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THE FORWARD PHYSICS FACILITY
• The FPF is a proposal to create an underground cavern to house a 

suite of far-forward experiments during the HL-LHC era.  No 

modification to the LHC is needed.

• The FPF is uniquely positioned to fully realize the LHC’s physics 

potential for both SM and BSM physics in the far forward region, 

greatly extending the LHC physics program for relatively little cost.  
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A large body of work 
➡ Numerous topical group meetings 
➡ May 21, 2020 - EF kickoff workshop 
➡ July 7-8, 2020 - Preparatory Joint TG Sessions 
➡ July 20-22, 2020 - Open Questions and New Ideas 
➡ Aug 30-Sep 3, 2021 - EF restart workshop 
➡ Mar 1-Apr 2 - EF workshop 
➡ 139 white papers
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quark, and QCD, and exploration of the TeV scale and beyond

Explore the TeV scale and beyond
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EF big questions

What is the origin of the EW scale?

What is the nature of QCD?

How do we best build the BSM program? 
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EF big questions

What is the origin of the EW scale?

What is the nature of QCD?

How do we best build the BSM program? 

How should the US be involved in near                                             
and far future energy-frontier machines after the HL-LHC?  

➡ What could be the energy-frontier machines that follow the HL-LHC?  
➡ How can the US continue to play a leadership role in energy-frontier experiments?  
➡ How can the Snowmass process help develop a plan for the energy-frontier research and 

convince the community about our priorities?  
➡ Should we start entertaining the idea of a future collider in the US again? 

✦ If so, what are our goals, the benefits for the US and the international community, and how can we get 
there? 
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THE FORWARD PHYSICS FACILITY
• The FPF is a proposal to create an underground cavern to house a 

suite of far-forward experiments during the HL-LHC era.  No 

modification to the LHC is needed.

• The FPF is uniquely positioned to fully realize the LHC’s physics 

potential for both SM and BSM physics in the far forward region, 

greatly extending the LHC physics program for relatively little cost.  
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Title Authors arXiv
The Forward Physics Facility: Sites, Experiments, and Physics Potential L. A. Anchordoqui, A. Ariga, T. Ariga, et al 2109.10905
The Forward Physics Facility at the High-Luminosity LHC J. L. Feng, F. Kling, M. Hall Reno, et al 2203.05090
The Future Circular Collider: a Summary for the US 2021 Snowmass Process G. Bernardi, E. Brost, D. Denisov, et al 2203.06520
Software and Computing for Small HEP Experiments D. Casper, M. Elena Monzani, B. Nachman, et al 2203.07645
Detector and Beamline Simulation for Next-Generation High Energy Physics Experiments S. Banerjee, D. N. Brown, D. N. Brown, et al 2203.07614
The International Linear Collider A. Aryshev, T. Behnke, M. Berggren, et al 2203.07622
Physics with the Phase-2 ATLAS and CMS Detectors The ATLAS and CMS Collaborations. link
In Search of Excellence and Equity in Physics E. Barzi, S. James Gates Jr., R. Springer. 2203.10393
An Impartial Perspective for Superconducting Nb3Sn coated Copper RF Cavities for Future Accelerators E. Barzi, B. C. Barish, R. A. Rimmer, et al 2203.09718
Japan’s Strategy for Future Projects in High Energy Physics M. Endo, K. Hamaguchi, M. Ibe, et al 2203.13979
High Energy & High Luminosity γγ Colliders E. Barzi, B. Barish, W. A. Barletta, et al 2203.08353
C3: A 'Cool' Route to the Higgs Boson and Beyond M. Bai, T. Barklow, R. Bartoldus, et al 2110.15800
The physics case of a 3 TeV muon collider stage J. De Blas, D. Buttazzo, R. Capdevilla, et al 2203.07261
Muon Collider Physics Summary C. Aimè, A. Apyan, M. Attia Mahmoud, et al 2203.07256
Enabling U.S. participation in Future Higgs Factories K. Black, K. Bloom, J.E. Brau, et al 2203.06255
Strategies for Beam-Induced Background Reduction at Muon Colliders D. Ally, L. Carpenter, T. Holmes, et al 2203.06773
Strategies for conformal REBCO windings J. Rogers, P. McIntyre, T. Elliott, et al 2203.06800
Promising Technologies and R&D Directions for the Future Muon Collider Detectors S. Jindariani, F. Meloni, N. Pastrone, et al 2203.07224
Future Collider Options for the US P. C. Bhat, S. Jindariani, G. Ambrosio, et al 2203.08088
A Muon Collider Facility for Physics Discovery D. Stratakis, N. Mokhov, M. Palmer, et al 2203.08033
Simulated Detector Performance at the Muon Collider N. Bartosik, K. Krizka, S. Pagan Griso, et al 2203.07964
Hybrid conformal REBCO dipole for a next hadron collider P. M McIntyre. 2203.08132
The Physics Case for a Neutrino Factory A. Bogacz, V. Brdar, A. Bross, et al 2203.08094
Higgs-Energy LEptoN (HELEN) Collider based on advanced superconducting radio frequency technology S. Belomestnykh, P.C. Bhat, A. Grassellino, et al 2203.08211
The CLIC project O. Brunner, P. N. Burrows, S. Calatroni, et al 2203.09186
Event Generators for High-Energy Physics Experiments J. M. Campbell, M. Diefenthaler, T. J. Hobbs, et al 2203.11110
Circular Electron Positron Collider (CEPC) C. Accelerator Study Group. 2203.09451
Particle Flow Calorimetry R. Ruchti, K. Kruger. 2203.15138
Physics at Future Colliders: the Interplay Between Energy and Luminosity Z. Liu, L. Wang 2205.00031

30 papers submitted to "General" EF (below), and 109 to the various Topical Groups (slides ahead)
Green: also submitted to RPF

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
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Facilities are main connection to RPF
The Higgs and possible direct detection of 
BSM physics will drive decision on next 
high-energy facility 

➡ Probably a good place for RPF measurements too!

7

Snowmass 2021 Higgs Factory Study Scenarios

Collider Type
p
s P [%] Lint

e�/e+ ab�1

HL-LHC pp 14 TeV 6

ILC and C
3

ee 250 GeV ±80/± 30 2

c.o.m almost 350 GeV ±80/± 30 0.2

similar 500 GeV ±80/± 30 4

1 TeV ±80/± 20 8

CLIC ee 380 GeV ±80/0 1

1.5 TeV ±80/0 2.5

3.0 TeV ±80/0 5

CEPC ee MZ 16

2MW 2.6

240 GeV 5.6

FCC-ee ee MZ 150

2MW 10

240 GeV 5

2 Mtop 1.5

muon-collider (higgs) µµ 125 GeV 0.02

2

Snowmass 2021 EF Discovery Collider Scenarios

Collider Type
p
s Lint

ab�1

HE-LHC pp 27 TeV 15

FCC-hh pp 100 TeV 30

LHeC ep 1.3 TeV 1

FCC-eh ep 3.5 TeV 2

High energy muon-collider µµ 3 TeV 1

10 TeV 10

30 TeV 10

3

Effort to homogenize 
results according to 
these benchmark 

scenarios
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EF01+EF02: Higgs boson

EF03: HF production & Top quark
EF04: Electroweak & Global fits

EF05+EF06+EF07: QCD & Heavy ions

EF08+EF09+EF10: BSM
First drafts being reviewed 

internally, public drafts on May 31
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Measuring the EW scale

EW precision measurements complement direct searches for NP 
➡ Tool similar to flavor, very powerful beyond energy reach 

Higgs boson most exciting discovery/confirmation in this century 
➡ Traditionally, discovery of particles followed by collider to study particles 

✦ Eg, LEP following the discovery of W and Z at UA1/UA2 

➡ The Higgs boson will be key in selecting next collider

10
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Evaluate the reach of various options with 
global fits to EW observables 

➡ Inputs from Higgs, top quark, and EW measurements 
➡ Can help to first detect BSM effects and then identify the 

model
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TG Title Authors arXiv
EF01 Ultrafast Inorganic Crystals with Mass Production Capability for Future High-Rate Experiments C. Hu, L. Zhang, R. Zhu 2203.06788
EF01 Higgs Factory Considerations J. A. Bagger, B. C. Barish, S. Belomestnykh, et al 2203.06164

EF01 Tree-level Interference in VBF production of Vh C. Paranjape, D. Stolarski, Y. Wu 2203.05729

EF01 Study of the hγZ coupling at the ILC Y. Aoki, K. Fujii, J. Tian 2203.07202

EF01 Measuring the CP properties of the Higgs sector at electron-positron colliders I. Božović-Jelisavucić, N. Vukausinović, D. Jeans 2203.06819

EF01 Improving Di-Higgs Sensitivity at Future Colliders in Hadronic Final States with Machine Learning D. Diaz, J. Duarte, S. Ganguly, et al 2203.07353

EF01 CERC - Circular e+e- Collider using Energy-Recovery Linac V. N Litvinenko, N. Bachhawat, M. Chamizo-Llatas, et al 2203.07358

EF01 The ReLiC: Recycling Linear e+e− Collider V. N Litvinenko, N. Bachhawat, M. Chamizo-Llatas, et al 2203.06476

EF01 Directly Probing the CP-structure of the Higgs-Top Yukawa at HL-LHC and Future Colliders R. Kumar Barman, M. E. Cassidy, Z. Dong, et al 2203.08127

EF01 Complex Scalar Singlet Model Benchmarks for Snowmass S. Adhikari, S. D. Lane, I. M. Lewis, et al 2203.07455

EF01 Strategy for Understanding the Higgs Physics: The Cool Copper Collider S. Dasu, E. A. Nanni, M. E. Peskin, et al 2203.07646

EF01 Higgs Self Couplings Measurements at Future proton-proton Colliders A. Taliercio, P. Mastrapasqua, C. Caputo, et al 2203.08042

EF01 Expected Sensitivity to Invisible Higgs Boson Decays at the ILC with the SiD Detector C. Potter, A. Steinhebel, J. Brau, et al 2203.08330

EF01 Prospects for the Measurement of the Standard Model Higgs Pair Production at the Muon Colliders K. Black, T. Bose, S. Dasu, et al 2203.08874

EF01 Strange quark as a probe for new physics in the Higgs sector A. Albert, M. J. Basso, S. K. Bright-Thonney, et al 2203.07535

EF01 XCC: An X-ray FEL-based γγ Collider Higgs Factory T. Barklow, S. Dong, C. Emma, et al 2203.08484

EF01 High Precision Higgs from High Energy Muon Colliders M. Forslund, P. Meade 2203.09425

EF01 Higgs boson decay to charmonia via c-quark fragmentation T. Han, A. K. Leibovich, Y. Ma, et al 2202.08273

EF01 Jet Flavour Tagging for Future Colliders with Fast Simulation F. Bedeschi, L. Gouskos, M. Selvaggi 2202.03285

EF02 Good things to do with extra Higgs doublets H. Davoudiasl, I. M. Lewis, M. Sullivan 2203.01396

EF02 A short overview on low mass scalars at future lepton colliders T. Robens 2203.08210

EF02 Higgs Coupling Sensitivities and Model-Independent Bounds on the Scale of New Physics F. Abu-Ajamieh, S. Chang, M. Chen, et al 2203.09512

EF02 Study of Electroweak Phase Transition in Exotic Higgs Decays at the CEPC Z. Wang, X. Zhu, E. E Khoda, et al 2203.10184

EF02 Detection of Early-Universe Gravitational Wave Signatures and Fundamental Physics R. Caldwell, Y. Cui, H. Guo, et al 2203.07972

Green: also submitted to RPF
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TG Title Authors arXiv
EF03 On the modeling uncertainties of ttbar W± multi-lepton signatures G. Bevilacqua, H. Y. Bi, F. Febres Cordero, et al 2109.15181

EF03 Azimuthal angular correlation as a new boosted top jet substructure Z. Yu, C.-P. Yuan 2203.02760

EF03 Higher-order corrections for t tbar production at high energies N. Kidonakis 2203.03698

EF03 Optimising top-quark threshold scan at CLIC using genetic algorithm K. Nowak, A. Filip Zarnecki 2103.00522

EF03 Probing heavy-flavor parton distribution functions at hadron colliders K. Xie, M. Guzzi, P. Nadolsky 2203.06207

EF03 Top-quark mass extraction from t tbar j+X events at the LHC: theory predictions S. Alioli, J. Fuster, M. Vittoria Garzelli, et al 2203.07344

EF03 Dependence of the top-quark mass measured in top-quark pair production on the parton distribution functions at the LHC 
and future colliders

J. Gombas, J. Fein, S. Sawford, et al 2203.08064

EF03 Implications of Energy Peak for Collider Phenomenology: Top Quark Mass Determination and Beyond K. Agashe, S. Airen, R. Franceschini, et al 2204.02928

EF03 Prospects for measurements of the bottom quark mass J. Aparisi, J. Fuster,  A. Hoang, et al 2203.16994

EF03 Prospects for the measurement of top-quark couplings G. Durieux,  A. Gutiérrez Camacho, L. Mantani, et al 2205.02140

EF04 Belle II physics reach and plans for the next decade and beyond Belle II Collaboration link

EF04 Upgrading SuperKEKB with a Polarized Electron Beam: Discovery Potential and Proposed 
Implementation

S. Banerjee, J. Michael Roney (for the US 
Belle II and polarization upgrade Groups) link

EF04 Longitudinally polarized ZZ scattering at the Muon Collider T. Yang, S. Qian, Z. Guan, et al 2107.13581

EF04 Vector Boson Scattering Processes: Status and Prospects D. Buarque Franzosi, M. Gallinaro, R. Ruiz, et al 2106.01393

EF04 Vector boson fusion at multi-TeV muon colliders A. Costantini, F. De Lillo, F. Maltoni, et al 2005.10289

EF04 The Effective Vector Boson Approximation in High-Energy Muon Collisions R. Ruiz, A. Costantini, F. Maltoni, et al 2111.02442

EF04 Measurement of ALR using radiative return at ILC 250 T. Mizuno, K. Fujii, J. Tian 2203.07944

EF04 Anomalous quartic gauge couplings at a muon collider B. Abbott, A. Apyan, B. Azartash-Namin, et al 2203.08135

EF04 Measuring the tau polarization at ILC K. Yumino, D. Jeans 2203.07668

EF04 Sensitivity to longitudinal vector boson scattering in W±W±jj at future hadron colliders A. Apyan, C. Mwewa, L. Nedic, et al 2203.07994

EF04 Electroweak fragmentation at high energies T. Han, Y. Ma, K. Xie 2203.11129

EF04 SMEFT at the LHC and Beyond W. Shepherd 2203.07406

EF04 RADiCAL: Precision-timing, Ultracompact, Radiation-hard Electromagnetic Calorimetry T. Anderson, T. Barbera, D. Blend, et al 2203.12806

Green: also submitted to RPF

https://www.slac.stanford.edu/~mpeskin/Snowmass2021/BelleIIPhysicsforSnowmass.pdf
https://drive.google.com/file/d/14vnE4U0spOJBJwPhQA7pVybHlq-MvobQ/view
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Physics considerations of a Higgs factory

1. Precision measurement of Higgs couplings to SM fermions and 
gauge bosons  

2. Measurement of Higgs self-couplings  

3. Sensitivity to rare or non-SM Higgs decays  
4. Discovery potential for new non-SM physics 
5. Ability to directly measure top electroweak and Yukawa couplings 
6. BSM sensitivity via precision top/W masses, top width, Z-pole 

parameters 
7. Ability to improve precision of the strong coupling constant 
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Bagger, Barish, Belmestnykh, 
Bhat, et al, 2203.06164

https://arxiv.org/abs/2203.06164
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Already have a Higgs factory approved: HL-LHC

Updated HL-LHC mass/width projections for Snowmass

14

10

m4` expected uncertainty ( MeV) inclusive Rel. Improvement
Total 30 -

Syst impact 20 +33%
Stat only

N-2D0
VXBS 22 -4%

N-1D0
VXBS 23 -8%

1D0
VXBS 25 -8%

1DVXBS 27 -7%
1D 29 -

Table 3: Expected Higgs boson mass measurement uncertainty, given in MeV, in the inclusive
final state.

m4` expected uncertainty ( MeV) 4µ 4e 2e2µ 2µ2e
Total 32 206 107 112

Syst impact 15 189 94 95
Stat only

N-2D0
VXBS 28 83 51 59

N-1D0
VXBS 30 88 53 61

1D0
VXBS 32 103 61 68

1DVXBS 34 115 78 71
1D 37 115 78 74

Table 4: Expected Higgs boson mass measurement uncertainty, given in MeV, for the four dif-
ferent final states.
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Figure 4: 1D likelihood scan comparing the impact of the systematic uncertainties (on the left)
and the contribution of each final state (Stat only - on the right).

statistical uncertainties only, at 95% confidence level. For this measurement, the Higgs boson
mass is treated as a nuisance parameter. Table 5 reports Higgs boson width upper limits (@ 95%
C.L.) for the different final states. Figure 5 shows the 2D likelihood scan for the Higgs boson
width measurement as a function of the mass (mH).

Table 6 summarizes Higgs boson mass results considering the two alternative scenarios, Op-
timistic and Pessimistic. In Table 7 a comparison of the three scenarios, for the width mea-
surement, is presented. As can be seen, even doubling reducible background systematic uncer-

CMS PAS FTR-21-007

Higgs mass uncertainty (±stat ±syst) 
 

 
Detector upgrade improves 4µ resolution by 25% 
and 4ℓ yield by 17%

(±22 ±20) MeV from H → ZZ → 4ℓ
(±20 ±70) MeV from H → γγ

https://cds.cern.ch/record/2804004
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13. Conclusion 11

GH expected upper limit ( MeV) inclusive 4µ 4e 2e2µ 2µ2e
Total 177 225 633 362 422

Syst impact 150 188 492 275 323
Stat only 94 124 398 235 272

Table 5: Higgs boson width upper limit at 95% C.L.
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Figure 5: 2D likelihood scan for the Higgs boson width.

tainty, final results do not suffer any worsening. On the opposite, reducing scale and resolution
systematic uncertainties, mass measurement and width upper limit improve of about 13% and
12% respectively.

Since the muon performance is the driver for the Higgs boson mass measurement (see Figure 4,
right plot), we highlight the expected measurement implications due to detector upgrades for
the 4µ final state. The improved acceptance will have a net effect on the accuracy of measuring
the rate of H ! ZZ ! 4µ events of about 7% [38]. A similar improvement in the statistical
uncertainty of the mass measurement can be reasonably expected. Considering an additional
improvement of 25% in the resolution, the statistical uncertainty on the Higgs boson mass
measurement in the 4µ channel can be expected to improve from 28 to ⇠20 MeV, giving a
total, statistical plus systematic, uncertainty of ⇠25 MeV (22 MeV in the optimistic scenario).

13 Conclusion

Projection at the HL-LHC for the measurement of the Higgs boson mass and width, consider-
ing the on-shell production and the decay into four leptons has been presented. The scenario
of 3000 fb�1 at 14 TeV collected and analyzed by the CMS detector has been considered. The
analysis workflow adopted follows the one described in Ref.[6] and [7] with several improve-
ments, including a new approach implemented to build the final likelihood. The latest public
observed results for Higgs boson mass and on-shell width measurements in the four leptons
final state were extracted from the analysis of 36 fb�1 data collected during LHC Run 2, in 2016
as follows [6]: mH = 125.26 ± 0.20(stat)± 0.08(syst) GeV and GH < 0.41(1.10) GeV at 68(95)%
confidence level.
The projected expected result, at the HL-LHC, for mass measurement, is mH = 125.38 ±
0.03[0.022(stat) ± 0.020(syst)] GeV and for width is GH < 0.09(0.18) GeV at 68(95)% confi-
dence level. Further mass measurement improvements are foreseeable if detector upgrades

Direct measurement  MeV (95% CL), 
limited by lineshape resolution 
Indirect measurement  MeV 
assuming SM offshell/onshell Higgs production

ΓH < 177

ΓH = 4.1+0.7
−0.8

https://cds.cern.ch/record/2804004
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Higgs factory scenarios
High-luminosity e+e− colliders proposed as Higgs 
factories can be used to study EW scale too

15

Snowmass 2021 Higgs Factory Study Scenarios

Collider Type
p
s P [%] Lint

e�/e+ ab�1

HL-LHC pp 14 TeV 6

ILC and C
3

ee 250 GeV ±80/± 30 2

c.o.m almost 350 GeV ±80/± 30 0.2

similar 500 GeV ±80/± 30 4

1 TeV ±80/± 20 8

CLIC ee 380 GeV ±80/0 1

1.5 TeV ±80/0 2.5

3.0 TeV ±80/0 5

CEPC ee MZ 16

2MW 2.6

240 GeV 5.6

FCC-ee ee MZ 150

2MW 10

240 GeV 5

2 Mtop 1.5

muon-collider (higgs) µµ 125 GeV 0.02

2

    
✓ Run at 250+ GeV 
✓ Measure Z with  
✓ Dedicated Z and WW runs 

possible with small modifications 
✓ Up to 80%/30% polariz. of 

C3 – A Cool Copper Collider

Emilio Nanni and collaborators
Martin Breidenbach Symposium
Feb. 7, 2020

e+e− → Zγ

e−/e+

  
✓ Run at 350+ GeV 
✓ Measure Z with  
✓ Dedicated Z and WW runs 

possible with small modifications 
✓ Up to 80%/0% polariz. of 

e+e− → Zγ

e−/e+
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Great flavor physics with 1012+ Z bosons at circular colliders
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Unprecedented precision and reach
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Figure 8: tt production cross section vs the center-of-mass energy near the threshold. The
e↵ects of the top quark mass, width, and the top quark Yukawa coupling and the strong
coupling constant on the theory cross section are indicated by the arrows. The e↵ects of ISR
(green) and the collider luminosity spectrum (LS) (blue) are also shown. The observable
cross section is given by the combination of both e↵ects (red). Figure taken from Ref. [94].

quarks. The Tevatron and LHC did probe the charged-current interaction vertex in top
quark decays and single-top-quark production [96]. The rare associated production pro-
cesses of top quarks with a photon, Z boson, or a Higgs boson observed at the LHC directly
probe the neutral current interactions of the top quark [97]. At the FCC-ee, top quark pair
production e+e� ! �

⇤
/Z ! tt is mediated by a photon or a Z boson. Thus, measurements

of the tt cross section can probe the electroweak couplings tt� and ttZ at the production
vertex.

The sensitivity of e+e� colliders operated above the tt production threshold to anomalous
electroweak couplings of the top quark is well-established [98, 99, 100, 89, 101]. Ref. [102]
has demonstrated that the couplings to the photon and the Z boson can be e↵ectively
disentangled at or slightly above the tt production threshold by measuring the top quark
polarization, using the charged leptons from the top quark decay as polarimeters.

Ref. [102] projects a precision of 1(3)⇥10�3 for the anomalous vector coupling of �(Z), and
of 1(2) ⇥ 10�2 for the anomalous axial coupling. Any deviation of these couplings from the
SM values would signal the presence of new physics. An analysis of a circular-collider-like
scenario in Ref. [100] in the SMEFT confirms that the sensitivity to top quark electroweak
couplings exceeds that of the HL-LHC by an order of magnitude and demonstrates the
added value of e+e� collision data at a center-of-mass energy well above the tt production
threshold to disentangle four-fermion and two-fermion operators.

