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2019 CERN Yellow Report Snowmass White Paper 2022

• Snowmass White Paper 
Contribution released in 
March


• Builds on the 2018 effort 
for the European strategy 


• Projections extrapolate from 
Run 3 Results


• Assume that Phase 2 
detectors perform as well 
as the current ones but in 
harsher PU conditions  

Overview

https://cds.cern.ch/record/2800190?ln=en
https://cds.cern.ch/record/2806962/files/FTR-22-001-pas.pdf
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• Snowmass White Paper 
Contribution released in 
March


• Builds on the 2018 effort 
for the European strategy 


• Projections extrapolate from 
Run 3 Results


• Assume that Phase 2 
detectors perform as well 
as the current ones but in 
harsher PU conditions  

Overview

Snowmass Projections #New Results

Higgs Physics 14

Electroweak 2

QCD and Strong 1

Heavy Ions 1

BSM 5

Snowmass White Paper 2022

Large number of results - choosing a few recent for 
this summary

https://cds.cern.ch/record/2806962/files/FTR-22-001-pas.pdf
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In January 2022, the schedule was updated with long shutdown 3 (LS3) to start in 
2026 and to last for 3 years


HL-LHC Updated Schedule
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Upgraded Detectors at ATLAS
Improved Muon Coverage and Trigger 
new RPCs in innermost layer 
new MDT readout 
new small wheels (already for Run 3)

Updates to calorimeter and trigger 
new, higher granularity trigger 
new Tile Cal readout

New Inner Tracker 
all silicon tracker 
5 layers of pixels 
4 layers of strips 
coverage to |η| < 4

Upgrade to trigger and DAQ 
L1 rate increased to 1 MHz 
High Level Trigger rate to 10 kHz

New Endcap High-Granularity Timing Detector 
30 ps/track in 2.4 < |η| < 4 
resolution of time dimension of beam spot
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Upgraded Detectors at CMS

New precision timing detector 
Timing resolution of 30-40 ps for MIPs 
Full coverage of |η|<3.0 



Physics at the HL-LHC
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Establish Decay and Production Mechanisms 
Measure mass, width, spin
Precision Measurements:  
               Differential, STXS, Global Fits
Search for Higgs Self-Coupling
Search for BSM Higgses 

Higgs at the HL-LHC
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YR result

New for Snowmass

Run-2 result



Higgs Production and Couplings 
Brief Review
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• Study performed for the ESG


• YR 18 uncertainties (S2 
scenario)


• H→μμ and H→Zγ 
measurements still limited by 
size of the collected dataset 


• Other couplings currently 
dominated by theoretical 
uncertainties


• Often experiments 
outperform expected 
projections for experimental 
uncertainties



Higgs Couplings
New Projections
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• H→µµ


• YR projections performed from partial Run2 dataset 
analyses Full Run2 measurements have improved 
beyond expectations 


• i.e. H→ττ or H→bb improved as ~sqrt(L) despite 
being dominated by systematic uncertainties 


• H→cc


• Projection based on recent updates from ATLAS 
and CMS using Run2 dataset 


• CMS’ projection makes use of the powerful 
boosted analysis strategy 


• Merged-jet category for events with pTH > 300 GeV 


• Direct measurement of the Higgs coupling to the 
charm is within reach at the HL-LHC! 



Higgs Couplings
New Projections
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Differential Measurements
Higgs kinematics and Higgs associated production

• Measurement limited by systematic uncertainties (except at very high pTH) 
Snowmass Update:  
ATLAS in H → ττ and VH → bb within the STXS framework 
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link link

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/
https://cds.cern.ch/record/2788490/files/ATL-PHYS-PUB-2021-039.pdf


Differential Measurements
Higgs kinematics and Higgs associated production
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Run-2 Results as an Example



Higgs BSM
Selected 2HDM Results
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YR18 New for Snowmass



BSM at the HL-LHC



BSM
Selected Results

• Searches for Scalar 
leptoquarks at ATLAS and 
CMS


• Hadronic electroweak 
supersymmetry search with 
CMS at the HL-LHC 


• Mass-degenerate higgsino-
like and wino-like production
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Dark Matter Searches at HL-LHC
Collider Complementarity

• ATLAS search for spin-independent 
DM-nucleon cross-section as a 
function of DM mass (left)


• Top quarks in the final state 


• Color-neutral simplified model 
with scalar mediator 


• CMS Search for dark photons 
decaying to displaced muons (right)


• Dedicated displaced muon 
reconstruction algorithm 

19



SM at the HL-LHC



SM Measurements
Current Status
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• Why continue studying the SM?


• Improves our theoretical 
calculations, MC modelling, and 
understanding of CP 
calibrations and uncertainties 


• Important for constraining PDFs 
and understanding EWSB


• Can uncover unexpected 
deviations from the SM


• HL-LHC will provide the 
opportunity for more precision

link

link

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


SM Measurements 
Updated Results
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• Top Mass and four-top measurements improve as experimentalists improve techniques


• PDF measurements (needed for many future measurements!)
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Collider Physics is an 
opportunity to study a huge 
number of phenomena!!


