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Big Questions in HEP

● What’s up with the Higgs?

● What is dark matter?

● What else IS there?
○ Unknown unknowns

○ Look for the impacts of 
well-motivated theoretical 
models

○ Simplified models

○ Small deviations from the SM 
in properties of SM particles
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2014 
P5

https://science.osti.gov/-/media/hep/hepap/pdf/May-2014/FINAL_P5_Report_053014.pdf
https://science.osti.gov/-/media/hep/hepap/pdf/May-2014/FINAL_P5_Report_053014.pdf


Timeline (“previous ~50 years”)
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● We’ve made lots of lepton 
colliders, less hadron colliders

● Discovery, then precision 
measurements 
○ The Higgs boson

○ Agreement in EF & AF 
Snowmass reports re: next ten 
years

■ Strong finish: HL-LHC program

■ Construction: Higgs factory

■ R&D: multi-TeV collider

Frank Zimmermann, 2018

https://www.sciencedirect.com/science/article/pii/S0168900218300512#fig1


Now
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Snowmass Accelerator Frontier Report

https://arxiv.org/abs/2209.14136


What we have now
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The LHC

+ B-factories, 
which are not 
the focus of 
this talk



What did we expect?
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On observing H→bb:

On studies of Higgs 
pair production:

- ATLAS
  TDR

- ATLAS Higgs prospects at the HL-LHC, ten years ago

- theory friends, 10 years ago

- theory friends, 20 years ago
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On observing H→bb:
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pair production:
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Eur. Phys. J. C. 81 (2021) 537

https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8


What did we expect?
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On observing H→bb:

On studies of Higgs 
pair production:

- ATLAS
  TDR

- ATLAS Higgs prospects at the HL-LHC, ten years ago

- theory friends, 10 years ago

- theory friends, 20 years ago

submitted to PLB

https://arxiv.org/abs/2211.01216


LHC proton-proton dataset
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↑ Start of HL-LHC operations↑ Higgs discovery

Run 2

Run 2: ~5% of total 
dataset collected

Run 3

Run 3: ~10% of total 
dataset collected

Total HL-LHC dataset
(3000 fb-1)

2010               2015                   2022                        2029 

Run 4Run 1 …

lhc-commissioning.web.cern.ch

https://lhc-commissioning.web.cern.ch/schedule/images/LHC-nominal-lumi-projection.png


Why am I talking about the HL-LHC?

● This session is on “future” colliders -- the HL-LHC doesn’t 
start until 2029
○ “We have a perfectly good collider at home”
○ We have large upgrades to build and commission

● The HL-LHC will operate for the next twenty years 
○ How can we make the best possible use of the full LHC dataset?
○ How can we make sure to collect the best possible data?

● The eventual HL-LHC reach will inform what the next 
machine will need to do
○ We’ve seen huge improvements already in our analysis techniques and 

data collection methods
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What do we want to learn at the HL-LHC?

● A detailed exploration of the mechanism of electroweak 
symmetry breaking through the properties of the Higgs boson

● Extend Standard Model Measurements

● Searches for New Physics 

● Measurements of the properties of any newly-discovered 
particles
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We found the Higgs, what now?
A detailed exploration of the 
mechanism of electroweak 
symmetry breaking through the 
properties of the Higgs boson, 
including:

○ Couplings to other SM particles, 
mass, and width

○ Rare decays 
○ HH cross section and trilinear 

self-coupling 
○ Connections to new physics 

through Higgs sector?
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Cross sections from the LHC Higgs Working Group

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG


Higgs couplings @ HL-LHC
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D
om

inated by: theory uncertainties, stats

CERN-2019-007 

● Higgs couplings move into 
precision regime

○ those not dominated by statistical 
uncertainty will be known at few-% 
level

○ most dominated by theory 
uncertainties

● More difficult to access at the 
HL-LHC:

○ Higgs coupling to charm
○ Higgs coupling to invisible
○ Higgs self-coupling 
○ Higgs coupling to BSM particles?

https://cds.cern.ch/record/2703572


Higgs pair production is rare at the LHC…

…1000x more rare than single Higgs production. HH searches are 
stats-limited.
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We’ve already seen a factor of ~1.7 
improvement due to improved 
reconstruction and analysis techniques in 
full Run 2 dataset (compared to simple 
projection based on √ℒ) 

SM expectation within reach for Run 3 
limits if we:

● Continue the same pace of analysis  
improvements, or 

● Combine ATLAS+CMS results

√ℒ

√ℒ



HH projections for the HL-LHC
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CERN Yellow Report: Higgs physics at the 
HL-LHC and HE-LHC

Uncertainty on the value of the 
self-coupling: 50%

Latest public projection: “We will need the full 
HL-LHC dataset (20x more data than we have 
now!) to measure the HH cross section”

○ The 2019 Yellow Report projects that 
we’ll get to ~4.0σ on the HH cross 
section with the HL-LHC dataset

(we believe now this is conservative, 
based on more recent HH results !)

