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Energy Frontier:
Exploring the TeV Scale and beyond

Through the breadth and multitude of 
collider physics signatures









Energy Frontier:
Topical Groups, Liaisons, Task Forces, 

Contributed Papers, Reports

A tribute to all the people who contributed



Ten Topical Groups focused on Electroweak, QCD, BSM physics
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Topical Group Co-Conveners

EF01: EW Physics: Higgs Boson properties and couplings Sally Dawson 
(BNL)

Caterina Vernieri
(SLAC)

EF02: EW Physics: Higgs Boson as a portal to new physics Patrick Meade 
(Stony Brook) 

Isobel Ojalvo 
(Princeton)

EF03: EW Physics: Heavy flavor and top quark physics Reinhard Schwienhorst (MSU) Doreen Wackeroth (Buffalo) 

EF04: EW Physics: EW Precision Physics and constraining new physics Alberto Belloni (Maryland) Ayres Freitas (Pittsburgh) Junping Tian (Tokyo)

EF05: QCD and strong interactions: Precision QCD Michael Begel 
(BNL)

Stefan Hoeche (FNAL) Michael Schmitt 
(Northwestern)

EF06: QCD and strong interactions: Hadronic structure and forward 
QCD

Huey-Wen Lin 
(MSU) 

Pavel Nadolsky (SMU) Christophe Royon 
(Kansas) 

EF07: QCD and strong interactions: Heavy Ions Yen-Jie Lee 
(MIT)

Swagato Mukherjee 
(BNL)

EF08: BSM: Model specific explorations Jim Hirschauer 
(FNAL)

Elliot Lipeles 
(UPenn)

Nausheen Shah (Wayne 
State)

EF09: BSM: More general explorations Tulika Bose  
(U Wisconsin-Madison)

 Zhen Liu 
(Maryland)

Simone Griso 
(LBL)

EF10: BSM: Dark Matter at colliders Caterina Doglioni 
(Lund)

LianTao Wang (Chicago) Antonio Boveia      (Ohio 
State)

Energy Frontier Topical Groups 
Ten Topical Groups focused on Electroweak, QCD, BSM physics



Synergies among EF TGs and with Other Frontiers

Electroweak (EF01-02-03-04)

● BSM Higgs
● EW measurements as inputs to global fits of new physics

QCD and Strong Interactions (EF05-06-07)

● Accuracy of future MC event generators (with CompF)
● Forward Phys and Neutrinos (with NF)
● Hadron spectroscopy (with RF) 

● EW physics in HI
● Jet substructure
● BSM Searches in HI

● H/Z/top/mesons rare decays etc. (with EW groups)
● BSM interplay with EFT
● H/Z/top/mesons rare decays etc.
● Complementarity of DM searches with fixed target, direct detection (with CF & RF)
● Projections for FASER/CODEX-b/Mathusla, etc. (with RF)

BSM (EF08-09-10)

Rare Processes 
and Precision 

Meas. Frontier

Cosmic Frontier

Computational 
Frontier

Neutrino 
Frontier

Instrum. 
Frontier

Accel. 
Frontier

Theory 
Frontier



Liaisons, task forces, cross-frontier fora, contributed papers
Muon Collider Forum Coordinators

EF: Kevin Black (U. Wisconsin-Madison), Sergo Jindariani (Fermilab)
AF: Derun Li (LBNL), Diktys Stratakis (Fermilab)
TF: Patrick Meade (Stony Brook U.), Fabio Maltoni (Louvain U., Bologna)

e+e- Collider Forum Coordinators
EF: Maria Chamizo Llatas (BNL), Sridhara Dasu (Wisconsin)
AF: Emilio Nanni (SLAC), John Power (ANL)
IF: Ulrich Heintz (Brown), Steve Wagner (Colorado)

Monte Carlo task force and production team

Coordinated by John Stupak (U. Oklahoma)
1) Assess the MC needs ⇒ “Task force” 
2) Produce MC samples ⇒ “Production Team” 

Snowmass Book: Energy Frontier (All reports and >160 contributed papers)
Snowmass EF wiki page (Full summary of activities during Snowmass 21-22)
Snowmass EF Indico page (Links to all Snowmass EF meetings)

https://www.slac.stanford.edu/econf/C210711/Energy.html
https://snowmass21.org/energy/start
https://indico.fnal.gov/category/1100/


The LHC and its legacy



Ten years of LHC physics and looking ahead

We are only here

Many years of HL running ahead of us

➔ 2-fold increase in statistics by the end of Run 3
➔ 20-fold increase in statistics by the end of HL-LHC!