The precise measurement of top quark couplings to a photon or the Z boson are essential
to precisely determine the top quark Yukawa coupling at the FCC-hh [102]. While the top
quark Yukawa coupling can be determined with high statistical accuracy at hadron colliders,

29

With a 200 fb-1  scan 
➡  when  and  

assumed 
➡  and 

 if both floated

tt̄
σstat(mt) < 9 MeV Γt yt

σstat(mt) = 17 MeV
σstat(Γt) = 45 MeV
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The FCC-ee o↵ers a unique opportunity to measure ye via resonant s-channel Higgs pro-
duction, e+e� ! H, in a dedicated run at

p
s = mH [45, 46]. The signature for direct

Higgs production is a small rise in the cross sections for final states consistent with Higgs
decays over the expectations from SM background processes involving Z⇤, �

⇤, or t-channel
exchanges alone. Performing such a measurement is remarkably challenging for four main
reasons. First, the low value of the e± mass leads to a tiny ye coupling and correspondingly
small cross section: �ee!H / m

2
e = 0.57 fb accounting for ISR � emission. Second, the e+e�

beams must be monochromatized such that the spread of their center-of-mass (c.m.) energy,
�ps, is commensurate with the narrow width of the SM Higgs boson, �H = 4.1 MeV, while
keeping large beam luminosities. Figure 5 (right) shows the Higgs lineshape for various �ps
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Figure 5: Left: Resonant Higgs production cross section, including ISR e↵ects, for several
values of the e+e� c.m. energy spread [47]. Right: Upper limits contours (95% CL) on ye.
The red curve shows the range of parameters presently reached in FCC-ee monochromati-
zation studies [48, 49]. The red star indicates the best signal strength monochromatization
point in the plane and the pink star indicates the ideal baseline point assumed in our default
analysis. All results are given per IP and per year. Figures from [46].

values. The combination of ISR plus �ps = �H = 4.1 MeV reduces the peak Higgs cross
section by an overall factor of about six, down to �ee!H = 0.28 fb. Third, the Higgs boson
mass must be known beforehand with a few-MeV accuracy in order to operate the collider
at the resonance peak, which is possible but challenging for FCC-ee [36]. Last but not least,
the cross sections of the background processes are many orders of magnitude larger than
those of the Higgs decay signals. A preliminary generator-level study of eleven Higgs decay
channels identifies two final states as the most promising ones in terms of statistical signif-
icance: H ! gg and H ! WW⇤

! `⌫ + 2 jets. For a benchmark monochromatization with
�ps = 4.1 MeV and 10 ab�1 of integrated luminosity, a 1.3 standard deviation signal signif-
icance can be reached, corresponding to an upper limit on the e± Yukawa coupling at 1.6
times the SM value: |ye| < 1.6|y

sm
e | at 95% confidence level, per IP and per year [46].

The expected final significance of the �e+e�!H measurement, and associated 95% CL limits
on |ye|, derived for a benchmark �ps = 4.1 MeV collision-energy spread and Lint = 10 ab�1,
can be translated into any other combination of (�ps, Lint) values achievable through beam
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Unprecedented precision and reach
Higgs electron Yukawa very challenging 

➡ , highly dependent on beam monochromaticity, 
Higgs mass needed, bkg orders of magnitude larger 

Can reach  with 2 years running at 
Higgs pole 

➡ 100 times better than HL-LHC

σ(ee → H) = 0.57 fb
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e

16

340 345 350
 [GeV]s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

cr
os

s 
se

ct
io

n 
[p

b]

t
, ysα

tm

tΓ

 171.5 GeVPS
t threshold - mtt

QQbar_Threshold NNNLO
ISR only

FCC-ee 350 LS only
FCC-ee 350 LS+ISR
91 km ring circumference

implementation of corrections
based on EPJ C73, 2530 (2013)

February 2022

Figure 8: tt production cross section vs the center-of-mass energy near the threshold. The
e↵ects of the top quark mass, width, and the top quark Yukawa coupling and the strong
coupling constant on the theory cross section are indicated by the arrows. The e↵ects of ISR
(green) and the collider luminosity spectrum (LS) (blue) are also shown. The observable
cross section is given by the combination of both e↵ects (red). Figure taken from Ref. [94].

quarks. The Tevatron and LHC did probe the charged-current interaction vertex in top
quark decays and single-top-quark production [96]. The rare associated production pro-
cesses of top quarks with a photon, Z boson, or a Higgs boson observed at the LHC directly
probe the neutral current interactions of the top quark [97]. At the FCC-ee, top quark pair
production e+e� ! �

⇤
/Z ! tt is mediated by a photon or a Z boson. Thus, measurements

of the tt cross section can probe the electroweak couplings tt� and ttZ at the production
vertex.

The sensitivity of e+e� colliders operated above the tt production threshold to anomalous
electroweak couplings of the top quark is well-established [98, 99, 100, 89, 101]. Ref. [102]
has demonstrated that the couplings to the photon and the Z boson can be e↵ectively
disentangled at or slightly above the tt production threshold by measuring the top quark
polarization, using the charged leptons from the top quark decay as polarimeters.

Ref. [102] projects a precision of 1(3)⇥10�3 for the anomalous vector coupling of �(Z), and
of 1(2) ⇥ 10�2 for the anomalous axial coupling. Any deviation of these couplings from the
SM values would signal the presence of new physics. An analysis of a circular-collider-like
scenario in Ref. [100] in the SMEFT confirms that the sensitivity to top quark electroweak
couplings exceeds that of the HL-LHC by an order of magnitude and demonstrates the
added value of e+e� collision data at a center-of-mass energy well above the tt production
threshold to disentangle four-fermion and two-fermion operators.

The precise measurement of top quark couplings to a photon or the Z boson are essential
to precisely determine the top quark Yukawa coupling at the FCC-hh [102]. While the top
quark Yukawa coupling can be determined with high statistical accuracy at hadron colliders,
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Polarization can play an important role
Beam polarization allows for 

➡ Leveraging of xsection dependence on polarization 
✦ Cross section enhancements 
✦ Background reduction 
✦ Asymmetries 

➡ Control of systematic uncertainties
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Figure 10. Top: Polarimeters for ⌧± ! ⇡±⌫ and ⌧± ! ⇡±⇡0⌫ calculated using solutions found using the

impact parameter method. Bottom: comparison between the reconstructed and true polarimeters.

level, this method seems to provide e�cient and accurate reconstruction of tau leptons, allowing

polarization information to be e�ciently extracted.

In future work, we will investigate the e↵ect of full detector simulation and reconstruction,

quantify the precision with which the tau polarisation can be measured at ILC-250 at m⌧⌧ ⇠ 250

and ⇠ mZ , and compare the proposed reconstruction methods.
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τ polarization tests 
universality of the chiral 
interactions between 
lepton generations 

Method achieves 2% 
precision with 400 fb-1 of 
ILC500, seems to also have 
good precision at ILC250 

When analyzing Higgs couplings with 
SMEFT, 2 ab-1 of polarized beams 
yield similar precision as 5 ab-1 of 
unpolarized beams 

Electron polarization is key, positron's 
low impact
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500+ GeV gives access to top Yukawa
Linear colliders provide direct access to 
top Yukawa via ttH 
Now that we know Higgs mass, we should 
optimize second stage energy 
➡ eg, uncertainty on σttH at 550 GeV is half that at 500 GeV!
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Higgs at e+e- 

• ZH is dominant at 250 GeV 
• Above 500 GeV  

• Hvv dominates  
• ttH opens up 
• HH production accessible with 
ZHH

9
1506.07830

https://arxiv.org/abs/1506.07830


SlideManuel Franco Sevilla Snowmass RPF Spring meeting: Report from the Energy Frontier
Caterina Vernieri Energy Frontier Workshop独March 28, 2022 

Higgs as a guide

7

LHC

2030 2040 2060

HL-LHC

e+e-

very high energy

O(5-15)%  O(0.1-1)%  O(1)‰ 
O(1)%

H couplings to: 

H self-coupling to <O(50)%  O(20)%  

High energy machines also help precision

"Discovery" machines can also achieve 
great precision, as the LHC has shown 

➡ Critical for multiboson production such as HH, WW, 
WWW, or ZZZ

19

Snowmass 2021 EF Discovery Collider Scenarios

Collider Type
p
s Lint

ab�1

HE-LHC pp 27 TeV 15

FCC-hh pp 100 TeV 30

LHeC ep 1.3 TeV 1

FCC-eh ep 3.5 TeV 2

High energy muon-collider µµ 3 TeV 1

10 TeV 10

30 TeV 10

3
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Higgs self-coupling
Observing HH is key to measure Higgs potential 

➡ Very sensitive to BSM physics

20

228 Chapter 10. Higgs self-coupling at future hadron colliders

collider single-H H H combined
HL-LHC 100-200% 50% 50%
CEPC240 49% ° 49%

ILC250 49% ° 49%
ILC500 38% 27% 22%
ILC1000 36% 10% 10%
CLIC380 50% ° 50%
CLIC1500 49% 36% 29%
CLIC3000 49% 9% 9%
FCC-ee 33% ° 33%

FCC-ee (4 IPs) 24% ° 24%
HE-LHC - 15% 15%
FCC-hh - 5% 5%

Table 10.5: Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future
colliders, as discussed in Chapters 8–10. Values for single Higgs determinations below the first line
are taken from [574]. These values are quote here as combined with an independent determination
of the self-coupling with uncertainty 50% from the HL-LHC. Please see the discussion in the text on
the interpretation of this table.

coupling through analysis of single Higgs measurements. This relies on the fact that these colliders
will measure a large number of individual single Higgs reactions with high precision, allowing a
highly model-independent analysis of possible new physics contributions. It will be important to
have data at two different CM energies to reach the silver level of precision. This requires reaching
the second stage of a staged run plan: 365 GeV for FCC-ee, 500 GeV for ILC, 1.5 TeV for CLIC. Run-
ning beyond 240 GeV is not in the CEPC baseline plan. It should be added to achieve a competitive
result. For FCC-ee, running with 4 IPs has been considered to increase the data set and reach a
precision of 24% on the Higgs self-coupling. All of these points have been reviewed in Chapter 9.

In Chapter 10 we have reviewed the prospects for future energy hadron colliders beyond LHC,
in particular, the High Energy LHC (27 TeV) and the FCC-hh (100 TeV). These machines are also
planned to produce higher luminosities than the HL-LHC. The studies reported in Chapter 10 have
indicated that respectively 5% (FCC-hh) and 15% (HE-LHC) precision on the Higgs self-coupling
are within reach at those machines, based on the method of measuring the H H production cross
section.

Some caution is necessary in directly comparing the numbers given in Table 10.5. The values for
the single Higgs method given in the lines below HL-LHC are combined with the HL-LHC projected
error of 50% [574]. Thus, only values well below 50% represent a significant improvement. The
various estimates in the table are computed using different assumptions on the inclusion of SMEFT
parameters representing other new physics effects. We have tried to clarify these in the discussions
of the individual analyses. In particular, many of the numbers from H H production are derived
from fits including the single parameter ∑∏ only. At e+e° colliders it is more straightforward to sim-
ulate the relevant backgrounds, but we have less experience with the high-energy regime studied
here. The uncertainties in the direct determinations at e+e° colliders are computed using full-
simulation analyses based on current analysis methods. These have much room for improvement
when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but
the estimates are consistent with the improvements in analysis methods that we have seen already
at the LHC.

Despite the uncertainties, it is clear that the highest-energy e+e° and hadron colliders can
achieve the gold level of precision set out in Sec. 3.8. With new resources, and with patient im-

1910.00012

on the tri-linear Higgs self-coupling in the range �� = 3.4� 7.8%, significantly improving
previous estimates.

This article is organized as follows. We introduce the theoretical framework, discussing
the relation between Higgs self-coupling and HH production, in Section 2, and we present
in Section 3 the event generation tools used for this study. The detector modeling, event
simulation and analysis frameworks are discussed in Section 4. In Section 5 we introduce the
general measurement strategy and the procedure that we use for the signal extraction and to
derive the expected precision on the self-coupling. The analyses of the three most sensitive
decay channels bb̄��, bb̄⌧⌧ and bb̄bb̄ final states and their combination are presented in
Section 6. Section 7 summarizes our results and our conclusions.

2 The theoretical framework

Perturbing the Higgs potential around its minimum, leads to the general expression:

Lh =
1

2
m

2

HH
2 + �3H

3 + �4H
4
, (2.1)

where mH is Higgs boson mass and �3 and �4 are respectively the trilinear and quartic
Higgs self-couplings. In the SM the self-couplings are predicted to be �

SM

3
= m

2

H
/2v,

�
SM

4
= m

2

H
/8v2, where v is the vacuum expectation value (vev) of the Higgs field. The

Higgs vev is known from its relation to Fermi constant, v = (
p
2GF )�1/2 = 246 GeV, and

the discovery of the Higgs particle at the LHC [42, 43] has fixed the last remaining free
parameter of the SM, the Higgs mass mH [44]. Beyond the SM, corrections to �3 and �4,
as well as higher-order terms, are possible.

To this day, large departures from the SM potential are perfectly compatible with
current observations [45, 46]. This makes it possible, for example, to contemplate BSM
models where the modified Higgs potential allows for a strong first order EW phase transi-
tion (SFOPT) in the early universe, instead of the smooth cross-over predicted in the SM
(for a recent discussion of the interplay between collider observables and models with a
SFOPT, see e.g. Ref. [47]). In the context of SM modifications of the Higgs properties [48]
parameterized by effective-field-theories (EFTs), it is well known that changes of the Higgs
potential are often correlated with changes of other couplings, such as those of the Higgs to
the EW gauge bosons. In many instances, a very precise measurement of the latter can be
as powerful in constraining new physics as the self-coupling measurement [49]. For example,
Ref. [50] considered models for SFOPT with an extra real scalar singlet, and showed that
a measurement of the HZZ coupling gHZZ with a precision of ⇠ 1% can rule out most of
the parameter space that could be probed by a measurement of the self-coupling with a
⇠ 50% precision (see Fig. 1 of that paper). Should a deviation from the SM be observed in
gHZZ , however, a large degeneracy would be present in the set of allowed parameters. For
example, Fig. 1 of Ref. [50] shows that a ⇠ 2% deviation in gHZZ would be compatible,
in this class of models, with any value of 1 . �3/�

SM

3
. 2. A precise direct measurement

of �3 is therefore necessary, independently of what other observables could possibly probe,
and is an indispensable component of the Higgs measurement programme.

– 3 –

λSM
3 = m2

H /2v

λSM
4 = m2

H /8v
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colliders, as discussed in Chapters 8–10. Values for single Higgs determinations below the first line
are taken from [574]. These values are quote here as combined with an independent determination
of the self-coupling with uncertainty 50% from the HL-LHC. Please see the discussion in the text on
the interpretation of this table.

coupling through analysis of single Higgs measurements. This relies on the fact that these colliders
will measure a large number of individual single Higgs reactions with high precision, allowing a
highly model-independent analysis of possible new physics contributions. It will be important to
have data at two different CM energies to reach the silver level of precision. This requires reaching
the second stage of a staged run plan: 365 GeV for FCC-ee, 500 GeV for ILC, 1.5 TeV for CLIC. Run-
ning beyond 240 GeV is not in the CEPC baseline plan. It should be added to achieve a competitive
result. For FCC-ee, running with 4 IPs has been considered to increase the data set and reach a
precision of 24% on the Higgs self-coupling. All of these points have been reviewed in Chapter 9.

In Chapter 10 we have reviewed the prospects for future energy hadron colliders beyond LHC,
in particular, the High Energy LHC (27 TeV) and the FCC-hh (100 TeV). These machines are also
planned to produce higher luminosities than the HL-LHC. The studies reported in Chapter 10 have
indicated that respectively 5% (FCC-hh) and 15% (HE-LHC) precision on the Higgs self-coupling
are within reach at those machines, based on the method of measuring the H H production cross
section.

Some caution is necessary in directly comparing the numbers given in Table 10.5. The values for
the single Higgs method given in the lines below HL-LHC are combined with the HL-LHC projected
error of 50% [574]. Thus, only values well below 50% represent a significant improvement. The
various estimates in the table are computed using different assumptions on the inclusion of SMEFT
parameters representing other new physics effects. We have tried to clarify these in the discussions
of the individual analyses. In particular, many of the numbers from H H production are derived
from fits including the single parameter ∑∏ only. At e+e° colliders it is more straightforward to sim-
ulate the relevant backgrounds, but we have less experience with the high-energy regime studied
here. The uncertainties in the direct determinations at e+e° colliders are computed using full-
simulation analyses based on current analysis methods. These have much room for improvement
when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but
the estimates are consistent with the improvements in analysis methods that we have seen already
at the LHC.

Despite the uncertainties, it is clear that the highest-energy e+e° and hadron colliders can
achieve the gold level of precision set out in Sec. 3.8. With new resources, and with patient im-
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HL-LHC HL-LHC HL-LHC
+10 TeV +10 TeV

+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
Z� 10 10 10


⇤
t 3.3 3.1 3.1

⇤ No input used for µ collider
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FCC-hh

Fig. 5: Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV muon
collider with 10 ab�1 [16], compared with HL-LHC. The effect of measurements from a 250 GeV e

+
e
�

Higgs factory is also reported. Right panel: sensitivity to �� for different Ecm. The luminosity is as in
eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of 1.8 ab�1) is assumed [16].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of �� are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures �� at the 10% level [22], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [23]. A determination of �� that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
Ecm = 3 TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW ! WW , has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar
lines, differential measurements of the WW !HH process has been studied in [6, 17] (see also [2]) as
an effective probe of the composite nature of the Higgs boson, with a reach that is comparable or superior
to the one of Higgs coupling measurements. A similar investigation was performed in [2,4] (see also [2])
for WW!tt, aimed at probing Higgs-top interactions.

5 High-energy measurements
Direct µ

+
µ

� annihilation, such as HZ and tt production reported in Figure 4, displays a number of
expected events of the order of several thousands. These are much less than the events where a Higgs or
a tt pair are produced from VBF, but they are sharply different and easily distinguishable. The invariant
mass of the particles produced by direct annihilation is indeed sharply peaked at the collider energy Ecm,
while the invariant mass rarely exceeds one tenth of Ecm in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy Ecm = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [24], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as WH or `⌫ are copiously produced at a muon collider. The electric charge mismatch with
the neutral µ

+
µ

� initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Higher energy hadron or muon colliders are 
needed to measure self-coupling λ with 

good precision

on the tri-linear Higgs self-coupling in the range �� = 3.4� 7.8%, significantly improving
previous estimates.

This article is organized as follows. We introduce the theoretical framework, discussing
the relation between Higgs self-coupling and HH production, in Section 2, and we present
in Section 3 the event generation tools used for this study. The detector modeling, event
simulation and analysis frameworks are discussed in Section 4. In Section 5 we introduce the
general measurement strategy and the procedure that we use for the signal extraction and to
derive the expected precision on the self-coupling. The analyses of the three most sensitive
decay channels bb̄��, bb̄⌧⌧ and bb̄bb̄ final states and their combination are presented in
Section 6. Section 7 summarizes our results and our conclusions.

2 The theoretical framework

Perturbing the Higgs potential around its minimum, leads to the general expression:

Lh =
1

2
m

2

HH
2 + �3H

3 + �4H
4
, (2.1)

where mH is Higgs boson mass and �3 and �4 are respectively the trilinear and quartic
Higgs self-couplings. In the SM the self-couplings are predicted to be �

SM

3
= m

2

H
/2v,

�
SM

4
= m

2

H
/8v2, where v is the vacuum expectation value (vev) of the Higgs field. The

Higgs vev is known from its relation to Fermi constant, v = (
p
2GF )�1/2 = 246 GeV, and

the discovery of the Higgs particle at the LHC [42, 43] has fixed the last remaining free
parameter of the SM, the Higgs mass mH [44]. Beyond the SM, corrections to �3 and �4,
as well as higher-order terms, are possible.

To this day, large departures from the SM potential are perfectly compatible with
current observations [45, 46]. This makes it possible, for example, to contemplate BSM
models where the modified Higgs potential allows for a strong first order EW phase transi-
tion (SFOPT) in the early universe, instead of the smooth cross-over predicted in the SM
(for a recent discussion of the interplay between collider observables and models with a
SFOPT, see e.g. Ref. [47]). In the context of SM modifications of the Higgs properties [48]
parameterized by effective-field-theories (EFTs), it is well known that changes of the Higgs
potential are often correlated with changes of other couplings, such as those of the Higgs to
the EW gauge bosons. In many instances, a very precise measurement of the latter can be
as powerful in constraining new physics as the self-coupling measurement [49]. For example,
Ref. [50] considered models for SFOPT with an extra real scalar singlet, and showed that
a measurement of the HZZ coupling gHZZ with a precision of ⇠ 1% can rule out most of
the parameter space that could be probed by a measurement of the self-coupling with a
⇠ 50% precision (see Fig. 1 of that paper). Should a deviation from the SM be observed in
gHZZ , however, a large degeneracy would be present in the set of allowed parameters. For
example, Fig. 1 of Ref. [50] shows that a ⇠ 2% deviation in gHZZ would be compatible,
in this class of models, with any value of 1 . �3/�

SM

3
. 2. A precise direct measurement

of �3 is therefore necessary, independently of what other observables could possibly probe,
and is an indispensable component of the Higgs measurement programme.

– 3 –

λSM
3 = m2

H /2v

λSM
4 = m2

H /8v
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Executive Summary

Constraining the Higgs boson properties is a cornerstone of the LHC program and future

colliders. In this Snowmass contribution, we study the potential to directly probe the Higgs-

top CP-structure via the tt̄h production at the HL-LHC, 100 TeV FCC and muon colliders.

We find the limits on the CP phase (↵) at 95% CL are |↵| . 36� with dileptonic tt̄(h ! bb̄)

and |↵| . 25� with combined tt̄(h ! ��) at the HL-LHC. The 100 TeV FCC brings a

significant improvement in sensitivity with |↵| . 3� for the dileptonic tt̄(h ! bb̄), due to the

remarkable gain in the signal cross-section and the increased luminosity. At future muon

colliders, we find that the bounds with semileptonic tt̄(h ! bb̄)⌫⌫̄ are |↵| . 9� for 10 TeV

and |↵| . 3� for 30 TeV, respectively.

Bounds on ↵ at 95% CL (t = 1) Channel Collider Luminosity

|↵| . 36� [1] dileptonic tt̄(h ! bb̄) HL-LHC 3 ab�1

|↵| . 25� [2] tt̄(h ! ��) combination HL-LHC 3 ab�1

|↵| . 3� [1] dileptonic tt̄(h ! bb̄) 100 TeV FCC 30 ab�1

|↵| . 9� [3] semileptonic tt̄(h ! bb̄) 10 TeV µ+µ� 10 ab�1

|↵| . 3� [3] semileptonic tt̄(h ! bb̄) 30 TeV µ+µ� 10 ab�1
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FIG. 2. Distributions of reconstructed �� in the “gold” (group A) and “silver” (group B) categories, for

events selected in the hadronic Z decay channel. The distribution of signal events is shown as open red

circles, and the total background distribution as filled blue triangles. Signal samples were generated with

 CP = 0 (i.e. the SM) [3].

ings of those particles. The e�ciency to correctly identify both tau decay modes in a selected event

ranges between 87% and 94%, depending on both the Z and tau decay modes.