○ Implies the need for a new, combined 
projection

https://arxiv.org/pdf/1902.00134.pdf
https://arxiv.org/pdf/1902.00134.pdf


How can we continue to improve?

16ATL-PHYS-PUB-2022-053

● We need to continue to 
improve:

○ Detectors themselves
○ Trigger menu and 

hardware
○ Event reconstruction
○ Software & computing
○ Physics analysis 

techniques 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/


Timeline (“next 50 years”)

172023 20732033 2043 2053 2063

SppC 
(75-125 TeV pp)

10-20 ab-1

HL-LHC 
(14 TeV pp)

3 ab-1

FCC-hh 
(80-100 
TeV pp)
30 ab-1

LHC 
(13-13.6 TeV pp)

450 fb-1

CepC 
(90/160/240 GeV e+e-)

100/6/20 ab-1

FCC-ee 
(90/160/250/

350-365 GeV e+e-)
150/10/5/1.7 ab-1

LEP (1989-2000)
(91-209 GeV e+e-)

2090s

Collider-In-The-Sea
(500 TeV pp)

Adapted from the Snowmass Energy Frontier Report

https://arxiv.org/abs/2211.11084


Circular colliders in the next 
50 years

“had so much fun let’s do it again”
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LEP→LHC 

● Six years at the Z mass (4.5 million Zs per experiment)
● Five years at WW
● Highest center-of-mass energy achieved: 209 GeV

○ Just missed the Higgs
● LHC continues to follow up on open questions

○ Found the Higgs at the LHC!
○ Excesses

19

1983 20331993 2003 2013 2023

HL-LHC 
(14 TeV pp)

LHC 
(13-13.6 TeV pp)

LEP
(91-209 e+e-)
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● Six year at the Z mass (4.5 million Zs per experiment)
● Five years at WW
● Highest center-of-mass energy achieved: 209 GeV

○ Just missed the Higgs
● LHC continues to follow up on open questions

○ Found the Higgs
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1983 20331993 2003 2013 2023

HL-LHC 
(14 TeV pp)

LHC 
(13-13.6 TeV pp)

LEP
(91-209 e+e-)



“had so much fun let’s do it again”

21212023 20732033 2043 2053 2063

SppC 
(75-125 TeV pp)

10-20 ab-1

FCC-hh 
(80-100 
TeV pp)
30 ab-1

CepC 
(90/160/240 GeV e+e-)

100/6/20 ab-1

FCC-ee 
(90/160/250/

350-365 GeV e+e-)
150/10/5/1.7 ab-1

2090s

CepC/SppC
FCC-ee/FCC-hh
~100 km

LHC/LEP
27 km

China:

CERN:



Can we have a e+e- Higgs factory?

Detector challenges:
● Jet energy resolution for W/Z separation
● Impact parameter resolution for b/c-tagging
● Momentum resolution “as good as possible” for EW precision
● Particle ID (for example, π0/𝝲 separation) for flavor physics
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Snowmass Accelerator Frontier Report

https://arxiv.org/abs/2209.14136


FCC-ee (4 IPs) 

23

Z 
(88-95 GeV)

150 ab-1

H 
(240 GeV)

5 ab-1

ttbar 
(345-365 GeV)

1.5 ab-1

W
(158-162

 GeV)
12 ab-1

● 4 yrs @ Z (LEP1 data accumulated every 2 minutes - 1013 Z)
○ Z mass, width, electroweak precision measurements, flavor

● 2 yrs @ WW (108 W)
○ W mass, W width, electroweak precision measurements

● 3 yrs @ H (106 e+e- → ZH)
○ Model-independent Higgs xs, Higgs couplings, Higgs self-coupling input

● 5 yrs @ ttbar (106 ttbar pairs)
○ Top mass, top width, WW→H, Higgs self-coupling input

● s-channel H? (5000 e+e- → H in 5? years)



W
(158-162

 GeV)
12 ab-1

● 7 yrs @ H (106 e+e- → ZH)

● 2 yrs @ Z (1012 Z)

● 1 yr @ WW (108 W)

CepC (2 IPs)

24

H 
(240 GeV)

20 ab-1

Z 
(91 GeV)
100 ab-1

WW
(160 GeV)

6 ab-1 



Next step: High-energy pp colliders

● FCC-hh (~100 TeV, 30*1034 cm-2s-1)
○ Reuse FCC-ee tunnel
○ Needs: 16-17T superconducting magnets → 20 years dev needed

■ Note: getting all the way to 100 TeV in the currently-planned 91km ring requires 
nearly 18T

○ 14T/80 TeV-- an easier plan (citation: AF summary, SLAC P5 town hall)
● SppC (75-125 TeV)