Ø Run 1: Higgs discovery
Ø Run 2: Higgs couplings

Ø outperformed expectations
Ø Run 3 to HL-LHC

Ø Higgs precision program

Higgs physics has been at the core 
of the LHC physics program

Snowmass 2013/Previous P5

Snowmass 2021/Current P5



(HL)LHC : Zooming in on couplings to probe the TeV scale

k=gX/gX
SM = 1+Dk

Dk ~ O(v2/L2)

Higher accuracy probes 
higher scales

For new physics at 1 TeV
expect deviations of O(6%)

Ø Couplings to W/Z at 5-10 %
Ø Couplings to 3rd generation to 10-20%
Ø First measurements of 2nd generation 

couplings

Ø HL-LHC projections from partial Run 2 data:
Ø 2-5 % on most couplings 
Ø < 50% on Higgs self-coupling.

Ø LHC Run 2



HL-LHC: the physics case is overall very strong

First bounds on 
Higgs self-coupling

Extended reach 
of BSM searches

Broad program of auxiliary 
projects

See G. Brooijmans’s
and A. Canepa’s talks

See H. Lubatti’s J. Feng’s, 
and S. Gori’s taks



Beyond the HL-LHC



Higgs physics to answer key questions
Thermal 

History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

The discovery of the Higgs boson has sharpened 
the big open questions and given  us a unique 

handle on BSM physics.

What is the origin of the EW scale?

Ø Why the MH≪Mplanck hierarchy problem? 
Ø What are the implications for Naturalness?

Ø No fine-tuning: Is the scale of new physics close by? crucial to explore 1-10 TeV region!
Ø Higgs: Elementary vs composit? One Higgs? More?
Ø Why the shape of the Higgs potential Higgs self coupling(s)
Ø Can Higgs properties give us insights on flavor and vice versa?

Ø SM Higgs pattern very constraining: more scalars  induce scalar FCNC
Ø Fermion mass hierarchy: Yukawa interactions: new force all together ?? 

The origin of the SM Higgs pattern escapes the SM itself



➢ Study known phenomena at high energies looking for indirect evidence of BSM physics
○ Need factories of Higgs bosons (and other SM particles) to probe the TeV scale via precision 

measurements

➢ Search for direct evidence of BSM physics at the energy frontier
○ Need multi-TeV colliders

Addressing the “Big Questions” and 
“Exploring the unknown” 

should then be pursued following 

Two main avenues



Beyond the HL-LHC: Precision and Energy

New physics at tree level:
δηSM~ g2

BSM E2/M2

New physics at loop level:
δηSM~ 1/16π2 × g2

BSM E2/M2

Higgs coupling measurements and direct searches 
will complement each other in exploring  the 

1-10 TeV scale and beyond.

New physics can be at low as at high mass scales, 
Naturalness would prefer scales close to the EW scale, but 
the LHC has already placed strong bounds around 1-2 TeV.

In a simplified picture:



Higgs-boson factories 
(up to 1 TeV c.o.m. energy)

Multi-TeV colliders 
(> 1 TeV c.o.m. energy)

18

Timelines are taken from the Collider ITF 
report (arXiv: 2208.06030)

Snowmass 21: 
EF Benchmark Scenarios

https://arxiv.org/abs/2208.06030


Higgs Factories



Beyond the HL-LHC: projections for Higgs couplings

From C. Vernieri – Snowmass 21 EF Workshop - Brown U. - March 2022



Higgs factories: precision 
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Initial stages of future 
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A clear improvement 
over HL-LHC reach

Plus the possibility of 
polarized beams (linear e+e-)

From Snowmass 2021 EF
Higgs Topical Group Report
arXiv:2209.07510
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Higgs factories: precision and energy

Energy matters:
top-Yukawa, HH, extended 
Higgs sectors need >500 GeV
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https://arxiv.org/abs/2107.02686


Stress testing the SM  and 
exploring anomalous couplings 

From Snowmass 2021 EF HF and EW TG’s Reports
arXiv:2209.11267, arXiv:2209.08078

Higgs factories beyond Higgs
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Multi-Tev Colliders