D. CP sensitivity

At this stage the tau polarimeters can be calculated from the tau decay products’ momenta

boosted into the tau rest frames. Events are classified according to their expected sensitivity to

CP e↵ects, depending on the orientation of the polarimeter with respect to the tau momentum,

the quality of the impact parameter reconstruction, encoded by its significance, and the expected

contamination both from background processes and mis-identified tau decay modes. Four classes

are defined, which in this Olympic year we label as “gold”, “silver”, “bronze” and “the rest”, in

each of which the CP-sensitive observable �� is fitted using a maximum likelihood fit to extract

the CP mixing parameter, as shown in Fig. 2.

In the case of 1/ab of data with unpolarized beams, the expected sensitivity on the CP mixing

angle � CP is 116 mrad, dominated by events with hadronic Z decay and with at least one tau decay

to two pions. If we assume that all background can be rejected, the sensitivity improves to 76 mrad,

while if in addition all signal events are selected and polarimeters are perfectly reconstructed, the

ultimate sensitivity is 25 mrad.

Considering the 2/ab expected at ILC in various beam polarisation combinations, the expected

sensitivity on � CP is 75 mrad when all experimental e↵ects are taken into account. There is

2203.06819
FCC-hh and muC can probe α in ttH with precision down to 3°

ILC can probe ψ in 
 with precision 

down to 4.3°
H → ττ𝓛ttH ∝ t̄ (cos α + iγ5 sin α) tH

𝓛ττH ∝ τ̄ (cos ψ + iγ5 sin ψ) τH

https://arxiv.org/abs/2203.08127
https://arxiv.org/abs/2203.06819
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Global fits
Study various collider scenarios with SMEFT global fits 

➡ Place generic constraints on BSM physics, unify the assumptions about systematic errors 
➡ Model-independent if new physics scales are significantly higher than the EW scale  
➡ Combine large sets of experimental data in a systematically improvable QFT approach 
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1.5 ab�1 FCC-ee365 1.0 ab�1 CEPC360

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.9(0.84) - 1.4(1.02) -

� ⇥ BRbb 0.5(0.71) 0.9(1.14) 0.90(0.86) 1.1(1.39)

� ⇥ BRcc 6.5(5.0) 10(11.9) 8.8(6.1) 16(14.5)

� ⇥ BRgg 3.5(3.8) 4.5(4.8) 3.4(4.7) 4.5(5.9)

� ⇥ BRZZ 12(11.4) 10(12.5) 20(13.9) 21(15.3)

� ⇥ BRWW 2.6(2.55) (3.6) 2.8(3.12) 4.4(4.4)

� ⇥ BR⌧⌧ 1.8(1.83) 8(10) 2.1(2.24) 4.2(12.2)

� ⇥ BR�� 18(17.7) 22(28.1) 11(21.7) 16(34.4)

� ⇥ BRµµ 40(40) (100) 41(48) 57(123)

� ⇥ BRinv. 0.60(0.42) - (0.49) -

Table 9: Projected uncertainties of Higgs observables at FCC-ee365 and CEPC360: numbers
by default in %; numbers in parentheses are extrapolated from ILC350.

ILC500 1.6 ab�1 (-0.8,+0.3) 1.6 ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.67 - 1.67 -

� ⇥ BRbb 1.01 0.42 1.01 1.52

� ⇥ BRcc 7.1 3.48 7.1 14.2

� ⇥ BRgg 5.9 2.3 5.9 9.5

� ⇥ BRZZ 13.8 4.8 13.8 19

� ⇥ BRWW 3.1 1.36 3.1 5.5

� ⇥ BR⌧⌧ 2.42 3.9 2.42 15.8

� ⇥ BR�� 18.6 10.7 18.6 44

� ⇥ BRµµ 47 40 47 166

� ⇥ BRinv. 0.83 - 0.60 -

Table 10: Projected uncertainties of Higgs observables at ILC500: numbers by default in
%.

4.5 Diboson measurements

The diboson (e+e� ! W+W�) measurements provide important constraints on
a set of operator coe�cients are key ingredients of the Higgs + EW fit. Focusing on

12

Quantity ILC250 ILC-GigaZ FCC-ee CEPC CLIC380
�↵(mZ)�1 (⇥103) 17.8⇤ 3.8 (1.2) 17.8⇤

�mW (MeV) 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
�mZ (MeV) 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1⇤

�mH (MeV) 14 2.5 (2) 5.9 78
��W (MeV) 2 1.2 (0.3) 1.8 (0.9)
��Z (MeV) 1.5 (0.2) 0.12 0.004 (0.025) 0.005 (0.025) 2.3⇤

�Ae (⇥105) 14 (4.5) 1.5 (8) 0.7 (2) 1.5 (negl.?) 64
�Aµ (⇥105) 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 400
�A⌧ (⇥105) 86 (4.5) 3 (8) 0.5 (20) 1.2 (6.9) 570
�Ab (⇥105) 53 (35) 9 (50) 2.4 (21) 3 (21) 380
�Ac (⇥105) 140 (25) 20 (37) 20 (15) 6 (30) 200
��0

had (pb) 0.035 (4) 0.05 (2) 37⇤

�Re (⇥103) 0.5 (1.0) 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.7
�Rµ (⇥103) 0.5 (1.0) 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.7
�R⌧ (⇥103) 0.6 (1.0) 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 6
�Rb (⇥103) 0.4 (1.0) 0.04 (0.7) 0.0014 (< 0.3) 0.005 (0.2) 1.8
�Rc(⇥103) 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 5.6

Table 3: EWPOs at future e+e�: statistical error (experimental systematic error). � (�)
stands for absolute (relative) uncertainty, while * indicates inputs taken from current data.
See Refs. [16, 23, 24,33,34].

to the Z pole.

Summary: A summary of projected statistical and systematic uncertainties for the dif-
ferent proposed e+e� colliders is given in Tab. 3. This table also serves as an input

for the global fits ...

Measurements of leptonic branching ratios R` (` = e, µ, ⌧) can be used to extract a
precise value for the strong coupling constant ↵s, which enters through final-state radiative
corrections in �had. Given that R` is a highly inclusive quantity, this determination of ↵s

is essentially free of non-perturbative QCD e↵ects, so that a robust O(10�4) precision is
achievable. However, it should be noted that this method assumes the validity of the SM,
but the Z decay ratios may in general be modified by BSM physics. For more information
about future determinations of ↵s, see Ref. [35].

As mentioned in the previous subsection, the shift �↵ between the ↵(mZ) and ↵(0) is
also an important ingredient for precision electroweak studies. Future e+e� Higgs facto-
ries could in principle provide data for the dispersive approach using the radiative return
method, e+e� ! had. + n�. While no detailed studies have been performed, it is not
expected that this will lead to an improvement compared to data from lower-energy e+e�

colliders. On the other hand, with su�cient amounts of luminosity spent at two center-
of-mass energy a few GeV below and above the Z peak, it is possible to determine ↵(mZ)
directly, since the �–Z interference contribution depends on this quantity [36]. However, this

9
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Also some low-energy observables 
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Observable Experimental value Ref. SM prediction

�(µ+µ�) f(s) [15] f(s) [15]

�(⌧+⌧�) f(s) [15] f(s) [15]
P
q 6=t

�(qq) f(s) [15, 22, 23] f(s) [15, 22, 23]

�(bb) f(s) [21–23] f(s) [21–23]

�(cc) f(s) [21–23] f(s) [21–23]
�FB(bb)P
q 6=t

�(qq) f(s) [21–23] f(s) [21–23]

�FB(cc)P
q 6=t

�(qq) f(s) [21–23] f(s) [21–23]

AFB(µ+µ�) f(s) [15] f(s) [15]

AFB(⌧+⌧�) f(s) [15] f(s) [15]
d�

d cos ✓ (Bhabha) f(s, cos ✓) [15] f(s, cos ✓) [15]

Table 16: Observables for fermion-pair production at lepton colliders. Here, we use f(s)
and f(s, cos ✓) to reflect the fact that the corresponding observables depend on the center
of mass energy s and the scattering angle ✓ that is with respect to the incoming e�.

Process Observable Experimental value Ref. SM prediction

(�)
⌫ µ �e� scattering

g⌫µe
LV

�0.035± 0.017
CHARM-II [24]

�0.0396 [25]

g⌫µe
LA

�0.503± 0.017 �0.5064 [25]

⌧ decay
G

2
⌧e

G
2
F

1.0029± 0.0046
PDG2014 [26] 1

G
2
⌧µ

G
2
F

0.981± 0.018

Neutrino scattering

R⌫µ 0.3093± 0.0031
CHARM (r = 0.456) [27]

0.3156 [27]

R⌫µ 0.390± 0.014 0.370 [27]

R⌫µ 0.3072± 0.0033
CDHS (r = 0.393) [28]

0.3091 [28]

R⌫µ 0.382± 0.016 0.380 [28]

 0.5820± 0.0041 CCFR [29] 0.5830 [29]

R⌫e⌫e 0.406+0.145
�0.135 CHARM [30] 0.33 [31]

Parity-violating scattering

(s2
w
)Møller 0.2397± 0.0013 SLAC-E158 [32] 0.2381± 0.0006 [33]

QCs
W
(55, 78) �72.62± 0.43 PDG2016 [31] �73.25± 0.02 [31]

Qp
W
(1, 0) 0.064± 0.012 QWEAK [34] 0.0708± 0.0003 [31]

A1 (�91.1± 4.3)⇥ 10�6

PVIDS [35]
(�87.7± 0.7)⇥ 10�6 [35]

A2 (�160.8± 7.1)⇥ 10�6 (�158.9± 1.0)⇥ 10�6 [35]

geu
V A

� ged
V A

�0.042± 0.057 SAMPLE (
p

Q2 = 200MeV) [36] -0.0360 [31]

�0.12± 0.074 SAMPLE (
p

Q2 = 125MeV) [36] 0.0265 [31]

bSPS
�(1.47± 0.42)⇥ 10�4 GeV�2 SPS (� = 0.81) [37] �1.56⇥ 10�4 GeV�2 [37]

�(1.74± 0.81)⇥ 10�4 GeV�2 SPS (� = 0.66) [37] �1.57⇥ 10�4 GeV�2 [37]

⌧ polarization
P⌧ 0.012± 0.058

VENUS [38]
0.028 [38]

AP 0.029± 0.057 0.021 [38]

Neutrino trident production �

�SM (⌫µ�⇤
! ⌫µµ+µ�) 0.82± 0.28 CCFR [39–41] 1

Table 17: Low-energy observables included in the global fit to break possible degeneracies
for the 4` and 2`2q operators listed in Table 14.
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Some preliminary results
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Figure 1: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders.

We present the result of the fit in terms of the sensitivity to modifications to the
e↵ective couplings introduced in Section Section 2.2 [3, 9, 10],

�gY
X
=

ge↵
XY

ge↵,SM
XY

� 1. (20)

JB: I dont recall.. were all parameters were normalized to the SM? I don’t normal-
ize the V↵ couplings, which are the same as in Eq. (12) the results of this analysis
are illustrated in Figure Fig. 1, where we show the 68% sensitivity to the di↵erent
interactions. From the point of view of future e+e� colliders the outcome of this
analysis is similar to that presented in [10], with the exception of the CEPC results
where one observes the expected improvement in the sensititivity to Higgs couplings
derived from the increase in the luminosity at 240 GeV, together with the addition
of the new set of measurements that would be possible at 360 GeV.

A few comments are in order for the muon collider results: While the WW fusion
Higgs production process is measured to an unprecedented precision at a high energy

16

Figure 2: Global fit of 4-fermion operators.
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FIG. 44: Summary of determinations of ↵S(m
2

Z) from seven subfields. The yellow (light shaded) bands and dotted lines
indicate the pre-average values of each subfield. The dashed line and blue (dark shaded) band represent the final ↵S(m

2

Z)

world average [March’22 update of the PDG’21 results [1]].

lower values, and would allow one to quote a reduced theoretical uncertainty since this additional source of
uncertainty would be completely removed. Further improvements could come from a better understanding of
nonperturbative effects. Some progress is also likely to come in the category e+e� jets & shapes where the
calculation of power corrections in the 3-jet region [393, 394] could have a sizeable impact, and improve fits of
the coupling from event shapes. In fact, the region used in the fits are dominated by events with an additional
hard emission, therefore the applicability of nonperturbative power corrections computed in the two-jet limit
has been questioned and a treatment of these corrections in the three-jet region is certainly more appropriate.
The impact of this on ↵S(m2

Z) in this category has still to be assessed. For the hadron collider category it is an
open discussion how to deal with correlations between PDF parameters and ↵S(m2

Z) in the cases, where a full
fit is not performed simultaneously. In view of many more NNLO results to come we can expect some advances
here. Particularly, NNLO for 3-jet production will enable to perform fits of ↵S(m2

Z) from ratios with at least
partial cancellation of some uncertainties. Some doubts were raised whether this reduction in uncertainty also
holds for the PDF dependence of such ratio predictions. Moreover, for predictions of ratios of cross sections, the
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What are the requirements for MC development  
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correlators  
Physics opportunities at forward physics experiments  
Fragmentation functions & modeling of hadronization transition from low 
to high energies  

Opportunities for precision tests of QCD at the HL-LHC, EIC, FCC
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QCD not the driving force for many future experiments, but crucial for understanding them
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EF06 The Potential of a TeV-Scale Muon-Ion Collider D. Acosta, E. Barberis, N. Hurley, et al 2203.06258

EF06 Forward Physics, BFKL, Saturation Physics and Diffraction M. Hentschinski, C. Royon, M. Alcazar Peredo, et al 2203.08129

EF06 Proton structure at the precision frontier S. Amoroso, A. Apyan, N. Armesto, et al 2203.13923

EF06 Impact of lattice s(x)−sbar(x) data in the CTEQ-TEA global analysis T. Hou, H. Lin, M. Yan, et al 2204.07944

EF07 Opportunities for new physics searches with heavy ions at colliders D. d'Enterria, M. Drewes, A. Giammanco, et al 2203.05939

EF07 Electron Ion Collider for High Energy Physics R. Abdul Khalek, U. D'Alesio, M. Arratia, et al 2203.13199

Green: also submitted to RPF

https://www.xfitter.org/xFitter/xFitter?action=AttachFile&amp;do=view&amp;target=Snowmass.pdf


SlideManuel Franco Sevilla Snowmass RPF Spring meeting: Report from the Energy Frontier

110

2. Prospects and wish-lists for high-precision extractions

In Table XIII, we summarise the current precision of the seven extraction methods that contribute today
to the PDG world average (see Table XII), as well as the expected improvements in the next ⇠10 years (or
in the longer future, in parenthesis) for each one of them. For each category, we list the dominant sources of
theoretical and experimental uncertainties that propagate into ↵S(m2

Z) today, and the anticipated progress in the
next years (or in the longer term of planned future collider facilities) that will lead to a corresponding reduction
of the uncertainties. The last row list the relative uncertainty of the current world-average (0.8%) and of the
one expected within the next decade (⇡ 0.4%) obtained from taking a weighted average of the individual per-
category uncertainties (in parenthesis, we provide the permil precision expected in the longer term from lattice-
QCD and/or electroweak fits at a future high-luminosity e+e� facility). Of course, the latter result assumes that
no new physics impacts any of the extraction methods and, as a matter of fact, significant inconsistency among
independent determinations would indicate either a problem in our theoretical/experimental understanding of
any given observable, or provide a potential indirect evidence of BSM physics.

TABLE XIII: Summary of current and expected future (within the decade ahead or, in parenthesis, longer time scales)
uncertainties in the ↵S(m

2

Z) extractions used today to derive the world average. Acronyms and symbols: CIPT=‘contour-
improved perturbation theory’, FOPT=‘fixed-order perturbation theory’, NP=‘nonperturbative QCD’, SF=‘structure
functions’, PS=‘Monte Carlo parton shower’.

Relative ↵S(m
2

Z) uncertainty
Method Current Near (long-term) future

theory & exp. uncertainties sources theory & experimental progress

(1) Lattice
0.7% ⇡ 0.3% (0.1%)

Finite lattice spacing & stats. Reduced latt. spacing. Add more observables
N2,3LO pQCD truncation Add N3,4LO, active charm (QED effects)

Higher renorm. scale via step-scaling to more observ.

(2) ⌧ decays
1.6% < 1.%

N3LO CIPT vs. FOPT diffs. Add N4LO terms. Solve CIPT–FOPT diffs.
Limited ⌧ spectral data Improved ⌧ spectral functions at Belle II

(3) QQ bound states
3.3% ⇡ 1.5%

N2,3LO pQCD truncation Add N3,4LO & more (cc), (bb) bound states
mc,b uncertainties Combined mc,b + ↵S fits

(4) DIS & PDF fits
1.7% ⇡ 1% (0.2%)

N2,(3)LO PDF (SF) fits N3LO fits. Add new SF fits: F p,d
2

, gi (EIC)
Span of PDF-based results Better corr. matrices. More PDF data (LHeC/FCC-eh)

(5) e
+
e
� jets & evt shapes

2.6% ⇡ 1.5% (< 1%)
NNLO+N(1,2,3)LL truncation Add N2,3LO+N3LL, power corrections

Different NP analytical & PS corrs. Improved NP corrs. via: NNLL PS, grooming
Limited datasets w/ old detectors New improved data at B factories (FCC-ee)

(6) Electroweak fits
2.3% (⇡ 0.1%)

N3LO truncation N4LO, reduced param. uncerts. (mW,Z, ↵, CKM)
Small LEP+SLD datasets Add W boson. Tera-Z, Oku-W datasets (FCC-ee)

(7) Hadron colliders
2.4% ⇡ 1.5%

NNLO(+NNLL) truncation, PDF uncerts. N3LO+NNLL (for color-singlets), improved PDFs
Limited data sets (tt, W, Z, e-p jets) Add more datasets: Z pT, p-p jets, �i/�j ratios,...

World average 0.8% ⇡ 0.4% (0.1%)

a. Lattice: The current ±0.7% precision of the lattice-QCD extraction of ↵S(m2
Z) can be reduced by about

a factor of two within the next ⇠10 years. In order to improve the lattice-QCD based determinations of ↵S , it
would be important to reach higher renormalization scales. This requires to add more advanced lattice simula-
tions and incorporate improved (higher order) pQCD counterpart calculations. In view of recursive step-scaling
strategies, also nonstandard perturbative techniques for selected finite volume renormalization schemes should
be developed. Lattice simulations should be run with smaller lattice spacings, allow continuum extrapolation,
and include charm quark effects (2+1+1 calculations). Perturbative improvements require calculating N3LO,
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FIG. 44: Summary of determinations of ↵S(m
2

Z) from seven subfields. The yellow (light shaded) bands and dotted lines
indicate the pre-average values of each subfield. The dashed line and blue (dark shaded) band represent the final ↵S(m

2

Z)

world average [March’22 update of the PDG’21 results [1]].

lower values, and would allow one to quote a reduced theoretical uncertainty since this additional source of
uncertainty would be completely removed. Further improvements could come from a better understanding of
nonperturbative effects. Some progress is also likely to come in the category e+e� jets & shapes where the
calculation of power corrections in the 3-jet region [393, 394] could have a sizeable impact, and improve fits of
the coupling from event shapes. In fact, the region used in the fits are dominated by events with an additional
hard emission, therefore the applicability of nonperturbative power corrections computed in the two-jet limit
has been questioned and a treatment of these corrections in the three-jet region is certainly more appropriate.
The impact of this on ↵S(m2

Z) in this category has still to be assessed. For the hadron collider category it is an
open discussion how to deal with correlations between PDF parameters and ↵S(m2

Z) in the cases, where a full
fit is not performed simultaneously. In view of many more NNLO results to come we can expect some advances
here. Particularly, NNLO for 3-jet production will enable to perform fits of ↵S(m2

Z) from ratios with at least
partial cancellation of some uncertainties. Some doubts were raised whether this reduction in uncertainty also
holds for the PDF dependence of such ratio predictions. Moreover, for predictions of ratios of cross sections, the

Determinations 
from all subfields 
agree very well
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2. Prospects and wish-lists for high-precision extractions

In Table XIII, we summarise the current precision of the seven extraction methods that contribute today
to the PDG world average (see Table XII), as well as the expected improvements in the next ⇠10 years (or
in the longer future, in parenthesis) for each one of them. For each category, we list the dominant sources of
theoretical and experimental uncertainties that propagate into ↵S(m2

Z) today, and the anticipated progress in the
next years (or in the longer term of planned future collider facilities) that will lead to a corresponding reduction
of the uncertainties. The last row list the relative uncertainty of the current world-average (0.8%) and of the
one expected within the next decade (⇡ 0.4%) obtained from taking a weighted average of the individual per-
category uncertainties (in parenthesis, we provide the permil precision expected in the longer term from lattice-
QCD and/or electroweak fits at a future high-luminosity e+e� facility). Of course, the latter result assumes that
no new physics impacts any of the extraction methods and, as a matter of fact, significant inconsistency among
independent determinations would indicate either a problem in our theoretical/experimental understanding of
any given observable, or provide a potential indirect evidence of BSM physics.

TABLE XIII: Summary of current and expected future (within the decade ahead or, in parenthesis, longer time scales)
uncertainties in the ↵S(m

2

Z) extractions used today to derive the world average. Acronyms and symbols: CIPT=‘contour-
improved perturbation theory’, FOPT=‘fixed-order perturbation theory’, NP=‘nonperturbative QCD’, SF=‘structure
functions’, PS=‘Monte Carlo parton shower’.

Relative ↵S(m
2

Z) uncertainty
Method Current Near (long-term) future

theory & exp. uncertainties sources theory & experimental progress

(1) Lattice
0.7% ⇡ 0.3% (0.1%)

Finite lattice spacing & stats. Reduced latt. spacing. Add more observables
N2,3LO pQCD truncation Add N3,4LO, active charm (QED effects)

Higher renorm. scale via step-scaling to more observ.