○ Reuse CepC tunnel
○ Needs: 12T (75 TeV), 20T (125 TeV) magnets
○ Proposed iron-based high temperature superconductor magnets for 

first stage
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https://indico.slac.stanford.edu/event/7992/timetable/?view=standard#4-accelerator-frontier-summary


100 TeV pp colliders: detector 
challenges

26

Detector 
occupancy

Muon 
resolution

Calorimeter energy 
resolution: gets 

better with energy

Momentum 
resolution for 

tracks with ~10x 
higher pT

4π coverage



100 TeV pp colliders: detector 
challenges

27

Detector 
occupancy

Muon 
resolution

Calorimeter energy 
resolution: gets 

better with energy

Momentum 
resolution for 

tracks with ~10x 
higher pT

pileup : 1000



100 TeV pp colliders: detector 
challenges
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Radiation
tolerant

Excellent pileup
discrimination



Physics at colliders in the next 
50 years
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proton-proton vs electron-positron 
collisions

30



Higgs @ e+e-

● Major goals of the Higgs 
Factory physics programs: 
○ model-independent 

measurement of the Higgs 
width

○ Higgs couplings to 
sub-percent precision

● Higgs pair production:
○ Only above ~500 GeV

31

240 GeV 365 GeV
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HL-LHC

Higgs couplings at future colliders
FCC-ee

CepC

kappa-0 =
not combined 
with HL-LHC

https://arxiv.org/pdf/1905.03764.pdf


What precision do we *need* on the 
Higgs self-coupling?

● Is 50% at the HL-LHC enough?

○ Depends which models you would 
like to study 

● Motivates future colliders

○ “The goal for future machines 
beyond the HL-LHC should be to 
probe the Higgs potential 
quantitatively. This requires at 
least gold quality precision for the 
self-coupling parameter. … 
achievable … at the highest energy 
lepton machines (ILC1000 or 
CLIC3000) and hadron machines 
(FCC-hh)”
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HH White Paper 2018 arXiv:1910.00012

● Bronze (100%): sensitive to models with 
the largest new physics effects

● Silver (25-50%): can exclude a physical 
hypothesis with realistic deviations in the 
Higgs self-coupling

● Gold (5-10%): sensitive to a broad class of 
loop diagram effects… could complement 
measurements on new particles that could 
be discovered at the HL-LHC.

● Platinum (1%): sensitive to typical quantum 
corrections to the Higgs self-coupling 
generated by loop diagrams.

https://arxiv.org/pdf/1910.00012.pdf


How to indirectly measure the self-coupling 
at a 240 GeV Higgs Factory?
● The FCC-ee self-coupling measurement depends 

mainly on measurements of the ZH and WW→H 
production cross sections and Higgs decays to 
boson pairs (ZZ and WW) 

○ For example, if κλ = 0, ZH cross section increases by 
~1.5% at 240 GeV

● The ZH cross section, which will be measured at an 
energy of ~240 GeV, is most sensitive to changes in 
the self-coupling, but reductions in uncertainties on 
other parameters, from a ~350 GeV energy run, are 
necessary for achieving the final precision 

34
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arXiv:1711.03978

https://arxiv.org/abs/1711.03978
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Only full FCC 
program 

achieves “gold” 
standard



Conclusions
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● Wrap up HL-LHC physics 
program

● Circular Higgs factories:
+ Rate of lumi accumulation

- Large footprint, power 
consumption

● Strengthen and expand 
education and training 
programs
○ Improve US participation

● Study environmental impact 
of future collider choices

Globaltron (3-5 PeV pp), 40,000 km



Backup
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                 ATLAS Detector Upgrade
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NEW all-silicon Inner Tracker, 
coverage up to |η|= 4.0

Upgraded Trigger and 
Data Acquisition system: 

● L0 rate: 1 MHz 
● Event Filter: 10 kHz

Upgraded electronics: 
Liquid Argon Calorimeter, 
Tile Calorimeter, 
Muon system

Improved muon 
coverage and trigger

NEW endcap 
high - 
granularity 
timing detector



        CMS Detector Upgrade
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Upgraded Trigger and 
Data Acquisition system: 

● Add tracks at L1    
(1 MHz)

● High Level Trigger 
output 7.5 kHz

NEW 
High-granularity 

calorimeter 
endcap

NEW Inner Tracker, coverage up 
to |η| = 4, reduced material

Electronics upgrade: 
barrel calorimeters 
and muon system

Extended muon 
coverage to |η| ~ 2.8

NEW MIP timing 
detector with 30 - 50 ps 
time resolution



ERL

●
●

41
Snowmass Accelerator Frontier Report

https://arxiv.org/abs/2209.14136
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Power?



Higgs couplings at future colliders
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https://arxiv.org/pdf/1905.03764.pdf