Beyond the HL-LHC: projections for Higgs couplings

From C. Vernieri – Snowmass 21 EF Workshop - Brown U. - March 2022



arXiv:2203.07256

Multi-TeV colliders: 
measuring the Higgs self-coupling 
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https://arxiv.org/abs/2203.07256
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Heavy Boson (Z’) models

27

Multi-TeV colliders: the ultimate exploration

WIMP 
Dark Matter
reach

Greatly extend the reach of 
BSM scenarios

Higgs 
composite
models

More in P. Meade’s, S. Eno’s,  
And S. Jindariani’s talks



EF vision



From the Snowmass 2021 Executive Summary of EF report:

The EF supports continued strong US participation in the success of the LHC, and the HL-LHC
construction, operations, computing and software, and most importantly in the physics 
research programs, including auxiliary experiments. 

The EF supports a fast start for construction of an e+e− Higgs factory (linear or circular), and a 
significant R&D program for multi-TeV colliders (hadron and muon). The realization of a Higgs 
factory will require an immediate, vigorous, and targeted detector R&D program, while the 
study towards multi-TeV colliders will need significant and long-term investments in a broad 
spectrum of R&D programs for accelerators and detectors. 

The US EF community has also expressed renewed interest and ambition to bring back 
energy-frontier collider physics to the US soil while maintaining its international collaborative 
partnerships and obligations. 

[EF report: arXiv: 2211.11084]

https://arxiv.org/abs/2211.11084


EF Resources and Timelines
➢ Five year period starting in 2025

○ Prioritize HL-LHC physics program, including auxiliary experiments
○ Establish a targeted e+e- Higgs Factory detector R&D for US participation in a global collider
○ Develop an initial design for a first stage TeV-scale Muon Coll. in the US (pre-CDR)
○ Support critical detector R&D towards EF multi-TeV colliders

➢ Five year period starting in 2030
○ Continue strong support for HL-LHC program
○ Support and advance construction of an e+e- Higgs Factory
○ Demonstrate principal risk mitigation and deliver CDR for a first-stage TeV-scale Muon Coll.

➢ After 2035
○ Support continuing HL-LHC physics program to the conclusion of archival measurements
○ Begin and support the physics program of the Higgs Factories
○ Demonstrate readiness to construct and deliver TDR for a first-stage TeV-scale Muon Coll.
○ Ramp up funding support for detector R&D for EF multi-TeV colliders

30



Proposals emerging  from Snowmass 2021 for a US based collider

CCC

  Muon Collider

2020 207020402030 2050 2060

Proton collider
Electron  collider
Muon  collider

2080 2090
UB

Preparation / R&D

 U
SA

CCC: 250 GeV 
2 ab-1

550 GeV
4 ab-18 km tunnel 

2 TeV
≈ 4 ab-15 years

muC:Stage1
3 TeV 

OR 4km+6km km ring 

Stage2
10 TeV; 
≈ 10 ab-1

13 years

RF upgrade

10km & 16.5 km tunnels

4km & reuse Tevatron ring
Note: Possibility of 
125 GeV or 1 TeV at Stage 1

2045 start physics

2040 start physics

Construction/Transformation

Original timeline from ESG 
Updated during Snowmass 2021 

(see EF Report)

Renewed interest in lepton colliders:
need supporting R&D in near future



The Energy Frontier vision in a nutshell

32

It is essential to 

● Complete the HL-LHC program, 
● Start now a targeted program for detector R&D for Higgs Factories
● Support a fast start of the construction of a Higgs factory
● Ensure the long-term viability of the field by developing a multi-TeV energy frontier facility

such as a muon collider or a hadron collider.

Support to AF, CEF, CompF, IF, and TF is crucial to the realization of the EF vision



Additional material



EF Vision - Expanded



The immediate future is the HL-LHC 
● During the next decade it is essential to complete the highest priority recommendation 

of the last P5 and to fully realize the scientific potential of the HL-LHC collecting at least 
3 ab-1 of data.