• Origin of EW Scale 


• Evolution of the Early Universe  


• New constituents of matter 


• Origin of Flavor 


• Additional Symmetries of 
Spacetime 


• Nature of Dark Matter 


• Origin of Neutrino Mass 



What don’t we know about the Higgs?
Lots of room for improvement in all Higgs couplings, but two gaping holes:
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Physics at Colliders
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Heavy Particle Searches at ATLAS SM Measurements at CMS

Colliders provide a RICH scientific environment



Physics at Colliders
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Heavy Particle Searches at ATLAS SM Measurements at CMS

Colliders provide a RICH scientific environment

>

CMS Experiment (as an example)

US CMS  
>1000 participants 
~50% PhD Students

link

link spires link

CMS submitted its 1000th  
paper in June 2020

https://www.fnal.gov/gridfest/pdfs/uscms_factsheet.pdf
https://cms.cern/collaboration/people-statistics
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=accelerator_experiments.record.$ref:1108642&collaboration=CMS


Which Machines?

28

Hadrons Leptons

Linear

Discovery Machines

S/B ~10-10 w/o trigger

S/B ~0.1 with trigger

Divide CoM by partons

Stable particles


=> Quarks and Gluons

Higher luminosities

Several interaction points

Limited by Synchroton 
radiation

Easier to polarize beams

One IP

Large Beamstrahlung


Precision and Discovery

Large S/B

Polarized beams

EW couplings


Circular

US Options discussed during Snowmass



e+e- Colliders
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ZH is the dominant production mode 
above 250 GeV 
The well defined initial states allows to 
tag the Higgs boson without looking 
into its decay with “recoil” technique  
•Measurement of the inclusive ZH 
cross section at 0.5-1%  
•Recoil technique observes all final 
state, including all invisible and 
exotic decay modes  

Clean environment for excellent b- and 
c-tagging (and beyond?) performance:  
bb/cc/gg separation



E. Nanni

C3 - Cool Copper Collider
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Based on a new SLAC technology
 
• Two Key Technical Advances:  

Distributed Coupling and Cryo-
Copper RF 

• Operation at cryogenic temperatures 
(LN2 ~80K) 

• Robust operations at high gradient: 
120~MeV/m 

• Scalable to multi-TeV operation

• Operate at 250 and 550 GeV with 
possible commissioning at the Z pole

Possible US facility 

https://indico.cern.ch/event/1030068/contributions/4513151/attachments/2329265/3968821/higgs-c3-Higgs2021v4_post.pdf


What do we expect at future e+e- facilities?

31



Muon Colliders
First proposed more than 50 years ago, renewed interest in Muon Collider facilities in recent years 
Due to recent advances in technology!
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µ+ µ-

• Muons not suffer from energy loss due to Bremsstrahlung that makes e+e- 
circular machines difficult!      But they do have a very short lifetime. 

link Kirk McDonald

https://puhep1.princeton.edu/mumu/physics/


Muon Colliders: Production
Muon Colliders are actually EWK colliders with a mix of initial states
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2103.14043
2005.10289

and more33

arXiv:1607.03210

https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2005.10289.pdf
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Muon Colliders: Physics Reach



Muon Colliders 
An international effort
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2103.14043
2005.10289

35

6-10 TeV could fit on FNAL site 15 TeV could fit in the LHC Tunnel 
- Funded IMCC effort at CERN

arXiv:1901:06150

Possible US facility 

https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2005.10289.pdf


Discovery Machines:  
100 TeV FCC hh and 30 TeV Muon Collider
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• The R&D efforts made today will be the 
groundwork towards discovering new 
physics tomorrow!!



Snowmass Process
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Snowmass Process: *

APS Division of Particles and Fields

Particle Physics Community Planning Exercise

Snowmass 2013

P5 (Particle Physics Project Prioritization Panel) 


Takes the scientific input and develop a Strategic  
plan for the US - executed over 10 year timescale in  
the context of a “20-year vision for the field” 

Final Products: 
Snowmass report

Higgs/Higgs BSM working groups


- Outline the Big Questions 
- Create Summary plots 

Timeline: 
(More on next slide)

Higgs, Higgs BSM working group meetings  
Wednesday 12-2pm Indico


Pause due to Covid Pandemic

January 2021 - September 2021


Snowmass Summer Study - July 2022 UW Seattle

Snowmass

Community 
Engagement

Neutrino

Rare 
Processes 
+ Precision

Energy

Theory

Accelerator

Under- 
ground 

Facilities

Cosmic

Computa- 
tional

Instrumen- 
tation

Frontiers

https://snowmass21.org/start
https://www.slac.stanford.edu/econf/C1307292/
https://indico.fnal.gov/category/1100/
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• The next 5-40 years will be an exciting 
time in Collider Physics!


• Snowmass process is marching on


    - Finalize studies and make 
worthwhile comparisons 
    - Advocate to our scientific 
colleagues 
    - Advocate to the public, our 
funding agencies and governments


• Our goal should be to create a 
comprehensive international program 
that welcomes all with know-how and 
interest


• Come join the effort!!

Summary
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Thank You!



Snowmass Timeline
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Covid-19 has slowed this process down… 



Snowmass Timeline
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Covid-19 has slowed this process down… 
but now we record nearly everything!



Snowmass Parameters
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Common working points to evaluate collider scenarios discussed with Theory, 
Energy and Accelerator Frontiers

Other options to explore:
o Muon collider at a very high energy ( >30 TeV?)[Need to 

consolidate growing list of c.o.m. energies]
o FCC pp >200 TeV? and ~75 TeV documenting sensitivity loss
o Very high energy e+e- collider
o Other emerging ideas:, e.g.  γ-γ collider, and the C3 e+e- collider 

[C3=Cool Copper Collider]



Looking Forward
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