(2) ⌧ decays
1.6% < 1.%

N3LO CIPT vs. FOPT diffs. Add N4LO terms. Solve CIPT–FOPT diffs.
Limited ⌧ spectral data Improved ⌧ spectral functions at Belle II

(3) QQ bound states
3.3% ⇡ 1.5%

N2,3LO pQCD truncation Add N3,4LO & more (cc), (bb) bound states
mc,b uncertainties Combined mc,b + ↵S fits

(4) DIS & PDF fits
1.7% ⇡ 1% (0.2%)

N2,(3)LO PDF (SF) fits N3LO fits. Add new SF fits: F p,d
2

, gi (EIC)
Span of PDF-based results Better corr. matrices. More PDF data (LHeC/FCC-eh)

(5) e
+
e
� jets & evt shapes

2.6% ⇡ 1.5% (< 1%)
NNLO+N(1,2,3)LL truncation Add N2,3LO+N3LL, power corrections

Different NP analytical & PS corrs. Improved NP corrs. via: NNLL PS, grooming
Limited datasets w/ old detectors New improved data at B factories (FCC-ee)

(6) Electroweak fits
2.3% (⇡ 0.1%)

N3LO truncation N4LO, reduced param. uncerts. (mW,Z, ↵, CKM)
Small LEP+SLD datasets Add W boson. Tera-Z, Oku-W datasets (FCC-ee)

(7) Hadron colliders
2.4% ⇡ 1.5%

NNLO(+NNLL) truncation, PDF uncerts. N3LO+NNLL (for color-singlets), improved PDFs
Limited data sets (tt, W, Z, e-p jets) Add more datasets: Z pT, p-p jets, �i/�j ratios,...

World average 0.8% ⇡ 0.4% (0.1%)

a. Lattice: The current ±0.7% precision of the lattice-QCD extraction of ↵S(m2
Z) can be reduced by about

a factor of two within the next ⇠10 years. In order to improve the lattice-QCD based determinations of ↵S , it
would be important to reach higher renormalization scales. This requires to add more advanced lattice simula-
tions and incorporate improved (higher order) pQCD counterpart calculations. In view of recursive step-scaling
strategies, also nonstandard perturbative techniques for selected finite volume renormalization schemes should
be developed. Lattice simulations should be run with smaller lattice spacings, allow continuum extrapolation,
and include charm quark effects (2+1+1 calculations). Perturbative improvements require calculating N3LO,

Determination of αS

28

106

0.110 0.115 0.120 0.125 0.130
�s(M2

Z)
August 2021

BDP 2008-16
Boito 2018
PDG 2020
Boito 2021

� decays
&

low Q2

Mateu 2018
Peset 2018
Narison 2018 (c �c)
Narison 2018 (b �b)
BM19 (c �c)
BM20 (b �b)

QQ
bound
states

BBG06
JR14
ABMP16
NNPDF31
CT18
MSHT20

PDF fits

ALEPH (j&s)
OPAL (j&s)
JADE (j&s)
Dissertori (3j)
JADE (3j)
Verbytskyi (2j)
Kardos (EEC)
Abbate (T)
Gehrmann (T)
Hoang (C)

  e +e �

jets
&

shapes

Klijnsma (t �t)
CMS (t �t)
H1 (jets)*
d'Enterria (W/Z)
HERA (jets)

hadron
collider

PDG 2020
Gfitter 2018  electroweak

FLAG2019 lattice

FIG. 44: Summary of determinations of ↵S(m
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Z) from seven subfields. The yellow (light shaded) bands and dotted lines
indicate the pre-average values of each subfield. The dashed line and blue (dark shaded) band represent the final ↵S(m

2

Z)

world average [March’22 update of the PDG’21 results [1]].

lower values, and would allow one to quote a reduced theoretical uncertainty since this additional source of
uncertainty would be completely removed. Further improvements could come from a better understanding of
nonperturbative effects. Some progress is also likely to come in the category e+e� jets & shapes where the
calculation of power corrections in the 3-jet region [393, 394] could have a sizeable impact, and improve fits of
the coupling from event shapes. In fact, the region used in the fits are dominated by events with an additional
hard emission, therefore the applicability of nonperturbative power corrections computed in the two-jet limit
has been questioned and a treatment of these corrections in the three-jet region is certainly more appropriate.
The impact of this on ↵S(m2

Z) in this category has still to be assessed. For the hadron collider category it is an
open discussion how to deal with correlations between PDF parameters and ↵S(m2

Z) in the cases, where a full
fit is not performed simultaneously. In view of many more NNLO results to come we can expect some advances
here. Particularly, NNLO for 3-jet production will enable to perform fits of ↵S(m2

Z) from ratios with at least
partial cancellation of some uncertainties. Some doubts were raised whether this reduction in uncertainty also
holds for the PDF dependence of such ratio predictions. Moreover, for predictions of ratios of cross sections, the
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2. Prospects and wish-lists for high-precision extractions

In Table XIII, we summarise the current precision of the seven extraction methods that contribute today
to the PDG world average (see Table XII), as well as the expected improvements in the next ⇠10 years (or
in the longer future, in parenthesis) for each one of them. For each category, we list the dominant sources of
theoretical and experimental uncertainties that propagate into ↵S(m2

Z) today, and the anticipated progress in the
next years (or in the longer term of planned future collider facilities) that will lead to a corresponding reduction
of the uncertainties. The last row list the relative uncertainty of the current world-average (0.8%) and of the
one expected within the next decade (⇡ 0.4%) obtained from taking a weighted average of the individual per-
category uncertainties (in parenthesis, we provide the permil precision expected in the longer term from lattice-
QCD and/or electroweak fits at a future high-luminosity e+e� facility). Of course, the latter result assumes that
no new physics impacts any of the extraction methods and, as a matter of fact, significant inconsistency among
independent determinations would indicate either a problem in our theoretical/experimental understanding of
any given observable, or provide a potential indirect evidence of BSM physics.

TABLE XIII: Summary of current and expected future (within the decade ahead or, in parenthesis, longer time scales)
uncertainties in the ↵S(m

2

Z) extractions used today to derive the world average. Acronyms and symbols: CIPT=‘contour-
improved perturbation theory’, FOPT=‘fixed-order perturbation theory’, NP=‘nonperturbative QCD’, SF=‘structure
functions’, PS=‘Monte Carlo parton shower’.

Relative ↵S(m
2

Z) uncertainty
Method Current Near (long-term) future

theory & exp. uncertainties sources theory & experimental progress

(1) Lattice
0.7% ⇡ 0.3% (0.1%)

Finite lattice spacing & stats. Reduced latt. spacing. Add more observables
N2,3LO pQCD truncation Add N3,4LO, active charm (QED effects)

Higher renorm. scale via step-scaling to more observ.

(2) ⌧ decays
1.6% < 1.%

N3LO CIPT vs. FOPT diffs. Add N4LO terms. Solve CIPT–FOPT diffs.
Limited ⌧ spectral data Improved ⌧ spectral functions at Belle II

(3) QQ bound states
3.3% ⇡ 1.5%

N2,3LO pQCD truncation Add N3,4LO & more (cc), (bb) bound states
mc,b uncertainties Combined mc,b + ↵S fits

(4) DIS & PDF fits
1.7% ⇡ 1% (0.2%)

N2,(3)LO PDF (SF) fits N3LO fits. Add new SF fits: F p,d
2

, gi (EIC)
Span of PDF-based results Better corr. matrices. More PDF data (LHeC/FCC-eh)

(5) e
+
e
� jets & evt shapes

2.6% ⇡ 1.5% (< 1%)
NNLO+N(1,2,3)LL truncation Add N2,3LO+N3LL, power corrections

Different NP analytical & PS corrs. Improved NP corrs. via: NNLL PS, grooming
Limited datasets w/ old detectors New improved data at B factories (FCC-ee)

(6) Electroweak fits
2.3% (⇡ 0.1%)

N3LO truncation N4LO, reduced param. uncerts. (mW,Z, ↵, CKM)
Small LEP+SLD datasets Add W boson. Tera-Z, Oku-W datasets (FCC-ee)

(7) Hadron colliders
2.4% ⇡ 1.5%

NNLO(+NNLL) truncation, PDF uncerts. N3LO+NNLL (for color-singlets), improved PDFs
Limited data sets (tt, W, Z, e-p jets) Add more datasets: Z pT, p-p jets, �i/�j ratios,...

World average 0.8% ⇡ 0.4% (0.1%)

a. Lattice: The current ±0.7% precision of the lattice-QCD extraction of ↵S(m2
Z) can be reduced by about

a factor of two within the next ⇠10 years. In order to improve the lattice-QCD based determinations of ↵S , it
would be important to reach higher renormalization scales. This requires to add more advanced lattice simula-
tions and incorporate improved (higher order) pQCD counterpart calculations. In view of recursive step-scaling
strategies, also nonstandard perturbative techniques for selected finite volume renormalization schemes should
be developed. Lattice simulations should be run with smaller lattice spacings, allow continuum extrapolation,
and include charm quark effects (2+1+1 calculations). Perturbative improvements require calculating N3LO,
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world average [March’22 update of the PDG’21 results [1]].

lower values, and would allow one to quote a reduced theoretical uncertainty since this additional source of
uncertainty would be completely removed. Further improvements could come from a better understanding of
nonperturbative effects. Some progress is also likely to come in the category e+e� jets & shapes where the
calculation of power corrections in the 3-jet region [393, 394] could have a sizeable impact, and improve fits of
the coupling from event shapes. In fact, the region used in the fits are dominated by events with an additional
hard emission, therefore the applicability of nonperturbative power corrections computed in the two-jet limit
has been questioned and a treatment of these corrections in the three-jet region is certainly more appropriate.
The impact of this on ↵S(m2

Z) in this category has still to be assessed. For the hadron collider category it is an
open discussion how to deal with correlations between PDF parameters and ↵S(m2

Z) in the cases, where a full
fit is not performed simultaneously. In view of many more NNLO results to come we can expect some advances
here. Particularly, NNLO for 3-jet production will enable to perform fits of ↵S(m2

Z) from ratios with at least
partial cancellation of some uncertainties. Some doubts were raised whether this reduction in uncertainty also
holds for the PDF dependence of such ratio predictions. Moreover, for predictions of ratios of cross sections, the
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PDFs outlook

Great progress since 
2013 
➡ Similar will be needed for xsec in 

HL-LHC 

➡ Also new kinematic regimes, eg 
low-x 

➡ Feasible strategy to obtain 
N3LO PDFs  

Nuclear, meson, 
transverse-momentum 
dependent PDFs with 
EIC and other facilities

29

3

PDF-related topics in Snowmass’13 [arXiv:1310.5189] and ‘21 studies
Topic Status, 2013 Status, 2022

Achieved accuracy of PDFs N2LO for evolution, DIS and vector 
boson produciton

N2LO for all key processes; N3LO for some 
processes

PDFs with NLO EW 
contributions

MSTW’04 QED, NNPDF2.3 QED LuXQED and other photon PDFs from 
several groups; PDFs with leptons and 
massive bosons

PDFs with resummations Small x (in progress) Small-x and threshold resummations 
implemented in several PDF sets

Available LHC processes to 
determine nucleon PDFs

ܹ/ܼ, single-incl. jet, high-் ܼ, ݐ ҧݐ, ܹ +
ܿ production at 7 and 8 TeV

+ ݐ ҧݐ, single-top, dijet, ߛ/ܹ/ܼ +jet, low-Q 
Drell Yan pairs, … at 7, 8, 13 TeV

Near-future experiments to
probe PDFs

LHC Run-2
DIS: LHeC

LHC Run-3
DIS: EIC, LHeC, …

Benchmarking of PDFs for 
the LHC

PDF4LHC’2015 recommendation in
preparation

PDF4LHC’21 recommendation issued

Precision analysis of 
specialized PDFs

Nuclear, meson, transverse-momentum 
dependent PDFs

NEW TASKS in the HL-LHC ERA:
Obtain complete N2LO and 
N3LO predictions for PDF-
sensitive processes

Improve models for correlated 
systematic errors

Find ways to constrain large-x PDFs 
without relying on nuclear targets

Develop and benchmark fast 
N2LO interfaces 

Estimate N2LO theory 
uncertainties

New methods to combine PDF 
ensembles, estimate PDF uncertainties, 
deliver PDFs for applications

TABLE I. Top part: Some of the PDF-focused topics explored in Snowmass’2013 [22] and ’2021 studies. Bottom part: a
selection of new critical tasks for the development of a new generation of PDFs that achieve the objectives of the physics
program at the high-luminosity LHC.

physics or theoretical simulations. However, comparisons to individual PDF ensembles from the groups, rather than
combined ones, remain necessary in the most precise measurements, such as tests of electroweak precision symmetry
breaking and Higgs boson physics.

The rest of the whitepaper discusses all these critical tasks of the precision PDF era in more detail. We wish to
highlight some of the pertinent issues here.

Recent PDF analyses indicate that the LHC data is increasingly crucial in pinning down the parton densities, and
its constraining power will become even more crucial in the HL-LHC run [26]. At the same time, new experiments
on the deeply-inelastic scattering (DIS), in particular, at the Electron-Ion Collider planned at BNL in the USA,
may be at least as instrumental as the LHC, and in some important cases more instrumental, in constraining the
relevant PDF combinations [27]. Even more precise measurements of the PDFs in DIS may be obtained at the Large
Hadron-Electron Collider (LHeC [28]) and Muon-Ion Collider (MuIC [29]).

To elevate the accuracy of PDFs in the next decade, it is critical that new experiments and theory calculations
implement consistent error control at all stages, from experimental measurements to the distribution of final PDFs.
In particular, while there is a reasonable overall agreement between the various experiments in the recent PDF
fits [6, 7, 9, 10] in terms of their preferences for the PDFs, detailed testing with several methods reveals some
disagreements (tensions) among the most precise experiments. The strength of these disagreements is about the

2203.13923

PDFs and 𝛼 introduce leading uncertainties 
in EW/BSM physics at hadron colliders

2020-07-22 Highlights from EF06 3

For example, in Higgs 
production at the HL-LHC 
and HE-LHC

Reaching the targeted accuracy of PDFs at the  
HL-LHC/HE-LHC is not automatic: 

which advancements in QCD theory & PDF 
determination will be required, as well as new 
measurements at the LHC and other 
facilities?

M. Cepeda et al., arXiv:1902.00134
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Forward Physics Facility

Proposed underground facility ~620 m from 
ATLAS interaction point  

High energy neutrino fluxes for DIS  
➡ New regions of phase space in forward hadron production 

probing both large-x and small-x  
➡ Nuclear structure functions, PDF 

30

29 Mar 2022 Feng  20

QCD
• The FPF will also support a rich program of QCD and hadron structure studies.

• Forward neutrino production is a a probe of forward hadron production, BFKL 
dynamics, intrinsic charm, ultra small x proton structure, with important 
implications for UHE cosmic ray experiments.

• Neutrino interactions will probe DIS at the TeV-scale, constrain proton and 
nuclear structure, pdfs.

FASER White Paper (2022)

29 Mar 2022 Feng  21

QCD
• The FPF will probe proton structure at ultra small x ~ 10-7 (and also 

high x ~ 1).

• In addition to the intrinsic interest in QCD, ultra small-x physics will 
become more and more important at higher energies, for example, in 
making precise predictions for !(## → ℎ) at a 100 TeV pp collider.

FASER White Paper (2022)

29 Mar 2022 Feng  6

THE FORWARD PHYSICS FACILITY
• The FPF is a proposal to create an underground cavern to house a 

suite of far-forward experiments during the HL-LHC era.  No 

modification to the LHC is needed.

• The FPF is uniquely positioned to fully realize the LHC’s physics 

potential for both SM and BSM physics in the far forward region, 

greatly extending the LHC physics program for relatively little cost.  

ATLAS

UJ12

UJ18
LOS

LHC

FASER2 FASERν2

AdvSND

FORMOSA

FLARE

cryostat

LOS

Jonathan Feng 
at EF workshop 

and 2109.10905

https://indico.fnal.gov/event/52465/timetable/#34-fpf-at-the-hl-lhc
https://indico.fnal.gov/event/52465/timetable/#34-fpf-at-the-hl-lhc
https://arxiv.org/abs/2109.10905
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Electron-Ion Collider (EIC)
The only new large-scale accelerator facility planned for 
construction in US in the next few decades  

➡ Polarized electrons with polarized beams of proton and light ions 

Will provide detailed information on  
➡ Nonperturbative distributions like nucleon and nuclear PDFs 
➡ Transverse-momentum dependent (TMD) distributions 
➡ Heavy flavor baryon production 
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FIG. 2. Luminosity vs. center-of-mass energy for the past (open markers), current (solid markers), and some of the planned
future lepton-proton or ion collision facilities (shaded markers). Most of the fixed-target facilities (blue) have high luminosity
but low energy, while collider facilities (green or red) typically access higher energy but have low luminosity. While all fixed-
target facilities can utilize polarized proton (or nuclear) targets, polarized proton or ion beams are only available at EIC and
not at HERA, LHeC or FCC-ep.

and fundamental scientific questions in particle physics. This whitepaper provides an overview of the science case of
EIC from the perspective of the high-energy physics community. The science case is broadly categorized into and
presented in the following sections:

• Beyond standard model physics: Sec. 2,

• Tomogography of hadrons and nuclei: Sec. 3,

• Jet physics: Sec. 4,

• Physics of heavy flavors: Sec. 5,

• Physics at small Bjoeken-x: Sec. 6.
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FIG. 38. The projected statistical uncertainty of ⇤+
c /D0 as a function of pT in |⌘| < 1 and 1 < ⌘ < 3 in e+p 18⇥275 GeV

collisions. The mean values for the projected points are from PYTHIA8.3 calculations. Open circle and open square points are
the measurements in p + p

p
s = 7 TeV collisions from ALICE [464] and e+p collisions from ZEUS [468, 469].

5.2. Deciphering QCD at the EIC

The EIC also opens a new era in precision in the investigation of hadronic structure. This endeavor is enabled
by a wealth of data from JLab experiments, RHIC and the LHC, that collectively help us reveal the details of the
underlying theory, QCD. The PDF framework has proven remarkably successful in describing processes with hadronic
initial states. While the study of proton PDFs has grown exceedingly precise, the need to extend this precision to the
nuclear sector, involving fits with explicit nuclear degrees of freedom, has become more urgent in recent years. The
use of nuclear targets and heavy ion collisions has continued and grown in recent decades, and a new era will open at
the EIC. To enhance the accuracy of experimental analyses and theoretical studies of QCD, new information from the
EIC can revolutionize our understanding of overall nuclear structure. This can be encapsulated in the determination
of nuclear PDFs (nPDF).

FIG. 39. Illustration of the intricate connection between proton and nuclear PDFs, and the many phenomena to be considered.

Progress in studying QCD dynamics within nuclei has been demonstrated in a number of recent nPDF analyses [95,
96, 390, 470–478]. As the community strives to increase its precision approaches and extend its predictions into new
frontiers of the kinematic {x, Q2} plane, new phenomena (illustrated in Fig. 39) will be encountered. These must be
incorporated into theoretical frameworks. The high statistics and large kinematic reach of the EIC will be instrumental
in providing the data necessary to advance global analyses. These, in turn, will yield an improved understanding
of nuclear structure and new insights into QCD. For example of this, a recent study by the nCTEQ Collaboration
expanded upon the original nCTEQ15 analysis [390] and included new data from JLab experiments to explore the
high-x and low-Q regime. The resulting nCTEQ15HIX nPDFs investigated the impact of a variety of e↵ects including
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eg, TMD PDFs one of the largest  
uncertainties for W mass 2103.05419
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Figure 7.51: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for the CS-kernel at µ = 2 GeV.

which can efficiently decorrelate the effects of soft-gluon evolution and internal
transverse motion. Importantly, the current estimate is based on one-parameter
models (which likely explains the node-like structures seen in the figures), which
are sufficient to describe the current data. Given the precision of the EIC measure-
ments, one can expect to obtain a fine structure of the CS-kernel, which will help
to explore properties of the QCD vacuum [488]. The unpolarized TMDs will also
be significantly constrained through EIC data. The largest impact will be in the
regions that are not covered by present data, i.e., for low x and low z, where the
size of the uncertainty bands can be reduced by a factor ⇠ 4. In other regions, the
reduction of uncertainties is smaller, typically by a factor ⇠ 2. The EIC measure-

Figure 7.52: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for up-quark unpolarized TMD PDFs (upper panel) and u ! p+ pion TMD
FFs (lower panel), at different values of x and z as a function of kT , for µ = 2 GeV. Lighter
band is the SV19 extraction, darker is SV19 with EIC pseudodata.

https://arxiv.org/abs/2203.13199
https://arxiv.org/abs/2103.05419
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Belle II QCD studies

Belle II will provide key inputs for TMD 
PDF measurements at EIC on quark 
fragmentation 

➡ eg, transverse polarization of Λ hyperons, di-hadron 
correlations  

Will constrain systematic uncertainties 
on  determination 

➡ Hadronic Vacuum Polarization (HVP) large 
contributor to uncertainty 
✦ Belle II measurements can help reduce this with 

 and  

➡ Next uncertainty is hadronic light-by-light scattering 
(HLbL)  
✦ Constrained with 

gμ − 2

e+e− → π+π−(γ) τ− → π−π0ντ

e+e− → e+e−h
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FIG. 1. Illustrations of the current tension between BaBar [29] and KLOE [30] data. (left) Ratio

of the BaBar to KLOE data for the exclusive annihilation cross section into ⇡
+
⇡
� pairs. (right)

Comparison of the leading-order HVP contribution to aµ from the (dominant) ⇡
+
⇡
� channel using

di↵erent (sub)sets of data. (Figures from Ref. [30])

inconsistency in the ⇢–! interference region, though less problematic when performing the

integral over s. The right plot of Fig. 1 shows the contribution to a
HVP,LO
µ

from the two-pion

channel, elucidating again the strong tension between the KLOE and BaBar data. Playing

such an important role in the total HVP contribution to aµ, it is thus an issue of great

urgency to not only reduce the uncertainty on the hadronic cross-section measurements

as such to match the expected experimental uncertainty on aµ, but also to resolve this

significant tension between the measurements with the currently highest precision, KLOE

and BaBar, as it currently constitutes a major contribution to the uncertainty on the SM

prediction for aµ.

The tension translates in a di↵erence of aHVP
µ

at LO of about 6 ⇥ 10�10 [10, 22]. In

addition to fundamental questions about the experimental data, this di↵erence is of the

same order of magnitude as the BNL E821 experimental precision. And its contribution to

the SM estimate of aµ will dominate over the aimed-for precision of the final g�2 result. As

should be clear from the above description, an e↵ort to precisely measure �h, in particular

in the ⇢–! interference region, is of the highest priority to the g � 2 theory community to

reduce the overall uncertainties to the level of the expected uncertainties of the final g � 2

result and to resolve tension in the existing data. The supporting letter by the g � 2 theory

initiative attests to this fact.

At Belle II, the cross section for the e
+
e
� ! ⇡

+
⇡
�(�) process can be measured from

2204.02280
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FIG. 4. Transverse spin dependent IFF asymmetries binned in m1, m2 where the mi are the

invariant mass of the hadron pair in each hemisphere. The full Belle dataset is used. While

the uncertainties are generally small, high invariant mass bins show non-negligible statistical and

systematic uncertainties. For a fully di↵erential binning, in particular in ✓ and if the transverse

momentum dependence is to be taken into account, more data would be needed. Figure from

Ref. [103]

uncertainties are dominated by MC uncertainties, in particular the di↵erences between

di↵erent tunes. This leads to systematic uncertainties for example of acceptance e↵ects

or the impact of initial state radiation on observables. The larger data set o↵ered by Belle II

will open opportunities to significantly reduce these uncertainties in two di↵erent ways.