● Continued strong US participation is critical to the success of the HL-LHC physics program, 
in particular for the Phase-2 detector upgrades, the HL-LHC data taking operations and 
physics analyses based on HL-LHC data sets, including the construction of auxiliary 
experiments that extend the reach of HL-LHC in kinematic regions uncovered by the 
detector upgrades

● For the next decade and beyond

○ 2025-2030: Prioritize HL-LHC physics program, including auxiliary experiments

○ 2030-2035: Continue strong support for HL-LHC physics program

○ After 2035: Support continuing the HL-LHC physics program to the conclusion of 
archival measurements

35



The intermediate future is an e+e- Higgs factory
The intermediate future is an e+e- Higgs factory, either based on a linear (ILC, C3, CLIC) or circular 
collider (FCC-ee, CepC).

● The various proposed facilities have a strong core of common physics goals: it is important to 
realize at least one somewhere in the world.

● A fast start towards construction is important. There is strong US support for initiatives that 
could be realized on a time scale relevant for early career physicists.

● For the next decade and beyond

○ 2025-2030: Establish a targeted e+e- Higgs Factory detector R&D for US participation in a 
global collider

○ 2030-2035: Support and advance construction of an e+e- Higgs Factory

○ After 2035: Begin and support the physics program of an e+e- Higgs Factory

36



The long-term future is a multi-TeV collider

● A 10-TeV muon collider (MuC) and 100-TeV proton-proton collider (FCC-hh, SppC) directly probe the 
order 10 TeV energy scale with different strengths that are unparalleled in terms of mass reach, 
precision, and sensitivity.

● The main limitation is technology readiness. A vigorous R&D program into accelerator and detector 
technologies will be crucial.

● For the next decade and beyond
○ 2025-2030: 

■ Develop an initial design for a first stage TeV-scale Muon Collider in the US (pre-CDR)
■ Support critical detector R&D towards EF multi-TeV colliders

○ 2030-2035: Demonstrate principal risk mitigation and deliver CDR for a first-stage TeV-scale 
Muon Collider

○ After 2035: 
■ Demonstrate readiness to construct and deliver TDR for a first-stage TeV-scale Muon 

Collider
■ Ramp up funding support for detector R&D for EF multi-TeV colliders

37



EF Colliders: Opportunities for the US
● Our vision for EF can only be realized as a worldwide program and we need to envision that future colliders will 

have to be sited all over the world to support and empower an international vibrant, inclusive, and diverse scientific 
community.

● The US community has to continue to work with the international community on detector designs and develop 
extensive R&D programs. To realize this, the funding agencies (DOE and NSF) should fund a R&D program focused on 
participation of the US community in future collider efforts as partners (as currently US is severely lagging behind).

● The US EF community has expressed renewed interest and ambition to bring back energy-frontier collider physics 
to the US soil while maintaining its international collaborative partnerships and obligations, for example with CERN.

● The international community also realizes that a vibrant and concurrent program in the US in energy frontier collider 
physics is beneficial for the whole field, as it was when Tevatron was operated simultaneously as LEP.

● Planning to proceed in multiple parallel prongs may allow us to better adapt to international contingencies and 
eventually build the next collider sooner. 

● Attractive opportunities to be considered are:
○ A US-sited linear e+e- collider (ILC/C3)
○ Hosting a 10-TeV range Muon Collider
○ Exploring other e+e- collider options to fully utilize the Fermilab site

● Bold “new” projects offer the next generation some challenges to rise to and inspire more young people from the 
US to join HEP and in the long term help with strengthening the vibrancy of the field.
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Physics Highlights from EF reports 



Initial stages of future 
e+e- machines

Final reach of all 
considered 
future colliders

Reach of future colliders for Higgs couplings: a closer look

From Snowmass 2021 EF
Higgs Topical Group Report
arXiv:2209.07510

Based on full Run 2 dataset analyses



Beyond SM-coupling rescaling

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

Searching for new interactions with an EFT 
A simple approach

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision
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(6)

... generic BSM scenarios ...

Extension of the SM Lagrangian by d > 4 e↵ective field theory (EFT) operators:

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
⇤2

L6 + · · ·

where

Ld =
X

i

C(d)

i
O

(d)

i
,

h
O

(d)

i

i
= d ,

under the assumption that new physics lives at a scale ⇤ >
p
s.

Expansion in (v, E)/⇤: a↵ects all SM

observables at both low and high-energy.

• SM masses, couplings ! rescaling

• shape of distributions ! more visible

in high-energy tails

Systematic, yet complex approach.

+

Studying correlations among operators

can point to specific BSM patterns.

