton-proton cross section ratio (14 TeV / 13 TeV)

B. PetersonMinimum bias

SM (single object)

SM (many objects)

Beyond the SM

Increase in energy may seem small, but can have a big impact

on important physics processes!
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Datasets
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22 2915 35

Run2 Run3 Run 4+

HL-LHC data

Run3: 10% 

of total

Run2: 5% 

of total
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The Price of Rate: Pileup
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To enable increased luminosity, collisions need to be more frequent

Bunch spacing fis

Only option: increase pileup

Expect 200 collisions per

crossing! Compare to ~50 today
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Upgrades
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Upgraded Trigger 

and Data Acquisition:


10x increased bandwidth 

Upgraded electronics

for calorimeters, muon system:


greater precision, speed

New all-silicon Inner Tracker,

Radiation-hard and coverage to |η| < 4

Improved muon coverage

and triggering (NSW)

New endcap high-

granularity timing 

detector: ~20 ps 

timing resolution
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• European Strategy Update

• Canadian Long Range Planning

• Snowmass Community Planning Exercise

• The HL-LHC plays a critical role in all of these exercises


• Important to understand how this device interplays with 
others!

Preparing for the Future
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https://europeanstrategyupdate.web.cern.ch/welcome
https://subatomicphysics.ca
https://snowmass21.org
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• We don’t have the HL-LHC data in hand, but we have a pretty good idea of what 
we’ll be able to do with it


• Typically, start existing Run 2 analyses, and adjust for new conditions


• Increase cross-sections (due to energy), larger datasets (~20-80x 
larger), projected detector performance (pileup)


• Experimental and theory uncertainties are key: usually present a 
few scenarios


• Baselines assume reductions in both:  for experimental, and half for 
theoretical.  Ambitious, but achievable.


• These projections may significantly undersell what we can do!


• Analysis improvements often significantly outpace luminosity

1/ L

How We Do Projections

9



M. Swiatlowski (TRIUMF) June 7, 2022

Direct Searches for 
New Physics
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Electroweak SUSY
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Run 2 physics program did not discovery SUSY: 

could signal be hiding in the low cross-section electroweak sector?

Wide range of models studied: many sensitive to TeV scale

ATL-PHYS-PUB-2018-048 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-048/
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Long Lived Particles

12

Run2 ID ITk

TRT

Strip

Pixel

122 33299 39 2795145631066 405 1000 [mm]

Run 2 physics program did not discovery SUSY: could diffi


Many searches depend critically on detector design and layout:

upgrades provide new opportunity for discovery

ATL-PHYS-PUB-2018-033 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033


M. Swiatlowski (TRIUMF) June 7, 2022

LLP Sensitivity
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in acceptance for long-lived particles!

ATL-PHYS-PUB-2018-033 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033
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Precision Measurements 
of the Standard Model

14
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 0.00015±0.23153 : 14 TeVHL-LHCHL-LHC ATLAS PDF4LHC15
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Weak Mixing Angle

15

The weak mixing angle, ,

is a fundamental measurement of


the consistency of the SM

sin2 θW

HL-LHC measurement exploits 

increased tracker acceptance, improved

PDF measurements, and large dataset

Potential for world’s best 

measurement!

ATL-PHYS-PUB-2018-037 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-037/
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W Boson Mass
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W boson mass is of great interest,

especially given latest CDF results

HL-LHC measurement would 

exploit upgraded tracker acceptance,


improved PDF, larger dataset

Special low-pileup dataset could

lead to ~9 MeV precision:


best cross-check of CDF result?

ATL-PHYS-PUB-2018-026 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/
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Vector Boson Scattering
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Vector boson scattering

critical to our understanding 

of the Higgs: 

 diverges without


the Higgs boson!
VLVL

VV scattering observed in 
Run 2 with > 5σ: goal now is 

to extract longitudinal 
component of the process

Challenging to observe: 
systematic and analysis 

improvements needed for 
evidence

ATL-PHYS-PUB-2018-052 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-052
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The Higgs Boson

18
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• The Higgs is the center of 
the Standard Model: 
related to all the particles, 
so critically important to 
understand


• The Higgs is the newest 
particle: we know the 
least about it


• The Higgs is incredibly 
rich: many different ways to 
study it

Why Higgs?