Firstly and most importantly, a comprehensive program in collaboration with MCEG groups

to tune hadronization models as outlined Sec. III B 1 will significantly reduce uncertainties

related to the MC model as it will allow to reduce the reasonable parameter space in these

models. This will obviously also be important to other physics channels at Belle II and other

experiments. Secondly, in multidimensional hadronization measurements, MC statistics

limit the precision with which systematic uncertainties can be determined. For instance,

https://arxiv.org/abs/2204.02280
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Probe the Structure of X(3872) 
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Ψ(2S)
X(3872)

2018

� Observation of X(3872) in PbPb is expected (>5 σ) in Run3
� Run3+4: Enables more differential studies (vs. pT and centrality)
� Low pT reach limited by combinatorial background

� Æ ALICE3 and/or LHCb with central event capability upgrade
� Measurements at future EIC
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Continuation of its exploration of QGP

Contributions to spectroscopy 
➡ Observation of X(3872) in PbPb is expected (>5 σ) in Run3 
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ALP/Monopole searches: rely on large EM field in HI collisions  
➡ ALICE 3 + CMS will push the ALP limit well below 1/TeV between 50 MeV and 100 GeV  
➡ Interesting because ALPs found in this range could potentially explain muon anomalous magnetic moment puzzle 
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Figure �: Bounds in the (ma, 1/�a) plane from existing (gray) and future (colored, with heavy-
ions at the LHC) ALP searches.

broken symmetry. In this scenarios, the production and decay rates of ALPs are fully defined
in the parameter space of the axion mass ma and the ga“ coupling.

Ultraperipheral collisions of heavy ions provide a clean environment for ALP searches in
the ma . 100 GeV range [��]. From the experimental point of view, the final state of interest
for ALP production is a pair of photons emitted almost back-to-back in an otherwise empty
detector. The ALP signal would be visible as a peak in the diphoton invariant mass distri-
bution on top of various background processes, mostly light-by-light scattering continuum,
combinatorial background from fi0fi0 photoproduction and decay photons from spin-� and
spin-� resonances [��]. Dedicated trigger strategies and high photon e�ciency at low photon
transverse momenta are crucial for a successful measurement.

The most stringent limits on ALPs in the ma range from 5 to ��� GeV have been set
in light-by-light scattering measurements performed in Pb-Pb UPCs at Ô

sNN = 5.02 TeV
by the CMS [��] and ATLAS [��] collaborations. The ALICE and LHCb experiments can
potentially improve those limits with future Run-� and Run-� data samples in a mass region
ma ƒ 1–5 GeV of otherwise di�cult experimental access [��]. Also ATLAS and CMS could
extend the limits in the range ma < 5 GeV provided a triggering strategy, and low-energy
photon reconstruction are improved in future heavy-ion data taking. The future ALICE �
experiment [��], a proposed next-generation heavy-ion experiment for Run � and beyond, has
an opportunity to extend the coverage to even lower ALP masses. The expected performance
of LHC experiments [��, ��] is shown in Fig. � together with existing limits (from [��]) and
future ALICE � constraints estimated in two scenarios of �% and ���% photon reconstruction
e�ciency corresponding to photons registered via conversions or in an ideal calorimeter. As
can be seen in the figure, the ALICE � experiment is expected to fill the gap between beam-
dump and ATLAS/CMS constraints and push the limits on ALP-“ coupling well below the
1 TeV≠1 range for intermediate masses 50 MeV to 5 GeV, which is particularly interesting as

�

Yen-Jie Lee

HI and NP: ALP Search 

16EF07: Highlights and Plans

� New performance compilation from arXiv:2203.13199
� ALICE 3 + CMS will push the ALP limit well below 1/TeV between 50 MeV and 100 GeV

� Interesting because ALPs found in this range could potentially explain muon anomalous 
magnetic moment puzzle

� ALP and Monopole searches: rely on the large 
EM field in heavy ion collisions.

HL-LHC

arXiv:2203.05939

https://arxiv.org/abs/2203.05939
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Fig. 2: Left panel: the number of expected events (from Ref. [6], see also [2]) at a 10 TeV muon collider,
with 10 ab�1 luminosity, for several BSM particles. Right panel: 95% CL mass reach, from Ref. [5], at
the HL-LHC (solid bars) and at the FCC-hh (shaded bars). The tentative discovery reach of a 10, 14 and
30 TeV muon collider are reported as horizontal lines.

particles can be definitely discovered up to the kinematical threshold. Taking into account that entire
target integrated luminosity will be collected in 5 years, a few months of run could be sufficient for a
discovery. Afterwards, the large production rate will allow us to observe the new particles decaying
in multiple final states and to measure kinematical distributions. We will thus be in the position of
characterizing the properties of the newly discovered states precisely. Similar considerations hold for
muon colliders with higher Ecm, up to the fact that the kinematical mass threshold obviously grows to
Ecm/2. Notice however that the production cross-section decreases as 1/E

2
cm.1 Therefore we obtain as

many events as in the left panel of Figure 2 only if the integrated luminosity grows as

Lint = 10 ab�1
✓

Ecm

10 TeV

◆2

. (1)

A luminosity that is lower than this by a factor of around 10 would not affect the discovery reach, but it
might, in some cases, slightly reduce the potential for characterizing the discoveries.

The direct reach of muon colliders vastly and generically exceeds the sensitivity of the High-
Luminosity LHC (HL-LHC). This is illustrated by the solid bars on the right panel of Figure 2, where
we report the projected HL-LHC mass reach [5] on several BSM states. The 95% CL exclusion is
reported, instead of the discovery, as a quantification of the physics reach. Specifically, we consider
Composite Higgs fermionic top-partners T (e.g., the X5/3 and the T2/3) and supersymmetric particles
such as stops et , charginos e�±

1 , stau leptons e⌧ and squarks eq . For each particle we report the highest
possible mass reach, as obtained in the configuration for the BSM particle couplings and decay chains
that maximizes the hadron colliders sensitivity. The reach of a 100 TeV proton-proton collider (FCC-hh)
is shown as shaded bars on the same plot. The muon collider reach, displayed as horizontal lines for
Ecm = 10, 14 and 30 TeV, exceeds the one of the FCC-hh for several BSM candidates and in particular,
as expected, for purely electroweak charged states.

Several interesting BSM particles do not decay to easily detectable final states, and an assessment
of their observability requires dedicated studies. A clear case is the one of minimal WIMP Dark Matter
(DM) candidates (see e.g. [4] and references therein). The charged state in the DM electroweak multiplet

1The scaling is violated by the vector boson annihilation channel, which however is relevant only at low mass.

8
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Building the BSM program

Models connect the high-level unanswered questions in particle 
physics to specific phenomena in a self-consistent way 

➡ Allow the comparison of experimental reach between various approaches 
✦ e.g. direct searches vs precision  

➡ Which models to consider? How to compare model spaces in a consistent way?  

How do we conduct searches in a more model-independent way? 
➡ e.g. long-lived and feebly-interacting particles, high-mass resonances 
➡ How do we compare the results of different experiments in a more model-independent way 

to ensure complementarity and avoid big gaps in coverage? 

35
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Fig. 1: Equivalent proton collider energy. The left plot [1], assumes that qq and gg partonic initial states
both contribute to the production. In the orange and blue lines, � = 1 and � = 10, respectively. In the
right panel [4], production from qq and from gg are considered separately.

numbers, � = 1 is a reasonable estimate because the particles are produced by the same interaction at the
two colliders. If instead it also carries QCD color, the proton collider can exploit the QCD interaction to
produce the particle, and a ratio of � = 10 should be considered owing to the large QCD coupling and
color factors. The orange line on the left panel of Figure 1, obtained with � = 1, is thus representative
of purely electroweak particles. The blue line, with � = 10, is instead a valid estimate for particles that
also possess QCD interactions, as it can be verified in concrete examples.

The general lesson we learn from the left panel of Figure 1 (orange line) is that at a proton collider
with around 100 TeV energy the cross-section for processes with an energy threshold of around 10 TeV
is much smaller than the one of a muon collider operating at Ecm =

p
sµ ⇠ 10 TeV. The gap can be

compensated only if the process dynamics is different and more favorable at the proton collider, like in
the case of QCD production. The general lesson has been illustrated for new heavy particles production,
where the threshold is provided by the particle mass. But it also holds for the production of light SM
particles with energies as high as Ecm, which are very sensitive indirect probes of new physics. This
makes exploration by high energy measurements more effective at muon than at proton colliders, as
we will see in Section 5. Moreover the large luminosity for high energy muon collisions produces
the copious emission of effective vector bosons. In turn, they are responsible at once for the tremendous
direct sensitivity of muon colliders to “Higgs portal” type new physics and for their excellent perspectives
to measure single and double Higgs couplings precisely as we will see in Section 3 and 4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison
between the muon and proton colliders discovery reach for the heavy particles. That assessment will be
performed in the following section based on available proton colliders projections.

3 Direct reach
The left panel of Figure 2 displays the number of expected events, at a 10 TeV muon collider with
10 ab�1 integrated luminosity, for the pair production due to electroweak interactions of Beyond the
Standard Model (BSM) particles with variable mass M. The particles are named with a standard BSM
terminology, however the results do not depend on the detailed BSM model (such as Supersymmetry
or Composite Higgs) in which these particles emerge, but only on their Lorentz and gauge quantum
numbers. The dominant production mechanism at high mass is the direct µ

+
µ

� annihilation, whose
cross-section flattens out below the kinematical threshold at M = 5 TeV. The cross-section increase at
low mass is due to the production from effective vector bosons annihilation.

The figure shows that with the target luminosity of 10 ab�1 a Ecm = 10 TeV muon collider can
produce the BSM particles abundantly. If they decay to energetic and detectable SM final states, the new

7
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Fig. 1: Equivalent proton collider energy. The left plot [1], assumes that qq and gg partonic initial states
both contribute to the production. In the orange and blue lines, � = 1 and � = 10, respectively. In the
right panel [4], production from qq and from gg are considered separately.

numbers, � = 1 is a reasonable estimate because the particles are produced by the same interaction at the
two colliders. If instead it also carries QCD color, the proton collider can exploit the QCD interaction to
produce the particle, and a ratio of � = 10 should be considered owing to the large QCD coupling and
color factors. The orange line on the left panel of Figure 1, obtained with � = 1, is thus representative
of purely electroweak particles. The blue line, with � = 10, is instead a valid estimate for particles that
also possess QCD interactions, as it can be verified in concrete examples.

The general lesson we learn from the left panel of Figure 1 (orange line) is that at a proton collider
with around 100 TeV energy the cross-section for processes with an energy threshold of around 10 TeV
is much smaller than the one of a muon collider operating at Ecm =

p
sµ ⇠ 10 TeV. The gap can be

compensated only if the process dynamics is different and more favorable at the proton collider, like in
the case of QCD production. The general lesson has been illustrated for new heavy particles production,
where the threshold is provided by the particle mass. But it also holds for the production of light SM
particles with energies as high as Ecm, which are very sensitive indirect probes of new physics. This
makes exploration by high energy measurements more effective at muon than at proton colliders, as
we will see in Section 5. Moreover the large luminosity for high energy muon collisions produces
the copious emission of effective vector bosons. In turn, they are responsible at once for the tremendous
direct sensitivity of muon colliders to “Higgs portal” type new physics and for their excellent perspectives
to measure single and double Higgs couplings precisely as we will see in Section 3 and 4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison
between the muon and proton colliders discovery reach for the heavy particles. That assessment will be
performed in the following section based on available proton colliders projections.

3 Direct reach
The left panel of Figure 2 displays the number of expected events, at a 10 TeV muon collider with
10 ab�1 integrated luminosity, for the pair production due to electroweak interactions of Beyond the
Standard Model (BSM) particles with variable mass M. The particles are named with a standard BSM
terminology, however the results do not depend on the detailed BSM model (such as Supersymmetry
or Composite Higgs) in which these particles emerge, but only on their Lorentz and gauge quantum
numbers. The dominant production mechanism at high mass is the direct µ

+
µ

� annihilation, whose
cross-section flattens out below the kinematical threshold at M = 5 TeV. The cross-section increase at
low mass is due to the production from effective vector bosons annihilation.

The figure shows that with the target luminosity of 10 ab�1 a Ecm = 10 TeV muon collider can
produce the BSM particles abundantly. If they decay to energetic and detectable SM final states, the new
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Fig. 2: Left panel: the number of expected events (from Ref. [6], see also [2]) at a 10 TeV muon collider,
with 10 ab�1 luminosity, for several BSM particles. Right panel: 95% CL mass reach, from Ref. [5], at
the HL-LHC (solid bars) and at the FCC-hh (shaded bars). The tentative discovery reach of a 10, 14 and
30 TeV muon collider are reported as horizontal lines.

particles can be definitely discovered up to the kinematical threshold. Taking into account that entire
target integrated luminosity will be collected in 5 years, a few months of run could be sufficient for a
discovery. Afterwards, the large production rate will allow us to observe the new particles decaying
in multiple final states and to measure kinematical distributions. We will thus be in the position of
characterizing the properties of the newly discovered states precisely. Similar considerations hold for
muon colliders with higher Ecm, up to the fact that the kinematical mass threshold obviously grows to
Ecm/2. Notice however that the production cross-section decreases as 1/E

2
cm.1 Therefore we obtain as

many events as in the left panel of Figure 2 only if the integrated luminosity grows as

Lint = 10 ab�1
✓

Ecm

10 TeV

◆2

. (1)

A luminosity that is lower than this by a factor of around 10 would not affect the discovery reach, but it
might, in some cases, slightly reduce the potential for characterizing the discoveries.

The direct reach of muon colliders vastly and generically exceeds the sensitivity of the High-
Luminosity LHC (HL-LHC). This is illustrated by the solid bars on the right panel of Figure 2, where
we report the projected HL-LHC mass reach [5] on several BSM states. The 95% CL exclusion is
reported, instead of the discovery, as a quantification of the physics reach. Specifically, we consider
Composite Higgs fermionic top-partners T (e.g., the X5/3 and the T2/3) and supersymmetric particles
such as stops et , charginos e�±

1 , stau leptons e⌧ and squarks eq . For each particle we report the highest
possible mass reach, as obtained in the configuration for the BSM particle couplings and decay chains
that maximizes the hadron colliders sensitivity. The reach of a 100 TeV proton-proton collider (FCC-hh)
is shown as shaded bars on the same plot. The muon collider reach, displayed as horizontal lines for
Ecm = 10, 14 and 30 TeV, exceeds the one of the FCC-hh for several BSM candidates and in particular,
as expected, for purely electroweak charged states.

Several interesting BSM particles do not decay to easily detectable final states, and an assessment
of their observability requires dedicated studies. A clear case is the one of minimal WIMP Dark Matter
(DM) candidates (see e.g. [4] and references therein). The charged state in the DM electroweak multiplet

1The scaling is violated by the vector boson annihilation channel, which however is relevant only at low mass.
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Fig. 18: Left: Sensitivities to the Z 0 model with �L

22 = 1 (upper panel) and �L

22 =
p
4⇡ (lower panel)

via µ+µ�
! bs̄ at a MuC with

p
s = 3, 6, 10 TeV (red, blue, green). Other limits include the neutrino

trident production [145], LHC [175], HL-LHC [176], and Bs mixing [167]. Right: Sensitivities to the
LQ model via µ+µ�

! bs̄ at a MuC for scalar (upper) and vector (lower) LQ. Figures from Ref. [29].

subject to the b-jet tagging efficiency and the mistag rate. This study assumed a conservative experimental
performance, with the b-jet tagging efficiency being ✏b = 70% [25] and mistag rates being ✏uds = 1%

and ✏c = 10%. While counting the signal events, it is required that one of the jets is successfully tagged
as a b jet, while the other is not. The t-jet should be able to be clearly separated from b-jet with proper
cuts on the jet structure.

The sensitivity is studied at the parton level for the MuC setup
p
s = 3 TeV and L = 1 ab

�1 by
counting the event number with respect to the polar angle. For this purpose, the following chi-square

�2
=

X

i

(Ni � eNi)
2

Ni + ✏2 · N2

i

, (42)

is defined, where i sums over polar angles with a bin size of cos ✓ = 0.1, Ni is the predicted total event
number of signal plus SM backgrounds, eNi is SM only event number, and we fix the possible systematic
error ✏ as 0.1%.

The final sensitivity to Z 0 connecting the µµ and bs currents are shown in Fig. 18, left. The red
curves mark the sensitivity of the MuC with

p
s = 3 TeV and L = 1 ab

�1 if we take �L

22 = 1 (upper
panel) or �L

22 =
p
4⇡ (lower panel). Note that large �L

22 is needed because �Q

23
is strongly constrained

by Bs � Bs̄ mixing. The solid and dashed curves represent the cases without and with flavor tagging,
respectively. The parameter space of Z 0 explaining the R

K
(⇤) anomaly is given as the yellow band,

which is actually limited by neutrino trident production and Bs mixing. If �L

22 = 1 is assumed, the Z 0

parameter space which survives in explaining the R
K

(⇤) anomaly (yellow bands) can be largely covered.
Even though it is not shown here, it is expected that the radiative return process, µ+µ�

! bs�, will
explore the rest of the surviving parameter space. Moreover, it is clear that a higher energy collider can
probe higher Z 0 masses. This is helpful to probe the R

K
(⇤) anomaly when a larger �L

22 is taken. For
instance, for �L

22 =
p
4⇡ the MuC with

p
s = 6 TeV will rule out most of the favored parameter space.
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Fig. 19: The 5� discovery reach of 3 (14) TeV MuC with 1 (20) ab�1 of data. The reach is calculated
using the flavor scenario described in Eq. 49. The straight-line boundary of the pair-production channel
corresponds to pure EW production, and is therefore independent of �L. Figure taken from Ref. [33].

the upcoming LHCb or Belle II experiments, these results provide an irrefutable case for building a high
energy MuC.

Since the construction of a future MuC has not begun, this analysis has not attempted to simulate
systematics or detector effects. An attempt at emulating the systematics in searches for U1 at a future
MuC can be found in [29] . Inclusion of systematics and different statistical analysis led Ref. [29] to
a slightly lower reach than shown in Fig. 19. Yet, both analyses agree that a MuC with a few to 10
TeV center of mass energy, and with predicted attainable luminosities [2], can cover the entire parameter
space of U1 that explains the flavor anomalies. Once the research and design of the collider is underway,
further studies will be needed to refine the reach plot provided in this proof-of-concept study.

9 Lepton Flavour Violation
The SM exhibits a distinctive pattern of fermion masses and mixing angles, for which we currently have
no deep explanation. Delicate symmetries also lead to a strong suppression of flavor-changing processes
in the quark and lepton sectors, which may be reintroduced by new particles or interactions. The non-
observation of such processes thus leads to some of the most stringent constraints on BSM physics,
while a positive signal could give us insight into the observed structure of the SM. A number of precision
experiments searching for lepton flavor violating (LFV) processes such as µ ! 3e, ⌧ ! 3µ or µ-to-e
conversion within atomic nuclei will explore these processes with orders of magnitude more precision
in the coming decades [179]. As we will see, a high-energy MuC has the unique capability to explore
the same physics — either via measuring effective interactions or by directly producing new states with
flavor-violating interactions — at the TeV scale.

9.1 Effective LFV Contact Interactions
In this section, we study MuC bounds on µµ`i`j-type contact interactions, and demonstrate the com-
plementarity with precision experiments looking for lepton-flavor violating decays, as first studied in
ref. [6]. We will focus on ⌧3µ and µ3e operators, since constraints on them can be compared directly
with the sensitivity from ⌧ ! 3µ and µ ! 3e decays. We parametrize the four-fermion operators
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Figure 1. Leading diagrams giving rise to LQ pair production at MuC. The top row shows direct
pair production from muon collisions, while the bottom row shows possible contributions from VBF-
like diagrams, where the gauge bosons are to be understood as arising collinear radiation from the
radiation beam and the remanant particle is unobserved. (See Sec. 3.2 for more details.) Except
for the top-right diagram, all the other ones only depend on the electroweak gauge couplings.

this sense, our results can be interpreted as a “best-case” scenario for the reach of a MuCin
probing the parameter space of our simplified LQ model. Once the systematic uncertainties
are determined, it will be straightforward to include them in our analysis, see refs. [123, 124]
for prescriptions on how to include the systematic uncertainties in a calculation like ours.

3.1 Leptoquark Pair Production

If the LQ is not too heavy, it can be directly pair produced from muon collisions. A priori,
PP of a LQ occurs through s-channel �/Z exchange, vector boson fusion (VBF) processes,
or t-channel exchange of a quark (depending on its couplings to muons) as depicted in
Fig. 1. However, there are other processes that lead to the same final states and include
contributions from LQs, e.g. the “barking dog” topology, which only involves one LQ, as
in the left panel of Fig. 2. For this reason, in order to be inclusive, here we define “pair
production” as all contributions involving LQs that lead to a final state with two b-jets and
two leptons (either muons or taus, depending on the flavor scenario).

Unlike the SP or DY channels discussed below, LQs can be pair produced via their
electroweak interactions, even if they lack any direct couplings to muons. As we will show,
for �

i2 . 0.2, the PP cross section depends only on the LQ mass. The PP mode is also
particularly distinctive at a muon collider, as it leads to two quark-lepton pairs produced
back-to-back in the collider for a broad range of LQ masses.

The backgrounds to LQ pair production at a muon collider arise entirely from SM
electroweak production of lepton or jet pairs, see Fig. 2. The largest SM rates arise when
a jet or lepton pair is near the Z-pole, but these can be substantially suppressed with a
simple cut on the invariant mass. For scenarios where the signal requires muons in the final
states, the SM bbµµ background also receives significant contributions from topologies where
the b-pair is produced via fusion of vector bosons radiated off the incoming muons, which
continue in the forward direction. While the resulting muon pair will be well-separated –
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Figure 6. Diagrams leading to single production of LQs. A vector boson from µ
+(µ�) collides

with µ
�(µ+) through different channels producing a down-type quark and a LQ.

2 and 4 are comparable, see Sec. 4. The solid contours show the 95% C.L. constraints, while
the dashed lines show the 5� discovery reach.

For small values of �
32
L , the constraints are essentially constant in mass, as a result of

the pure electroweak production of LQ pairs. We see that the electroweak pair production
alone will set the reach of a muon collider to roughly

p
s/2. For larger values of the muon

coupling, the additional t-channel production becomes important, and the bounds stretch
beyond the

p
s/2 on-shell threshold. The shaded gray region on the left-hand side shows

parameters where the decay width of the LQ is small, and hadronization effects may be
important, as discussed in Sec. 2.

3.2 Leptoquark Single Production

For LQs with masses less than
p

s, single production of LQs can be important. We refer to
single production as processes µ

+
µ
�
! U1dj + X, where X is missing energy that escapes

down the beampipe or is otherwise not observed. The relevant Feynman diagrams for single
production of a vector LQ are shown in Fig. 6. In all these diagrams, we show a collision
between a muon and a photon or Z boson, where the vector boson is understood to be
emitted at a small angle from the incoming muon beam. Besides those in Fig. 6, there
are also two diagrams with intermediate t-channel LQ that lead to the same final states.
We included those diagrams in the signal cross sections. In contrast to the “barking dog”
diagram that was included in the PP topology in the previous section, single production
is characterized by events where the muon that radiates the vector boson is deflected by a
small angle and continues in the forward direction at high rapidity, outside the coverage of
the detector.