[Figures from F. Maltoni]
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Model new physics by extending the SM Lagrangian by effective interactions (ex. SM EFT)

Under the assumption that new 
physics lives at scales Λ > 𝑠

Expansion in ⁄(𝒗, 𝑬) 𝜦:  affects all SM observables at both 
low and high energy

Ø SM masses and couplings → rescaling
Ø Shapes of distributions → more visible in tails of distributions



Theory has come a long way
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Constraining BSM via global EFT fits

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

Global fits: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there 
is considerable information that can be used to set limits:


•Fitmaker [Ellis et al. 2012.02779]

•SMEFiT  [Either et al. 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [Brivio et al., 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at 
LHC, WW at LEP and EWPO.
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EFT connects different processes with large correlations: pattern of 
coefficients give insights on underlying BSM model

EW + Higgs 
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imposed U(2) in 1&2 gen quarks

arXiv:2206.08326

https://arxiv.org/abs/2206.08326


Stress testing the SM  and 
exploring anomalous couplings 
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Interplay with top-quark 
precision measurements



Disentangling models from EFT patterns

bb cc gg WW ττ ZZ γγ µµ
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: Composite example-1 + 500 GeV, 4 ab-1ILC 250 GeV, 2 ab

ILC precisions from full EFT fit

model predictions

additional scalar singlet
(mS=2.8 TeV, max mixing)

2HDM-II
(MH=600 GeV, tanb=7)

Composite Higgs
(f=1.2 TeV)

The “inverse Higgs” problem

Snowmass 2021: ILC white paper (arXiv: 2203.07622)

Examples to illustrate the different patterns of Higgs coupling deviations from different BSM models



Future of Perturbative QCD calculations

Les Houches wish-list

46

● αs uncertainty is a limiting factor in many measurements, e.g. Higgs 
couplings, at the HL-LHC

● FCC-ee: 3×1012 Z→qq at the Z pole, and √s calibration 10’s keV provides 
unparalleled αs precision → searches for small deviations from SM 
predictions that could signal BSM

● Jet substructure techniques:
○ Identification of q/g-initiated jets in l+l− → H[→ gg]Z[→ ll]
○ Identification of weak-strahlung emission, and g→tt in jets
○ Track functions in jet substructure



Future of PDF determination

arXiv:2204.07944

https://arxiv.org/abs/2204.07944


Forward Physics

● Diffraction:
○ Interesting to understand QCD dynamics, probing Odderon and Pomeron models, exploration of EW and BSM physics
○ Requires the combination of experimental measurements, e.g. EIC and FPF, and theoretical work 
○ The FPF also allows exploration of BFKL evolution and gluon saturation

Forward Physics 
Facility (FPF)
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● FPF will detect far-forward neutrinos from charm meson decays by DIS on 
a tungsten target

○ Improved predictions for key astroparticle physics processes, such 
as ultra-high energy neutrino-nucleus and cosmic ray interaction 
cross-sections

● Neutrino–induced CC DIS structure functions provide access to different 
quark flavor combinations compared to charged-lepton DIS

○ FPF will complement  EIC
● PDF information, e.g. high-x intrinsic charm



Extended Higgs sectors: 
2HDM, extra singlets, …

Higgs and flavor:
probing anomalous 
Hss coupling

arXiv:2203.07261
arXiv:2203:08206

arXiv:2203:07535

BSM explorations: extended Higgs sectors

https://arxiv.org/abs/2203.07261
https://arxiv.org/abs/2203.08206
https://arxiv.org/abs/2203.07535


Examples of BSM model specific  explorations

SUSY models Composite Higgs models

From Snowmass 21 EF BSM Topical Group Report



Examples of BSM general explorations

Heavy Bosons
Identified simplified models:

● Dilepton

● Dijets

● Diboson
(VV, Vh, etc)

● Decays including
Heavy Neutrinos

Layout the basic reach of future collider programs 
comprehensively in these simplified modes.

Resonance search and EFT searches are both needed.

Identify important benchmarks, explore new collider options, focus on the physics messages

arXiv:1910.11775
arXiv:2203.07256

https://arxiv.org/abs/1910.11775
https://arxiv.org/abs/2203.07256


Complementing observation in 
astrophysics experiments 

Probing interaction of DM with 
SM particles
Discriminating between different 
models

Example of WIMP DM reach
arXiv:2210.01770

Dark matter at colliders

https://arxiv.org/abs/1910.11775