19

source

https://www.quantumdiaries.org/2013/08/19/a-fresh-look-for-the-standard-model/


M. Swiatlowski (TRIUMF) June 7, 2022

Rare Higgs Processes
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Projection from Run 2 data

c c→VH, H 

0 lepton
 SM×Exp.= 8.1 

1 lepton
 SM×Exp.= 11.2 

2 lepton
 SM×Exp.= 10.5 

Combination
 SM×Exp.= 6.4 

Even rare Higgs decays become measurable at the HL-LHC

 observable at >9σ!H → μ+μ−

Expected  sensitivity at

~6x SM: improvements in charm

tagging and analysis can improve


this further

H → cc̄

ATL-PHYS-PUB-2021-039 
ATL-PHYS-PUB-2018-006 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-006
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Higgs Precision
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Huge number of detailed 
analyses summarized here in 

one plot: expected 
uncertainty on Higgs 
couplings to particles

Some couplings ( , , ) 

measurable to <2%!

κγ κV κτ

Many of these measurements

expected to be complementary 


to Higgs Factories 

(especially rarer decays)

ATL-PHYS-PUB-2019-006 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-006


M. Swiatlowski (TRIUMF) June 7, 2022

µp
�
= v = 246 GeV

Understanding EWSB
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The SM Higgs potential is:

We live in the minimum:

But what if we see something completely different? Could be hints of 
new physics, related to baryogenesis or vacuum stability!

λSM
HHH =

m2
h

2υ2
κλ =

λHHH

λSM
HHH

V(ϕ) = − μϕ2 + λϕ4

V(ϕ) = V0 + λν2h2 + λνh3 + . . .

 V(ϕ) = V0+
1
2

m2
Hh2+

m2
h

2ν2
νh3

In the SM, : but we 

haven’t measured it!

κλ = 1
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Higgs Pairs
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<latexit sha1_base64="P9RVv/DOSfXcJbhqNUk6u4NkL1E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYE9S8OKxgv2ANpTNdtsu3d2E3YlQQv+CFw+KePUPefPfmLQ5aOuDgcd7M8zMCyIpLLrut1PY2Nza3inulvb2Dw6PyscnbRvGhvEWC2VougG1XArNWyhQ8m5kOFWB5J1gepf5nSdurAj1I84i7is61mIkGMVMqrtuaVCuuFV3AbJOvJxUIEdzUP7qD0MWK66RSWptz3Mj9BNqUDDJ56V+bHlE2ZSOeS+lmipu/WRx65xcpMqQjEKTlkayUH9PJFRZO1NB2qkoTuyql4n/eb0YR3U/ETqKkWu2XDSKJcGQZI+ToTCcoZylhDIj0lsJm1BDGabxZCF4qy+vk3at6l1Vaw/XlcZtHkcRzuAcLsGDG2jAPTShBQwm8Ayv8OYo58V5dz6WrQUnnzmFP3A+fwCV9I1E</latexit>

200
<latexit sha1_base64="KzftTe3kzoXAMUL09ahNa6+aDjM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IBbcWNf9dtbWNza3tks75d29/YPDytFx20SJZthikYh0N6AGBVfYstwK7MYaqQwEdoLJXe53nlAbHqlHO43Rl3SkeMgZtblUd93yoFJ1a+4cZJV4BalCgeag8tUfRiyRqCwT1Jie58bWT6m2nAmclfuJwZiyCR1hL6OKSjR+Or91Rs4zZUjCSGelLJmrvydSKo2ZyiDrlNSOzbKXi/95vcSGN37KVZxYVGyxKEwEsRHJHydDrpFZMc0IZZpntxI2ppoym8WTh+Atv7xK2vWad1mrP1xVG7dFHCU4hTO4AA+uoQH30IQWMBjDM7zCmyOdF+fd+Vi0rjnFzAn8gfP5A4zKjT4=</latexit>

Two diagrams produce 
HH at the LHC… One diagram involves : 


What we want to measure
κλ

The other is just proportional 
to : already well understoodκt

Destructive 
interference makes 

HH diffi




κλMore in Colm’s talk later today

https://indico.cern.ch/event/1072579/contributions/4790768/


M. Swiatlowski (TRIUMF) June 7, 2022

Self Coupling Projections

24

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

           HL-LHC prospects 3 ab-1 (14 TeV)ATLAS and CMS

SM HH significance: 4σ

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

bbbb

ττbb

)νlνVV(lbb

γγbb

ZZ*(4l)bb

Combination

68%

95%

99.4%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

0.1 < !" < 2.3 [95% CL]  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High hopes for even more signifi

Combination of all 
ATLAS+CMS measurements: 

 at 1σ0.5 < κλ < 1.5

Updated ATLAS-only 

measurement, just two channels:


ATLAS alone reaches 

 at 1σ!0.5 < κλ < 1.5

ATL-PHYS-PUB-2022-005 
ATL-PHYS-PUB-2019-006 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-006
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The physics potential of the 
HL-LHC is enormous!

Upcoming energy increases are small, but

huge datasets enable impactful measurements


that will be state-of-the-art for many years

Creativity has enabled measurements 
we never thought possible at the LHC 
already: what else will 20 years bring?
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