A rigorous computation of the signal rate for this inclusive process would make use of
the electroweak parton distribution functions (PDFs) for the vector bosons in the muon [31–
33, 35]. In this study, for simplicity, we will content ourselves with working at fixed order
and consider only initial state photons, treated as initial states using the effective photon
approximation (EPA) [125]. Following ref. [43], we modify MadGraph5 to include photons
from muons using the built-in EPA, evaluated at a dynamical scale Q =

p
ŝ/2, where

p
ŝ is

the partonic center-of-mass energy. We cross-checked our results using analytic expressions
and the electroweak PDFs from refs. [32, 33], finding reasonable agreement. We do not
include the contributions from an initial state Z as these are suppressed both due to the Z

mass and the electroweak mixing angle.
The dominant decay channel of the LQ depends on the scenarios of Tab. 1. Similar to
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Figure 10. Contribution to DY dijet production from LQ exchange (left) and SM (right). We
can use the interference of these two diagrams to look for the LQ signal.

3.3 Drell-Yan

Here we consider the LQ interference with the SM DY processes.4 The parton-level final
state comprises two back-to-back quarks. The LQ exchange occurs only in the t-channel.
The primary contribution to the cross section in the kinematic regime of interest is the in-
terference of the LQ diagram with the SM s-channel DY process. The parton-level diagrams
are shown in Fig. 10.

Unlike the SP and PP channels, the DY process does not contain an s-channel LQ.
Because the effect is in the kinematic distributions and via interference with the SM, there
is sensitivity to the NP signal even at higher masses, as the effects scale as 1/m

2
LQ. Since

the contribution to Drell-Yan via LQ exchange is entirely due to �L and does not depend
on the electroweak couplings, the channel loses sensitivity in the small coupling regime. We
focus on the b jet final states, which means the signal is sensitive to only the �

32
L coupling,

i.e it is independent of other potential LQ decay channels. Furthermore, the DY reach is
insensitive to modified gauge interactions, so any constraints apply regardless of ̃U .

Due to the distinct topology of the LQ contribution to DY production, the presence of
LQs will modify the kinematics of jet-pair production, which can be seen in ⌘, ✓, or jet pT

distributions. Since this process has a two body final state, these quantities are trivially
related and we choose to consider only the ⌘j distribution. In Fig. 11, we show the event
distribution in ⌘ for a few different LQ masses and couplings. In the regions of parameter
space that the t-channel LQ contribution dominates, e.g. low LQ mass or large couplings,
the distribution is shifted to larger values of |⌘|.

As is clear from Fig. 11, the overall distribution of events in the presence of the LQ signal
can be quite different from the SM. We leverage the shape-dependence of the distributions
in ⌘ to derive projected 95% C.L. exclusion bounds as well as the 5� discovery reach of a
MuC from this DY channel. To do so, we adopt a frequentist approach and use the standard
likelihood ratio test statistic to calculate these bounds. Further details on our likelihood
analysis and calculation of these bounds are included in App. A.

In Fig. 12 we show the reach of a MuC with COM energies
p

s = 3 and 14 TeV. We
compute this reach after binning the events into 10 bins spanning the full detector range in
|⌘| (|⌘|  2.5). We find that increasing the number of bins does not significantly increase
the sensitivity. Note that in deriving these results, we neglect any systematic uncertainties,
which could be easily incorporated into this type of analysis.

4Technically, this is the (Drell-Yan)† process since we annihilate two leptons into two quarks.
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subject to the b-jet tagging efficiency and the mistag rate. This study assumed a conservative experimental
performance, with the b-jet tagging efficiency being ✏b = 70% [25] and mistag rates being ✏uds = 1%

and ✏c = 10%. While counting the signal events, it is required that one of the jets is successfully tagged
as a b jet, while the other is not. The t-jet should be able to be clearly separated from b-jet with proper
cuts on the jet structure.

The sensitivity is studied at the parton level for the MuC setup
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s = 3 TeV and L = 1 ab
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counting the event number with respect to the polar angle. For this purpose, the following chi-square

�2
=

X

i

(Ni � eNi)
2

Ni + ✏2 · N2

i

, (42)

is defined, where i sums over polar angles with a bin size of cos ✓ = 0.1, Ni is the predicted total event
number of signal plus SM backgrounds, eNi is SM only event number, and we fix the possible systematic
error ✏ as 0.1%.

The final sensitivity to Z 0 connecting the µµ and bs currents are shown in Fig. 18, left. The red
curves mark the sensitivity of the MuC with
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respectively. The parameter space of Z 0 explaining the R
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(⇤) anomaly is given as the yellow band,

which is actually limited by neutrino trident production and Bs mixing. If �L

22 = 1 is assumed, the Z 0

parameter space which survives in explaining the R
K

(⇤) anomaly (yellow bands) can be largely covered.
Even though it is not shown here, it is expected that the radiative return process, µ+µ�

! bs�, will
explore the rest of the surviving parameter space. Moreover, it is clear that a higher energy collider can
probe higher Z 0 masses. This is helpful to probe the R

K
(⇤) anomaly when a larger �L

22 is taken. For
instance, for �L

22 =
p
4⇡ the MuC with

p
s = 6 TeV will rule out most of the favored parameter space.
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Fig. 19: The 5� discovery reach of 3 (14) TeV MuC with 1 (20) ab�1 of data. The reach is calculated
using the flavor scenario described in Eq. 49. The straight-line boundary of the pair-production channel
corresponds to pure EW production, and is therefore independent of �L. Figure taken from Ref. [33].

the upcoming LHCb or Belle II experiments, these results provide an irrefutable case for building a high
energy MuC.

Since the construction of a future MuC has not begun, this analysis has not attempted to simulate
systematics or detector effects. An attempt at emulating the systematics in searches for U1 at a future
MuC can be found in [29] . Inclusion of systematics and different statistical analysis led Ref. [29] to
a slightly lower reach than shown in Fig. 19. Yet, both analyses agree that a MuC with a few to 10
TeV center of mass energy, and with predicted attainable luminosities [2], can cover the entire parameter
space of U1 that explains the flavor anomalies. Once the research and design of the collider is underway,
further studies will be needed to refine the reach plot provided in this proof-of-concept study.

9 Lepton Flavour Violation
The SM exhibits a distinctive pattern of fermion masses and mixing angles, for which we currently have
no deep explanation. Delicate symmetries also lead to a strong suppression of flavor-changing processes
in the quark and lepton sectors, which may be reintroduced by new particles or interactions. The non-
observation of such processes thus leads to some of the most stringent constraints on BSM physics,
while a positive signal could give us insight into the observed structure of the SM. A number of precision
experiments searching for lepton flavor violating (LFV) processes such as µ ! 3e, ⌧ ! 3µ or µ-to-e
conversion within atomic nuclei will explore these processes with orders of magnitude more precision
in the coming decades [179]. As we will see, a high-energy MuC has the unique capability to explore
the same physics — either via measuring effective interactions or by directly producing new states with
flavor-violating interactions — at the TeV scale.

9.1 Effective LFV Contact Interactions
In this section, we study MuC bounds on µµ`i`j-type contact interactions, and demonstrate the com-
plementarity with precision experiments looking for lepton-flavor violating decays, as first studied in
ref. [6]. We will focus on ⌧3µ and µ3e operators, since constraints on them can be compared directly
with the sensitivity from ⌧ ! 3µ and µ ! 3e decays. We parametrize the four-fermion operators

45

3TeV
3TeV DY

Compare FCC-hh probes 14 TeV at 2σ

https://arxiv.org/pdf/2104.05720.pdf
Vector LQ

https://arxiv.org/pdf/2103.01617.pdf
Scalar LQ

• Pair and single production of LQ ➔ μb 
• μμ ➔bb with LQ in t-channel (Drell-Yan)

• Interest in leptoquarks is strong for potential relationship to LHCb RK* anomaly.

https://arxiv.org/pdf/1911.04455.pdf

• μμ ➔ bs  with LQ in t-channel

• On the way to a >10 TeV Muon Collider, a 3 TeV stage offers substantial BSM opportunity.

H
L-

LH
C FC

C-
hh

FCC-hh

Jim Hirschauer 
at EF and 

2104.05720

April 1, 2022
https://muoncollider.web.cern.ch

A Muon Collider Facility for Physics Discovery

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

This is one of the six reports submitted to Snowmass by the International Muon Collider Collaboration.
The Indico subscription page:

https://indico.cern.ch/event/1130036/
contains the link to the reports and gives the possibility to subscribe to the papers.
The policy for signatures is that, for each individual report, you can subscribe as "Author" or as
"Signatory", defined as follows:

– “Author” indicates that you did contribute to the results documented in the report in any form,
including e.g. by participating to the discussions of the community meeting, sending comments
on the drafts, etc, or that you plan to contribute to the future work. The “Authors” will appear as
such on arXiv.

– "Signatory means that you express support to the Collaboration effort and endorse the
Collaboration plans. The "Signatories" list will be reported in the text only.

The white papers will appear on arXiv on 15 March 2022 (Snowmass deadline).

Additional contributors can subscribe until March 30th and they will be added to the revised version.

Editors:
D. Stratakis1, N. Mokhov1, M. Palmer2, N. Pastrone3, T. Raubenheimer4, C. Rogers5, D. Schulte6,
V. Shiltsev1, J. Tang7,9, A. Yamamoto6,8,

Authors:
C. Aimè10,22, M.A. Mahmoud.11, N. Bartosik3, E. Barzi1,38, A. Bersani12, A. Bertolin13,
M. Bonesini14,39, B. Caiffi12, M. Casarsa15, M.G. Catanesi16, A. Cerri17, C. Curatolo14, M. Dam14,
H. Damerau6, E. De Matteis18, H. Denizli19, B. Di Micco20,40, T. Dorigo13, S. Farinon12, F. Filthaut21,
D. Fiorina22, D. Giove18, M. Greco20, C. Grojean23,41, T. Han24, S. Jindariani1, P. Koppenburg25,
K. Krizka26, Q. Li27, Z. Liu28, K.R. Long29,5, D. Lucchesi30,13, S. Mariotto31,18, F. Meloni23,
C. Merlassino32, E. Métral6, A. Montella15, R. Musenich12, M. Nardecchia33,42, F. Nardi30,13,
D. Neuffer1, S. Pagan Griso26, K. Potamianos32, M. Prioli18, E. Radicioni16, L. Reina34,
C. Riccardi10,22, L. Ristori1, L. Rossi31,18, P. Salvini22, J. Santiago35,43, A. Senol19, L. Sestini13,
M. Sorbi31,18, G. Stark36, M. Statera18, X. Sun37, I. Vai22, R. U. Valente18

Signatories:
K. Agashe44, B.C. Allanach45, A. Apresyan1, P. Asadi46, D. Athanasakos47, A. Azatov48,15, F. Batsch6,
M.E. Biagini49, K.M. Black50, . . Bottaro51,52, A. Braghieri22, A. Bross1, L. Buonincontri13,30,
D. Buttazzo52, G. Calderini53,114, S. Calzaferri22, A. Canepa1, R. Capdevilla54,63, L. Castelli30,

ar
X

iv
:2

20
3.

08
03

3v
1 

 [p
hy

sic
s.a

cc
-p

h]
  1

5 
M

ar
 2

02
2

<latexit sha1_base64="pI02MX2eD+nPQvbFuewBRnV2+/c="></latexit>

µ
+

µ
�

Z/�

U1

U
†
1

<latexit sha1_base64="ShxiapaXvUdeXdB3Sb3JJZcIcQg="></latexit>

µ
+

b

µ
� U1

U
†
1

<latexit sha1_base64="PrGa/A7x1PSdE+EYN3eMLWzUJeY="></latexit>

Z/�

U1

Z/� U1

U
†
1

<latexit sha1_base64="r9cFsYAbXwlWgl8WNicC7lco0Wo="></latexit>

W
+

W
�

Z/�

U1

U
†
1

Figure 1. Leading diagrams giving rise to LQ pair production at MuC. The top row shows direct
pair production from muon collisions, while the bottom row shows possible contributions from VBF-
like diagrams, where the gauge bosons are to be understood as arising collinear radiation from the
radiation beam and the remanant particle is unobserved. (See Sec. 3.2 for more details.) Except
for the top-right diagram, all the other ones only depend on the electroweak gauge couplings.

this sense, our results can be interpreted as a “best-case” scenario for the reach of a MuCin
probing the parameter space of our simplified LQ model. Once the systematic uncertainties
are determined, it will be straightforward to include them in our analysis, see refs. [123, 124]
for prescriptions on how to include the systematic uncertainties in a calculation like ours.

3.1 Leptoquark Pair Production

If the LQ is not too heavy, it can be directly pair produced from muon collisions. A priori,
PP of a LQ occurs through s-channel �/Z exchange, vector boson fusion (VBF) processes,
or t-channel exchange of a quark (depending on its couplings to muons) as depicted in
Fig. 1. However, there are other processes that lead to the same final states and include
contributions from LQs, e.g. the “barking dog” topology, which only involves one LQ, as
in the left panel of Fig. 2. For this reason, in order to be inclusive, here we define “pair
production” as all contributions involving LQs that lead to a final state with two b-jets and
two leptons (either muons or taus, depending on the flavor scenario).

Unlike the SP or DY channels discussed below, LQs can be pair produced via their
electroweak interactions, even if they lack any direct couplings to muons. As we will show,
for �

i2 . 0.2, the PP cross section depends only on the LQ mass. The PP mode is also
particularly distinctive at a muon collider, as it leads to two quark-lepton pairs produced
back-to-back in the collider for a broad range of LQ masses.

The backgrounds to LQ pair production at a muon collider arise entirely from SM
electroweak production of lepton or jet pairs, see Fig. 2. The largest SM rates arise when
a jet or lepton pair is near the Z-pole, but these can be substantially suppressed with a
simple cut on the invariant mass. For scenarios where the signal requires muons in the final
states, the SM bbµµ background also receives significant contributions from topologies where
the b-pair is produced via fusion of vector bosons radiated off the incoming muons, which
continue in the forward direction. While the resulting muon pair will be well-separated –
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Figure 6. Diagrams leading to single production of LQs. A vector boson from µ
+(µ�) collides

with µ
�(µ+) through different channels producing a down-type quark and a LQ.

2 and 4 are comparable, see Sec. 4. The solid contours show the 95% C.L. constraints, while
the dashed lines show the 5� discovery reach.

For small values of �
32
L , the constraints are essentially constant in mass, as a result of

the pure electroweak production of LQ pairs. We see that the electroweak pair production
alone will set the reach of a muon collider to roughly

p
s/2. For larger values of the muon

coupling, the additional t-channel production becomes important, and the bounds stretch
beyond the

p
s/2 on-shell threshold. The shaded gray region on the left-hand side shows

parameters where the decay width of the LQ is small, and hadronization effects may be
important, as discussed in Sec. 2.

3.2 Leptoquark Single Production

For LQs with masses less than
p

s, single production of LQs can be important. We refer to
single production as processes µ

+
µ
�
! U1dj + X, where X is missing energy that escapes

down the beampipe or is otherwise not observed. The relevant Feynman diagrams for single
production of a vector LQ are shown in Fig. 6. In all these diagrams, we show a collision
between a muon and a photon or Z boson, where the vector boson is understood to be
emitted at a small angle from the incoming muon beam. Besides those in Fig. 6, there
are also two diagrams with intermediate t-channel LQ that lead to the same final states.
We included those diagrams in the signal cross sections. In contrast to the “barking dog”
diagram that was included in the PP topology in the previous section, single production
is characterized by events where the muon that radiates the vector boson is deflected by a
small angle and continues in the forward direction at high rapidity, outside the coverage of
the detector.

A rigorous computation of the signal rate for this inclusive process would make use of
the electroweak parton distribution functions (PDFs) for the vector bosons in the muon [31–
33, 35]. In this study, for simplicity, we will content ourselves with working at fixed order
and consider only initial state photons, treated as initial states using the effective photon
approximation (EPA) [125]. Following ref. [43], we modify MadGraph5 to include photons
from muons using the built-in EPA, evaluated at a dynamical scale Q =

p
ŝ/2, where

p
ŝ is

the partonic center-of-mass energy. We cross-checked our results using analytic expressions
and the electroweak PDFs from refs. [32, 33], finding reasonable agreement. We do not
include the contributions from an initial state Z as these are suppressed both due to the Z

mass and the electroweak mixing angle.
The dominant decay channel of the LQ depends on the scenarios of Tab. 1. Similar to
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Figure 10. Contribution to DY dijet production from LQ exchange (left) and SM (right). We
can use the interference of these two diagrams to look for the LQ signal.

3.3 Drell-Yan

Here we consider the LQ interference with the SM DY processes.4 The parton-level final
state comprises two back-to-back quarks. The LQ exchange occurs only in the t-channel.
The primary contribution to the cross section in the kinematic regime of interest is the in-
terference of the LQ diagram with the SM s-channel DY process. The parton-level diagrams
are shown in Fig. 10.

Unlike the SP and PP channels, the DY process does not contain an s-channel LQ.
Because the effect is in the kinematic distributions and via interference with the SM, there
is sensitivity to the NP signal even at higher masses, as the effects scale as 1/m

2
LQ. Since

the contribution to Drell-Yan via LQ exchange is entirely due to �L and does not depend
on the electroweak couplings, the channel loses sensitivity in the small coupling regime. We
focus on the b jet final states, which means the signal is sensitive to only the �

32
L coupling,

i.e it is independent of other potential LQ decay channels. Furthermore, the DY reach is
insensitive to modified gauge interactions, so any constraints apply regardless of ̃U .

Due to the distinct topology of the LQ contribution to DY production, the presence of
LQs will modify the kinematics of jet-pair production, which can be seen in ⌘, ✓, or jet pT

distributions. Since this process has a two body final state, these quantities are trivially
related and we choose to consider only the ⌘j distribution. In Fig. 11, we show the event
distribution in ⌘ for a few different LQ masses and couplings. In the regions of parameter
space that the t-channel LQ contribution dominates, e.g. low LQ mass or large couplings,
the distribution is shifted to larger values of |⌘|.

As is clear from Fig. 11, the overall distribution of events in the presence of the LQ signal
can be quite different from the SM. We leverage the shape-dependence of the distributions
in ⌘ to derive projected 95% C.L. exclusion bounds as well as the 5� discovery reach of a
MuC from this DY channel. To do so, we adopt a frequentist approach and use the standard
likelihood ratio test statistic to calculate these bounds. Further details on our likelihood
analysis and calculation of these bounds are included in App. A.

In Fig. 12 we show the reach of a MuC with COM energies
p

s = 3 and 14 TeV. We
compute this reach after binning the events into 10 bins spanning the full detector range in
|⌘| (|⌘|  2.5). We find that increasing the number of bins does not significantly increase
the sensitivity. Note that in deriving these results, we neglect any systematic uncertainties,
which could be easily incorporated into this type of analysis.

4Technically, this is the (Drell-Yan)† process since we annihilate two leptons into two quarks.
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subject to the b-jet tagging efficiency and the mistag rate. This study assumed a conservative experimental
performance, with the b-jet tagging efficiency being ✏b = 70% [25] and mistag rates being ✏uds = 1%

and ✏c = 10%. While counting the signal events, it is required that one of the jets is successfully tagged
as a b jet, while the other is not. The t-jet should be able to be clearly separated from b-jet with proper
cuts on the jet structure.

The sensitivity is studied at the parton level for the MuC setup
p
s = 3 TeV and L = 1 ab

�1 by
counting the event number with respect to the polar angle. For this purpose, the following chi-square
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, (42)

is defined, where i sums over polar angles with a bin size of cos ✓ = 0.1, Ni is the predicted total event
number of signal plus SM backgrounds, eNi is SM only event number, and we fix the possible systematic
error ✏ as 0.1%.

The final sensitivity to Z 0 connecting the µµ and bs currents are shown in Fig. 18, left. The red
curves mark the sensitivity of the MuC with

p
s = 3 TeV and L = 1 ab

�1 if we take �L

22 = 1 (upper
panel) or �L

22 =
p
4⇡ (lower panel). Note that large �L

22 is needed because �Q

23
is strongly constrained

by Bs � Bs̄ mixing. The solid and dashed curves represent the cases without and with flavor tagging,
respectively. The parameter space of Z 0 explaining the R

K
(⇤) anomaly is given as the yellow band,

which is actually limited by neutrino trident production and Bs mixing. If �L

22 = 1 is assumed, the Z 0

parameter space which survives in explaining the R
K

(⇤) anomaly (yellow bands) can be largely covered.
Even though it is not shown here, it is expected that the radiative return process, µ+µ�

! bs�, will
explore the rest of the surviving parameter space. Moreover, it is clear that a higher energy collider can
probe higher Z 0 masses. This is helpful to probe the R

K
(⇤) anomaly when a larger �L

22 is taken. For
instance, for �L

22 =
p
4⇡ the MuC with

p
s = 6 TeV will rule out most of the favored parameter space.
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instance, for �L

22 =
p
4⇡ the MuC with

p
s = 6 TeV will rule out most of the favored parameter space.
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Fig. 19: The 5� discovery reach of 3 (14) TeV MuC with 1 (20) ab�1 of data. The reach is calculated
using the flavor scenario described in Eq. 49. The straight-line boundary of the pair-production channel
corresponds to pure EW production, and is therefore independent of �L. Figure taken from Ref. [33].

the upcoming LHCb or Belle II experiments, these results provide an irrefutable case for building a high
energy MuC.

Since the construction of a future MuC has not begun, this analysis has not attempted to simulate
systematics or detector effects. An attempt at emulating the systematics in searches for U1 at a future
MuC can be found in [29] . Inclusion of systematics and different statistical analysis led Ref. [29] to
a slightly lower reach than shown in Fig. 19. Yet, both analyses agree that a MuC with a few to 10
TeV center of mass energy, and with predicted attainable luminosities [2], can cover the entire parameter
space of U1 that explains the flavor anomalies. Once the research and design of the collider is underway,
further studies will be needed to refine the reach plot provided in this proof-of-concept study.

9 Lepton Flavour Violation
The SM exhibits a distinctive pattern of fermion masses and mixing angles, for which we currently have
no deep explanation. Delicate symmetries also lead to a strong suppression of flavor-changing processes
in the quark and lepton sectors, which may be reintroduced by new particles or interactions. The non-
observation of such processes thus leads to some of the most stringent constraints on BSM physics,
while a positive signal could give us insight into the observed structure of the SM. A number of precision
experiments searching for lepton flavor violating (LFV) processes such as µ ! 3e, ⌧ ! 3µ or µ-to-e
conversion within atomic nuclei will explore these processes with orders of magnitude more precision
in the coming decades [179]. As we will see, a high-energy MuC has the unique capability to explore
the same physics — either via measuring effective interactions or by directly producing new states with
flavor-violating interactions — at the TeV scale.

9.1 Effective LFV Contact Interactions
In this section, we study MuC bounds on µµ`i`j-type contact interactions, and demonstrate the com-
plementarity with precision experiments looking for lepton-flavor violating decays, as first studied in
ref. [6]. We will focus on ⌧3µ and µ3e operators, since constraints on them can be compared directly
with the sensitivity from ⌧ ! 3µ and µ ! 3e decays. We parametrize the four-fermion operators
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reported the results of RK-measurement (in the
region q

2 2 [1.1, 6] GeV2) as [2]

R
LHCb

K = 0.846+0.042+0.013
�0.039�0.012 , (3)

which indicates a 3.1� discrepancy from its SM
prediction [25, 26]

R
SM

K = 1.0003± 0.0001 . (4)

Similarly, the LHCb Collaboration has also re-
ported the results of RK⇤-measurement in two
low-q2 bins [3] (q2 2 [0.045, 1.1] GeV2 and q

2 2
[1.1, 6] GeV2):

R
LHCb

K⇤ =

(
0.660+0.110

�0.070 ± 0.024 ,

0.685+0.113
�0.069 ± 0.047 ,

(5)

which shows 2.2� and 2.4� deviations, respec-
tively from their corresponding SM-predictions
in each q

2 bin [27, 28]:

R
SM

K? =

(
0.92± 0.02 ,

1.00± 0.01 .
(6)

Furthermore, Belle has also presented their re-
sults on RK [29] and RK⇤ [30]. However, there
are comparatively larger uncertainties than for
the LHCb measurements. There are in fact only
a few BSM possibilities which could resolve these
RK(⇤)-anomalies. Before entering details, it is
quite important to mention that an explanation
of RK(⇤) by modifying the b ! sµ

+
µ
� decay

anticipates a better global-fit to other observ-
ables, as compared to altering the b ! se

+
e
�

decay [31].
The e↵ective Lagrangian responsible for

semi-leptonic b ! sµ
+
µ
�-transitions can be ex-

pressed as (V denotes the CKM-matrix)

LNP

b!sµµ � 4GFp
2
VtbV

⇤
ts (C

µ
9
O

µ
9
+ C

µ
10
O

µ
10
) + h.c.

(7)
with the relevant operators

O
µ
9
=

↵

4⇡
(s̄L�µbL) (µ̄�

µ
µ) ,

O
µ
10

=
↵

4⇡
(s̄L�µbL) (µ̄�

µ
�5µ) .

(8)

Using these operators to explain the anomalies
leads to best-fit values of the Wilson-coe�cients

Figure 1. Tree-level processes at a muon collider di-
rectly related to RK(⇤) : Z 0 or leptoquark.

C9 = �C10 = �0.43, with the 1� range being
[�0.50,�0.36] [31, 32].

Models with Z 0
.—Let us now discuss an

explicit new-physics realization for explaining
the B-anomalies in neutral-currents. As a
prototypical-model (a partial list of references is
[33–55]), we consider a Z 0 which dominantly cou-
ples to bs and µ

+
µ
�
, via left-handed currents1.

One can achieve this by extending the SM with
an extra U(1) gauge group, which brings in a
new Z

0 boson having a non-universal lepton-
coupling and a flavor-changing quark-coupling.
Here, we concentrate solely on the Lagrangian-
part relevant for b ! sµ

+
µ
�-transitions, namely

LZ0 �
⇣
�
Q

ij d̄
i
L�

µ
d
j
L
+ �

L

↵�
¯̀↵
L�

µ
`
�
L

⌘
Z

0
µ , (9)

where `
i and d

i denote the di↵erent generations
of charged-lepton and down-type quark states,
respectively.

Integrating out the Z
0 field, one can obtain

the e↵ective-Lagrangian as:

Le↵

Z0 = � 1

2M2

Z0

⇣
�
Q

ij d̄
i
L�µd

j
L
+ �

L

↵�
¯̀↵
L�µ`

�
L

⌘
2

� � 1

2M2

Z0

⇣
�
Q

23

⌘
2

(s̄L�µbL)
2

+2�Q

23
�
L

22 (s̄L�µbL) (µ̄L�
µ
µL) + h.c.

i
.

(10)
Now one can find the relevant Wilson-coe�cients
at tree-level [cf. left-panel of Fig. 1] by matching

1 Right-handed currents in the lepton-sector actually
worsen the compatibility of RK(⇤) explanation with
the �Ms (mass-di↵erences of neutral B-mesons) mea-
surement [56], since they demand a larger Wilson-
coe�cient.

Scalar LQ with 
 and 
 couplings

S1 → μb
S1 → μs

https://indico.fnal.gov/event/52465/timetable/#10-ef08-contributions
https://indico.fnal.gov/event/52465/timetable/#10-ef08-contributions
https://arxiv.org/abs/2104.05720
https://arxiv.org/abs/2103.01617
https://arxiv.org/abs/1911.04455
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Fig. 5. Left : Invariant mass for a 10 TeV signal after full event selection in flavour anomaly
scenario. Limit versus mass (right) and luminosity for a 5� discovery (bottom).

(⌧21) and ⌧3/⌧2 (⌧32). The W -jet tagger also uses “isolation-like” variables, first introduced
in Ref. [66] that exploit the absence of high pT final-state radiation (FSR) in the vicinity
of the W decay products. We call these variables EF (n,↵) and define them as:

EF (n,↵) =
X

n�1
5 ↵<�R(k,jet)<n

5 ↵

p
(k)
T

,
X

�R(k,jet)<↵

p
(k)
T , (4.2)

with k running over the jet constituents and ↵ = 0.05. We construct 5 variables EF (n,↵)

with n = [1, 2, 3, 4, 5] and use them as input to the BDT. The W tagger has significantly
better performance than the top tagger thanks to the excellent discrimination power of
the energy-flow variables. We choose the working points for the analyses presented later,
with a top and W tagging efficiencies of ✏top

S = 60% and ✏
W
S = 90%, corresponding to a
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with n = [1, 2, 3, 4, 5] and use them as input to the BDT. The W tagger has significantly
better performance than the top tagger thanks to the excellent discrimination power of
the energy-flow variables. We choose the working points for the analyses presented later,
with a top and W tagging efficiencies of ✏top
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with n = [1, 2, 3, 4, 5] and use them as input to the BDT. The W tagger has significantly
better performance than the top tagger thanks to the excellent discrimination power of
the energy-flow variables. We choose the working points for the analyses presented later,
with a top and W tagging efficiencies of ✏top
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2.4.3. Sensitivity to Leptoquarks

We can now deduce the sensitivity to the leptoquark signal cross section based on simulations of the 3-prong decay
mode (15% branching ratio) of the ⌧ lepton. One caveat that we can see from Fig. 6 is that while some DIS CC events
survive all ten cuts and can provide a reasonable estimate of the background e↵ect, zero DIS NC and photoproduction
events passed the cuts in the current simulation. Since DIS NC and photoproduction events could pass all cuts once
a simulation is done with a larger sample size, it is not currently possible to project the leptoquark limit with all
background e↵ects fully taken into account. In addition, simulation studies of the detection e�ciency of the other ⌧
decay modes remain to be done. With these considerations in mind, we provide the potential for leptoquark exclusion
limits under di↵erent possible scenarios for the detection e�ciency of the ⌧ decay channels that are not in the the
“3-prong” mode. We estimate the 3-sigma exclusion limit on leptoquark cross sections to be 11.4 fb and 1.7 fb for the
case where the decay channels not in the 3-prong mode are not detected and when they are detected with the same
e�ciency as the “3-prong” mode presented here, respectively.

We show in Fig. 7 the leptoquark limits, expressed in terms of �1↵�3�/M2
LQ

. The quantity �1↵�3�/(M2
LQ

) char-
acterizes the strength of the leptoquark-mediated contact interaction. The �ij parameters, assumed to real for this
analysis, denote the leptoquark couplings between the i-th lepton generation and j-th quark generation and MLQ

denotes the leptoquark mass. The left and right panels in Fig. 7 correspond to exclusion limits on the SL

1/2 (F = 0) and

� � �
� � � � � �

� � �
� � � � � �� � � � � � �
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FIG. 7. From [4]: Limits on the scalar leptoquarks with F = 0 SL
1/2 (left) and |F | = 2 S̃R

0 (right) from 100 fb�1 of ep
18⇥ 275 GeV data, based on a sensitivity to leptoquark-mediated ep ! ⌧X cross section of size 1.7 fb (red triangles) or 11.4 fb
(grey triangles) with ECCE. Note that due to small value of

p
s, EIC cannot constraint the third generation couplings of SL

1/2

to top quarks. Limits from HERA [25, 26, 33, 34] are shown as cyan solid squares, and limits from ⌧ ! e� decays [23] are
shown as green solid circles.

S̃R

0 (|F | = 2) leptoquarks, respectively, assuming 100 fb�1 of luminosity for the 18 ⇥ 275 GeV energy configuration.
Here the leptoquark fermion number F = 3B +L, where B and L denote the baryon and lepton number, respectively.
We see that the EIC can improve upon existing HERA limits and complement limits from ⌧ ! e�, since the latter
only impact the contact interactions in the quark flavor-diagonal channels (↵ = �). Once again, we note that while
the e↵ect of DIS CC background is accounted for, the DIS NC and photoproduction backgrounds are not, since no
such events survived the selection cuts for the sample size used in our study.

2.4.4. CLFV Mediated by Axion-Like Particles: a Golden Opportunity at the EIC

Another context in which e� ! ⌧� events can naturally appear at the EIC is in the presence of axion-like particles
(ALPs) with CLFV couplings, in the form eAZ ! ⌧AZa, where AZ is an ion with charge Z and a is an ALP. ALPs
appear in a wide variety of extensions of the SM, over a broad range of parameters. Some of these models involve
CLFV in the interactions of the ALPs, for example, as a consequence of non-trivial dynamics in a “hidden” or “dark”
sector (see Ref. [35]), or as a “familon” [36] or “Majoron” [37, 38] associated with spontaneous breaking of global
symmetries. Signals of this general possibility have been studied for a variety experimental settings in Refs. [36, 39, 40].

In Ref. [41], it was pointed out that electron-ion collisions at the future EIC can provide an excellent opportunity to
probe such interactions, in particular for e�⌧ CLFV mediated by ALPs in the ⇠ GeV or higher mass range. Coherent
electromagnetic scattering at low q2 from a high-Z ion – like the gold nucleus with Z = 79 – can lead to significant
production of ALPs from the electron beam, accompanied by a ⌧ lepton in the final state. In addition, electron beam
polarization can be used to probe the parity properties of the ALP leptonic couplings. The relatively high center
of mass energy

p
s ⇠ 100 GeV achievable at the EIC [3] allows it to probe the ALP e � ⌧ CLFV coupling, C⌧e/⇤,

well below other projected limits, for ALP masses up to ⇠ few ⇥ 10 GeV, with 100 fb�1 of integrated luminosity.
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several TeV range consistent with a gluino-driven radiative electroweak symmetry breaking.
It is noted that benchmark (b) is taken from Ref. [12] (labeled there as (d)) while (a), (c),
(d), (e), (f), (g) are from Ref. [25] (labeled there as (f), (i), (b), (h), (g), (d), respectively).

Table 1: SUGRA benchmarks for future SUSY searches. All masses are in GeV.

Model m0 A0 m1 m2 m3 tan �

(a) 688 1450 852 634 8438 16.8
(b) 389 122 649 377 4553 8.2
(c) 452 648 624 346 4843 13.1
(d) 673 1127 939 570 8833 8.2
(e) 206 603 842 1298 7510 8.0
(f) 106 22.6 523 1309 5240 9.3
(g) 164 197 632 1539 6171 12.2

Along with the satisfaction of the recent muon g�2 result, the benchmarks satisfy the Higgs
boson mass, the dark matter relic density as well as the LHC mass limits constraints. We
present in Table 2 the low-lying sparticle spectrum along with the SM-like Higgs boson mass,
the relic density and the muon g� 2 anomaly calculated at the two-loop level. Here the left
handed slepton is lighter than the right handed one except in benchmarks (e), (f) and (g) due
to m2 being significantly greater that m1 as seen in Table 1. Furthermore, the benchmarks
respect current constraints on the proton-neutralino spin-independent cross section and all
allow for a multicomponent dark matter scenario.

Table 2: The SM-like Higgs mass, the light sparticle spectrum and the dark matter relic
density ⌦h2 for the benchmarks of Table 1. Also shown is the muon g � 2.

Model h0 ˜̀
L

˜̀
R ⌫̃L ⌧̃1 �̃0

1 �̃±
1 ⌦h2 �aµ(⇥10�9)

(a) 123.0 508.1 762.0 502.3 331.9 324.2 404.3 0.004 2.11
(b) 123.4 305.0 463.0 295 251.7 237.4 237.6 0.002 2.33
(c) 123.7 346.8 511.9 338.0 240.3 205.6 205.8 0.001 2.67
(d) 125.3 422.8 763.8 415.7 370.4 337.3 337.6 0.003 2.14
(e) 124.5 628.7 402.2 623.6 338.3 326.8 998.4 0.082 1.94
(f) 123.4 722.8 262.9 718.2 206.5 195.5 1038.4 0.103 2.57
(g) 123.9 856.4 327.4 852.4 243.5 240.1 1227 0.016 1.94

We investigate three main SUSY production channels at the LHC: slepton and sneutrino pair
production and slepton associated production with a sneutrino. The latter has a significant
cross section since it proceeds via the charged current. We calculate the production cross
sections at 14 TeV and 27 TeV at the aNNLO+NNLL accuracy using Resummino-3.0 [46,47].
The results are displayed in Table 3. Notice that the contribution from the right handed
sleptons becomes important in benchmarks (e), (f) and (g) where m˜̀

R
< m˜̀

L
.
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Table 6: The estimated integrated luminosities, in fb�1, for discovery of benchmarks
of Table 1 at 14 TeV and 27 TeV after combining all production channels and including
systematics in the signal and background.

Model SR-2`1j SR-2`2j

L at 14 TeV L at 27 TeV L at 14 TeV L at 27 TeV

(a) 880 310 1262 694
(b) 200 50 1860 715
(c) 148 75 1887 1320
(d) 425 252 · · · 2804
(e) 1040 232 1738 1194
(f) 730 152 2074 689
(g) 970 202 · · · 1031

As a comparison between HL-LHC and HE-LHC and to see the e↵ect of systematic uncer-
tainties, we plot the estimated integrated luminosities for discovery of benchmarks (a)�(g)
at 14 TeV and 27 TeV in Fig. 7. Benchmarks (b) and (c) require 200 fb�1 and 148 fb�1 at
14 TeV which should be attained in the coming run of LHC. The rest require more than 400
fb�1 but are all within the reach of HL-LHC. The same benchmarks require much smaller
integrated luminosities for discovery at HE-LHC.

Figure 7: The integrated luminosities, L, needed for discovery of SUSY at HL-LHC and
HE-LHC assuming that �aFBµ arises from SUSY loops. Values of L are shown before and
after including the ‘YR18’ uncertainties on the signal and background.
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several TeV range consistent with a gluino-driven radiative electroweak symmetry breaking.
It is noted that benchmark (b) is taken from Ref. [12] (labeled there as (d)) while (a), (c),
(d), (e), (f), (g) are from Ref. [25] (labeled there as (f), (i), (b), (h), (g), (d), respectively).

Table 1: SUGRA benchmarks for future SUSY searches. All masses are in GeV.

Model m0 A0 m1 m2 m3 tan �
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(b) 389 122 649 377 4553 8.2
(c) 452 648 624 346 4843 13.1
(d) 673 1127 939 570 8833 8.2
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(f) 106 22.6 523 1309 5240 9.3
(g) 164 197 632 1539 6171 12.2
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allow for a multicomponent dark matter scenario.

Table 2: The SM-like Higgs mass, the light sparticle spectrum and the dark matter relic
density ⌦h2 for the benchmarks of Table 1. Also shown is the muon g � 2.

Model h0 ˜̀
L

˜̀
R ⌫̃L ⌧̃1 �̃0

1 �̃±
1 ⌦h2 �aµ(⇥10�9)
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(d) 125.3 422.8 763.8 415.7 370.4 337.3 337.6 0.003 2.14
(e) 124.5 628.7 402.2 623.6 338.3 326.8 998.4 0.082 1.94
(f) 123.4 722.8 262.9 718.2 206.5 195.5 1038.4 0.103 2.57
(g) 123.9 856.4 327.4 852.4 243.5 240.1 1227 0.016 1.94
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events is O(109).

3.1 Event Selection

In this work, we consider a search for stau-pair production in final states of:

e+(Pe+)e
�(Pe�) ! ⌧̃⇤i ⌧̃j ! ⌧+⌧� + 2B̃ (i, j = 1, 2) , (18)

which have two oppositely-charged taus and large missing momentum with little other
activities. We apply the following preselections:

• Require exactly two reconstructed taus with opposite charge.

• Remove events with one or more isolated electrons or muons in the event. We only
select hadronic tau decays to mainly suppress leptonic background including ẽẽ and
µ̃µ̃ processes.

• Require two reconstructed taus to have, in total, at least one photon or at least three
charged particles. This cut is to further reject events from ẽẽ and µ̃µ̃ processes.

• Remove events with large non-tau activity. Events are removed if they contain two or
more tracks, or six or more neutral particles, that are not included in the tau candidate
jets. This e�ciently removes most of semi-leptonic and hadronic SM background,
while leptonic events with pileup of low energy �� ! hadrons are still accepted.

These preselections e�ciently remove non-tau background, but numerous tau backgrounds
such as �� ! ⌧⌧ , e+e� ! ⌧⌧ and e+e� ! W+W�

! ⌧⌫⌧⌫ remain, requiring strong
kinematic cuts for signal selection. Significant amount of ẽẽ and µ̃µ̃ SUSY background still
remains, which is due to mis-identification of electrons and muons. The lepton identification
criteria can be further optimized after reproducing SUSY events with the full detector
simulation.

We apply the following kinematic cuts to further reduce backgrounds:

• Cut 1: ✓acop/⇡ > 0.05

• Cut 2: 20 < Evis < 300 GeV

• Cut 3: Minv > 200 GeV

• Cut 4: | cos ✓miss| < 0.9

• Cut 5: missing Pt > 20 GeV

• Cut 6: | cos ✓⌧± | < 0.9
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Figure 3: Zoomed regions of Fig. 2. (a) The ⌧̃2⌧̃2 endpoint region. The light green and cyan
lines correspond to the SM background fit and the fit of all events, respectively. (b) The
⌧̃1⌧̃1 endpoint region. The cyan (orange) line is the fit result for the E⌧ range of 40–54GeV
(60–120GeV). See text for details of the fittings.

expected number of signal and background events in this range are found to be

N22 = 5803 , (21)

N12 = 1354 , (22)

NSM = 595.2 , (23)

NSUSY = 7215 , (24)

where N22, N12, NSM, and NSUSY are the numbers of events of ⌧̃2⌧̃2 production, ⌧̃1⌧̃2 pro-
duction, SM background, and SUSY background, respectively.

3.3 Stau Masses and Mixing Angle

First, we fit the ⌧̃1 mass parameter by using the endpoint in Eq. (17) with E⌧̃1 =
p
s/2 and

p
s = 500GeV. We assume that the lightest neutralino mass is measured with 100MeV

uncertainty from the endpoint analyses of selectron and smuon pair-productions [10, 32].
From the endpoint (20) and m�̃0

1
= 99.3± 0.1GeV, we obtain

m⌧̃1 = 112.8± 0.2GeV . (25)

Here and in the following analysis, we perform toy MC simulations to generate the
probability density function (PDF).#6 The PDF is maximized at the expectation value,
and the uncertainty corresponds to 68% of the PDF. Here, we require that both edges of
the uncertainty have the same value in the PDF.

#6We assume the Gaussian distribution for the lightest neutralino mass and the endpoints.
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Figure 12: Top left: Figure 11 from Ref. [70], showing the number of expected HNLs in
the Tera-Z run at the FCC-ee with 20 ab�1 for parameters consistent with leptogenesis in
models with two HNLs. Results are shown for the normal neutrino mass ordering. Top
right: Figure 13.2 from Ref. [9] showing a summary of HNL search prospects at all FCC
facilities. Solid lines are shown for direct searches and the dashed line denotes the constraint
from EW precision measurements. These limits are taken from Ref. [123] where further
details of the signatures and searches can be found. Bottom: Fig 8.19 from the ESPP 2020
briefing book [10], showing the FCC-ee sensitivity and complementarity with a compilation
of experiments on neutrino beams, beam dumps, at the LHC, and B factories. The direct
sensitivity curve at FCC-ee is the 95% exclusion limits in case of no observation in a sample
of 1012 Z decays. The limit from precision measurements extends to high masses, up to
1000 TeV.
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the Tera-Z run at the FCC-ee with 20 ab�1 for parameters consistent with leptogenesis in
models with two HNLs. Results are shown for the normal neutrino mass ordering. Top
right: Figure 13.2 from Ref. [9] showing a summary of HNL search prospects at all FCC
facilities. Solid lines are shown for direct searches and the dashed line denotes the constraint
from EW precision measurements. These limits are taken from Ref. [123] where further
details of the signatures and searches can be found. Bottom: Fig 8.19 from the ESPP 2020
briefing book [10], showing the FCC-ee sensitivity and complementarity with a compilation
of experiments on neutrino beams, beam dumps, at the LHC, and B factories. The direct
sensitivity curve at FCC-ee is the 95% exclusion limits in case of no observation in a sample
of 1012 Z decays. The limit from precision measurements extends to high masses, up to
1000 TeV.
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Figure 12: Top left: Figure 11 from Ref. [70], showing the number of expected HNLs in
the Tera-Z run at the FCC-ee with 20 ab�1 for parameters consistent with leptogenesis in
models with two HNLs. Results are shown for the normal neutrino mass ordering. Top
right: Figure 13.2 from Ref. [9] showing a summary of HNL search prospects at all FCC
facilities. Solid lines are shown for direct searches and the dashed line denotes the constraint
from EW precision measurements. These limits are taken from Ref. [123] where further
details of the signatures and searches can be found. Bottom: Fig 8.19 from the ESPP 2020
briefing book [10], showing the FCC-ee sensitivity and complementarity with a compilation
of experiments on neutrino beams, beam dumps, at the LHC, and B factories. The direct
sensitivity curve at FCC-ee is the 95% exclusion limits in case of no observation in a sample
of 1012 Z decays. The limit from precision measurements extends to high masses, up to
1000 TeV.
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Figure 3: Upper limits on [CLd]⌧e and �e

�
operators from the EIC (green, left), LHC

(blue, middle) and low-energy ⌧ and B meson decays (pink, right). The rightmost vertical
axis depicts the lower limit on the scale of new physics ⇤. The light pink and blue bars
denote existing limits from ⌧ and B decays from the B-factories and other low energy
experiments, and from LFV Drell Yan at the LHC, respectively. The darker blue and pink
bars overlaid on the lighter ones are the expected sensitivity at the HL-LHC and Belle II.
Indirect bounds originating from charged-current decays and meson decays to neutrinos
are indicated by an asterisk in orange.

operator �e

�
. These operators are defined as

Le↵ � [CLd]ijOLd = [CLd]ij
4GF
p
2
¯̀
⌧�

µ`ed̄i�µdj, Le↵ � �e

�
Oe

�
= �e

�

e

2v
⌧̄L�

µ⌫eRFµ⌫ , (2)

where [CLd]ij is an arbitrary matrix in quark-flavor space, and the factors of GF and v
are inserted to make the Wilson coe�cients dimensionless. To obtain the bounds in Fig.
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Figure 3: Comparison of projected limits from FCC-hh with constraints from current DD
experiments on the spin-independent DM–nucleon scattering cross section in the context
of the vector simplified model. This figure will also contain HL-LHC bounds, and there will
be another one for scalar models.

(a) Monojet analysis (b) Dijet analysis

Figure 4: Effects on the HL-LHC exclusion limits in �SI for the monojet (a) and dijet
(b) signatures when varying the gq coupling. The dark matter coupling is held fixed to
gDM = 1; there is no coupling to leptons. Limits from existing direct detection experiments
are shown for context.
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Dark matter: the WIMP paradigm

A future hadron collider has the best 
reach for simple mediator models 

➡ If they have quark couplings  
➡ Collider bounds are strongest in cases of TeV-scale 

mediator masses 

Electron colliders play significant role 
in models with lepton couplings and 
with mixing to Z/H/γ  
Complementary experiments are 
essential  

➡ We'll need cosmological confirmation that what we 
discover is dark matter
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Figure 7: (Left) minimium mixing angle for the Higgs to invisible search when directly
applying this search to the singlet mixing model. The solid lines indicate the constraints
coming from indirecrt bounds on the Higgs couplings. (Right) minimum allowed mixing
angle for a model containing a Dark Higgs that mixes with the standard model Higgs
boson.
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Figure 8: Recast of Pseudoscalar simplified model bounds to the axion portal using the
gluon effective coupling.
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Dark matter: beyond the WIMP

Many non-WIMP DM models and rich dark 
sectors accessible to colliders 
➡ eg, vector (dark photon), scalar and axion portal 
➡ We shouldn’t restrict/stop our searches even when the model 

is overproducing DM 
✦ Caveats to determine what coupling is needed to make up the entirety 

of the relic
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Figure 6: Comparison of two vector-mediated models, DMsimp and HAHM, corresponding
to simplified vector mediated and dark photon mediated models respectively. The mass
ratio between mediator and DM mass is fixed to 1

3 , allowing the mediator to decay to DM.
The conventional dark coupling constant ↵ =

g2DM
4⇡ , with coupling gDM = 1.0. The models

have been generated with quark couplings gq = 0.01 for DMsimp and mixing ✏ = 0.01 for
HAHM. Expected and observed limits at 95% CL are plotted using the data from the CMS
analysis [CMS EXO 20 004] [? ] for the monojet final state, at 13 TeV using 137 fb�1 of
data. The blue relic lines represent the minimum parameter combinations which reproduce
the observed thermal relic density for each model, with the expected deviation for the dark
photon model around the Z resonance. Orange lines forecast the increased sensitivity of
this search for these two models at the HL-LHC, estimated by the effect on the cross section
of scaling up the luminosity. [? ]
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WP in preparation



SlideManuel Franco Sevilla Snowmass RPF Spring meeting: Report from the Energy Frontier

DRAFT EF10 REPORT - DM AT COLLIDERS

200 400 600 800 1000
 (GeV)medm

0

100

200

300

400

500

 (G
eV

)
D

M
m

3−10

2−10

1−10

1

10 )θ
si

n(

Figure 7: (Left) minimium mixing angle for the Higgs to invisible search when directly
applying this search to the singlet mixing model. The solid lines indicate the constraints
coming from indirecrt bounds on the Higgs couplings. (Right) minimum allowed mixing
angle for a model containing a Dark Higgs that mixes with the standard model Higgs
boson.

0 100 200 300 400 500 600
(GeV)DMm

5−10

4−10

3−10

2−10

1−10]
-1

[G
eV

Λ/ gc

-1 Projection 3abAxion

3
1 = 

Medm
DMm

Monojet best limit
2 hΩ

FCC-hh (100 TeV)

Figure 8: Recast of Pseudoscalar simplified model bounds to the axion portal using the
gluon effective coupling.

10

Dark matter: beyond the WIMP

Many non-WIMP DM models and rich dark 
sectors accessible to colliders 
➡ eg, vector (dark photon), scalar and axion portal 
➡ We shouldn’t restrict/stop our searches even when the model 

is overproducing DM 
✦ Caveats to determine what coupling is needed to make up the entirety 

of the relic

Results from ”generic WIMP” searches often 
apply to non-WIMP 
➡ eq, see monojet+X at CMS recast on right figures  
➡ Can reinterpret RPF benchmarks too
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10

Dark matter: beyond the WIMP

Many non-WIMP DM models and rich dark 
sectors accessible to colliders 
➡ eg, vector (dark photon), scalar and axion portal 
➡ We shouldn’t restrict/stop our searches even when the model 

is overproducing DM 
✦ Caveats to determine what coupling is needed to make up the entirety 

of the relic

Results from ”generic WIMP” searches often 
apply to non-WIMP 
➡ eq, see monojet+X at CMS recast on right figures  
➡ Can reinterpret RPF benchmarks too

Colliders can share infrastructure for beyond-
WIMP experimental facilities 
➡ eg, forward facilities
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Dark matter complementarity in Snowmass

Dark matter is a central problem in Snowmass  

Next decade: exploratory phase where new ideas 
can be implemented on short timescales operating 
alongside longer-term projects on a diversity of 
project scales 
➡ eg HL-LHC, FCC, Gen-3 direct detection, RPF accelerator experiments 

Ongoing Snowmass-wide, cross-frontier effort to 
highlight dark matter complementarity 
➡ This work builds from and contextualizes the work ongoing towards the 

white papers in the individual TGs and Frontiers  

Cross-frontier whitepaper expected in the near 
future, including key messages from EF, CF, NF and 
RPF, will be finalized in Seattle 
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Summary

Higgs boson most exciting discovery/
confirmation in this century 
➡ Traditionally, discovery of particles followed by collider 

to study particles 
➡ The Higgs boson will be key in selecting next collider 

Proposals for linear and circular  
colliders would have unprecedented 
reach at precision physics at the EW scale 
➡ Hadron or muon colliders key for several precision 

measurements like HH

e+e−
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Figure 1: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders.

We present the result of the fit in terms of the sensitivity to modifications to the
e↵ective couplings introduced in Section Section 2.2 [3, 9, 10],

�gY
X
=

ge↵
XY

ge↵,SM
XY

� 1. (20)

JB: I dont recall.. were all parameters were normalized to the SM? I don’t normal-
ize the V↵ couplings, which are the same as in Eq. (12) the results of this analysis
are illustrated in Figure Fig. 1, where we show the 68% sensitivity to the di↵erent
interactions. From the point of view of future e+e� colliders the outcome of this
analysis is similar to that presented in [10], with the exception of the CEPC results
where one observes the expected improvement in the sensititivity to Higgs couplings
derived from the increase in the luminosity at 240 GeV, together with the addition
of the new set of measurements that would be possible at 360 GeV.

A few comments are in order for the muon collider results: While the WW fusion
Higgs production process is measured to an unprecedented precision at a high energy

16

de Blas, Du, Grojean, 
Gu, Miralles, Peskin, 
Tian, Vos, Vryonidou, 

in preparation

➡ Z-pole and WW runs at circular e+e− colliders can help improve 
significantly the Higgs coupling precisions with respect to what can 
be obtained using only ZH runs;  

➡ beam polarizations at linear e+e− colliders can play special roles that 
help lift degeneracies of different new physics effects, as a result of 
which similar Higgs coupling precisions can be achieved at linear 
e+e− with less integrated luminosity compared to circular e+e−.
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(TDR) phase, endorsed by CEPC International Advisory Committee (IAC). Key technolo-

gies are developed and validated, especially at the core accelerator sub-systems, including

high-quality Superconducting Radio-Frequency (SRF) system, high precision magnets for

the booster and collider rings, vacuum system, Machine-Detector Interface (MDI), and so

on. Multiple prototypes have been produced and tested, validating the design by achiev-

ing and surpassing the required performances. All these progress lead to an update of the

nominal run plan for the CEPC, shown in Figure 1. Currently, the CEPC Study group is

working for getting project approval around 2027.

The CEPC plans to take a staging approach to realize its construction and the targeted

performance.The baseline CEPC will be operating at the center-of-mass energies ranging

from the Z mass to 240 GeV, with maximal synchrotron radiation power per beam limited

to 30 MW. Increasing the power supply and the heat load capability of the cooling system,

the maximal synchrotron radiation power per beam can be increased from 30 MW to 50 MW,

resulting in a linear increase of the instantaneous luminosity. The center-of-mass energy can

be raised to 360 GeV by increasing the RF cavities.

Operation mode Z factory WW threshold Higgs factory tt̄

p
s (GeV) 91.2 160 240 360

Run time (year) 2 1 10 5

Instantaneous luminosity

(1034
cm

�2
s
�1, per IP)

191.7 26.6 8.3 0.83

Integrated luminosity

(ab
�1, 2 IPs)

100 6 20 1

Event yields 3 ⇥ 1012 1 ⇥ 108 4 ⇥ 106 5 ⇥ 105

TABLE I. Nominal CEPC operation scheme, and the physics yield, of four di↵erent modes. See

[12] for details.

A new nominal data-taking scenario is also developed from the upgraded performance

of the CEPC accelerator, emphasizing the scientific program as a Higgs and Z factory,

summarized in Table I. Detailed description of the updated running scenarios can be found

in another contribution to the Snowmass from the CEPC study group [12]. It aims at ten
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Figure 2: Cross sections for various processes in e+e� collisions versus center-of-mass
energy.

statistical and theoretical uncertainties and the role the US could play in their development.
The paper ends with a summary and a vision for the path forward.

Table 1: First five columns: Baseline FCC-ee operation model, listing the center-of-mass energies,
instantaneous luminosities for each interaction point (IP), integrated luminosity per year summed
over the 2 IPs corresponding to 185 days of physics per year and 75% e�ciency. As a conservative
measure, the yearly integrated luminosity is further reduced by 10% in this table and in all physics
projections. The total luminosity distribution is set by the physics goals which in turn set the run
time at each energy. The luminosity is assumed to be half the design value for commissioning new
hardware during the first two years at the Z pole and in the first year at the tt threshold. The sixth
and last column is not part of the baseline FCC-ee operation model, but indicates possible numbers
for an additional run at the H resonance, to investigate the electron Yukawa coupling.

Working point Z years 1-2 Z, later WW HZ tt (s-channel H)
p

s (GeV) 88, 91, 94 157, 163 240 340–350 365 mH

Lumi/IP (1034 cm�2s�1) 115 230 28 8.5 0.95 1.55 (30)

Lumi/year (ab�1, 2 IP) 24 48 6 1.7 0.2 0.34 (7)

Physics goal (ab�1) 150 10 5 0.2 1.5 (20)

Run time (year) 2 2 2 3 1 4 (3)

106 HZ + 106 tt

Number of events 5 ⇥ 1012 Z 108 WW 25k WW ! H +200k HZ (6000)

+50k WW ! H

9

9

The CEPC has the main ring with a total circumference of 100 km. It is designed to

operate at around ECM = 91.2 GeV as a Z factory, close to W pair production threshold

ECM ' 160 GeV, at ECM = 240 GeV as a Higgs factory. The center of mass energy of

CEPC can be upgraded to 360 GeV, enabling the tt̄ pair production. With an eye on future

upgrades, the tunnel is designed to be wide enough to accommodate both the CEPC and

SPPC [11].

In the CDR, the CEPC is envisioned to operate with two detectors. It has a ten-year

nominal operation plan which will deliver total combined integrated luminosities of 16, 2.6,

and 5.6 ab�1 for the Z, the W, and the Higgs operation, respectively. It will produce close

to one trillion Z bosons, 100 million W bosons, and over one million Higgs bosons. Billions

of bottom quarks, charm quarks, and tau-leptons will be produced in the Z boson decays,

making it a B-factory and a tau-charm factory.

210 310
 [GeV]s

1

10

210

310

 ]-1 s
-2

 c
m

34
Lu

m
in

os
ity

 [ 
10

FCC
CEPC
CEPC-Upgrade
ILC
ILC-Upgrade
CLIC
CLIC-Upgrade

FIG. 1. The updated run plan of the CEPC, with the baseline and upgrade shown in solid and

dashed blue curves, respectively. The run plans for several other proposals of the e
+
e
� colliders

are also shown for comparison. See [12] for details.

After the delivery of the CEPC CDR, the CEPC study group continued its physics study

and technology R&D. The CEPC accelerator study entered the Technical Design Report

https://arxiv.org/abs/2203.06520
https://arxiv.org/abs/2205.08553
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such a
measurement could be considered.

Collider pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

�� µ
+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 250 350 500 1,000 125 125 � 500 (theory)

L (fb�1) 300 3,000 250 350 500 1,000 250

HZZ/HWW 2·10�4 0.5·10�4 7·10�4 1.1·10�4 4·10�5 8·10�6 � � � < 10�5

H�� – 0.50 – – – – 0.06 – – < 10�2

HZ� – ⇠1 – – – – – – – < 10�2

Hgg 0.20 0.06 – – – – – – – < 10�2

Htt̄ 0.24 0.05 – – 0.29 0.08 – – � < 10�2

H⌧⌧ 0.07 0.008 0.01 0.01 0.02 0.06 � � � < 10�2

Hµµ – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [80–
82]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [83], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1
An attempt to measure photon polarization in its conversion is possible [79], but it su↵ers from a significant loss of statistical precision.

We will discuss the photon polarization measurements in the H ! �
⇤
�
⇤ ! 4f process in Section V.

2205.07715

3

As an example of the future measurement projections based on the global EFT fits, let us refer to the H boson
studies performed for the 2020 European Strategy for Particle Physics Update [78]. In the EFT description of the
H boson couplings, either 18 (with flavor universality) or 30 (with neutral diagonality) CP -even operators in the
so-called Higgs basis were considered within the SMEFT framework, which invokes the SU(2)⇥U(1) EW symmetry.
To assess the sensitivity to deviations from the SM in a basis-independent way the results of the fit were projected
onto the following H boson e↵ective couplings:

ge↵ 2
HX

⌘ �H!X

�SM
H!X

. (1)

These parameters are convenient to compare di↵erent studies in a straightforward manner. However, these parameters
do not allow for the CP structure in the HX interaction. Therefore, we expand this set of CP -conserving parameters
with the following set, allowing for CP violation in each HX interaction:

f
HX

CP
⌘ �CP odd

H!X

�CP odd
H!X

+ �CP even
H!X

, (2)

where the partial decay H ! X width is calculated with either the CP -odd or CP -even part of the amplitude. This
definition is consistent with the CP -sensitive parameters fCP defined for the Snowmass-2013 study [75]. These fCP

parameters have been adopted in the LHC measurements as well, for a recent summary refer to Ref. [20]. Therefore,
we adopt Eq. (2) for the benchmark parameter measurements.

We note that Eq. (2) is defined in decay of the H boson. For example, the general scattering amplitude that
describes the interaction of the H boson with the fermions, such as ⌧+⌧�, µ+

µ
�, bb̄, and tt̄, can be written as

A(H ! ff̄) =
mf

v
ū2

⇣
b
Hff̄

1 + ib
Hff̄

2 �5

⌘
u1 . (3)

Therefore, the CP -sensitive parameter takes the form

f
Hff̄

CP
⌘ |bHff̄

2 |2

|bHff̄

1 |2 + |bHff̄

2 |2
= sin2

⇣
↵
Hff̄

⌘
. (4)

Technically, Eq. (2) does not cover Htt̄ interactions, because the decay H ! tt̄ is not possible. However, we expand
the definition in Eq. (4) to all fermion couplings. The e↵ective mixing angle ↵

Hff̄ , introduced in Eq. (4), is often
used in describing the CP -odd amplitude contribution. However, we adopt a more general parameterization with
e↵ective cross-section fractions because they allow more than two amplitude contributions, as this becomes important
in description of the HV V interactions, discussed below.

For the coupling to the gauge bosons, such as WW , ZZ, Z�, ��, or gg, the scattering amplitude can be written as

A(H ! V1V2) = v
�1

⇣
a
HV V

1 m
2
V
✏
⇤
1✏

⇤
2 + a

HV V

2 f
⇤(1)
µ⌫

f
⇤(2),µ⌫ + a

HV V

3 f
⇤(1)
µ⌫

f̃
⇤(2),µ⌫

⌘
, (5)

where a
HV V

i
are generally q

2-dependent coe�cients scaling the three unique Lorentz structures, described with the
help of the (conjugate) field strength tensor f

(i),µ⌫ (f̃ (i),µ⌫) of a gauge boson with momentum qi and polarization
vector ✏i. In the following, we will keep only the first-order q

2-expansion of Eq. (5) with constant coe�cients ai,
which correspond to dimension-six operators in the e↵ective Lagrangian formulation. The presence of the CP -odd
contribution a

HV V

3 , which can be treated as constant in this expansion, indicates CP violation, and the CP -sensitive
parameter takes the form

f
HV V

CP
=

|aHV V

3 |2P
|aHV V

i
|2(�HV V

i
/�

HV V

3 )
, (6)

where �i is the e↵ective cross-section of the H ! V V decay process corresponding to ai = 1, aj 6=i = 0.
This brings us to the summary of possible CP -sensitive measurements in the H boson interactions in Table I. In the

following, we will review unique features of the photon, muon, hadron, and electron-positron colliders. For example,
beam polarization in the photon and muon colliders would be essential for CP measurements in the H�� and Hµµ

couplings, which we discuss next.

4

TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such a
measurement could be considered.

Collider pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

�� µ
+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 250 350 500 1,000 125 125 � 500 (theory)

L (fb�1) 300 3,000 250 350 500 1,000 250

HZZ/HWW 2·10�4 0.5·10�4 7·10�4 1.1·10�4 4·10�5 8·10�6 � � � < 10�5

H�� – 0.50 – – – – 0.06 – – < 10�2

HZ� – ⇠1 – – – – – – – < 10�2

Hgg 0.20 0.06 – – – – – – – < 10�2

Htt̄ 0.24 0.05 – – 0.29 0.08 – – � < 10�2

H⌧⌧ 0.07 0.008 0.01 0.01 0.02 0.06 � � � < 10�2

Hµµ – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [80–
82]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [83], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1
An attempt to measure photon polarization in its conversion is possible [79], but it su↵ers from a significant loss of statistical precision.

We will discuss the photon polarization measurements in the H ! �
⇤
�
⇤ ! 4f process in Section V.

https://arxiv.org/abs/2205.07715
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The development of cold copper distributed coupling accelerating cavities can provide an
alternative route to achieve both steps in this program. Our optimism about the capabilities
of optimized copper accelerating cavities is based on new design ideas detailed in [1, 2].
The most important problem for operation of a normal-conducting cavity at high fields
is electrical breakdown. Cavities optimized for e�ciency, high accelerating gradient and
low breakdown have small irises that prevent power flow at the fundamental frequency.
Individual feeds to each cavity from a common RF manifold, all in the same copper block,
solve this problem. Modern numerically controlled manufacturing techniques can build
appropriate manifolds and individual cavity feeds in an extremely cost-e↵ective way. We
have also discovered that operation of these cavities at 80�K increases their material strength
and conductivity, giving marked improvements in performance. These two innovations
lead to the C3 concept, a new elevated baseline for normal-conducting electron
accelerators.

Although there is no engineered and costed design for a 250 GeV e+e� C3 yet, this
proposal is based on the SLC experience at SLAC and the extensive design work for ILC
and CLIC. C3 adds significant capabilities that allow robust designs with an accelerating
gradient of 120 MeV/m.

This linac technology could be extended up to a 3 TeV collider by some combination
of raising the gradient and extending the machine. The primary challenges for the linac in
the multi-TeV range are the cost and required power. These can be mitigated by highly
e�cient, low-cost RF power sources that are now being developed. Additionally, beyond
1 TeV beam-beam interactions increase the challenges associated with the beam delivery
system and final focus. Beyond 3 TeV we enter terra incognita. Here futuristic concepts
such as muon colliders [10, 11] or plasma wakefield accelerators [12, 13] may be required.
However, we believe that the C3 concept, augmented with additional new ideas, can also
provide a route to these high energies. We will discuss this issue in Sections 5.2 and 5.3.

R&D on the C3 concept is already being pursued at SLAC, UCLA, INFN, LANL and
Radiabeam, along with closely related research in high gradient RF acceleration with CERN,
KEK, PSI, MIT, and many other partners in the high gradient research community [14].
There is direct synergy with the development of compact electron accelerators for medical
applications [15, 16, 17, 18] and the creation of compact X-ray free electron lasers [19, 20]
(FELs). This technology will be further developed, and it is expected to meet many of
its initial goals within the Snowmass and P5 timelines, using our current resources. The
development of accelerators at the 100 GeV scale and higher will require dedicated resources
from HEP.

A C3 e+e� collider could in principle be sited anywhere in the world. If the ILC goes
forward in Japan, an energy upgrade using C3 accelerators could be built, re-using the ILC
damping rings, tunnel, and other conventional facilities. However, it is important to note
that the entire C3 program could be sited in the United States. With the cancellation
of the Superconducting Super Collider and the end of Tevatron operations the US has
largely abandoned construction of domestic accelerators at the energy frontier. C3 o↵ers
the opportunity to realize an a↵ordable energy frontier facility in the US. This may be
crucial to realize a Higgs factory in the near term, and it will also position the US to lead
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of higher order mode suppression can be understood in the next three years, even before
the construction of a demonstration facility. The string test will then provide a verifica-
tion of this program and a test of the stability of the system in continuous operation. The
demonstration accelerator may be directly useful for a driver of an X-ray free electron lasers,
and, certainly, 5–10 GeV accelerators built with this technology will provide a new class of
compact X-ray sources.

With the technology demonstration achieved, we will be ready to construct the accel-
erator that will be capable of reaching 500–600 GeV when powered to 120 MeV/m. The
other elements needed for a linear collider—the sources, damping rings, and beam delivery
system—already have mature designs created for the ILC and CLIC. Presently, our baseline
uses these directly, however we will look for further cost optimizations for the specific needs
of the C3 . In Table 3 we make a direct comparison between the existing linear collider
designs and C3 .

Collider NLC[28] CLIC[29] ILC[5] C3 C3

CM Energy [GeV] 500 380 250 (500) 250 550
�z [µm] 150 70 300 100 100
�x [mm] 10 8.0 8.0 12 12
�y [mm] 0.2 0.1 0.41 0.12 0.12

✏x [nm-rad] 4000 900 500 900 900
✏y [nm-rad] 110 20 35 20 20

Num. Bunches per Train 90 352 1312 133 75
Train Rep. Rate [Hz] 180 50 5 120 120
Bunch Spacing [ns] 1.4 0.5 369 5.26 3.5
Bunch Charge [nC] 1.36 0.83 3.2 1 1
Beam Power [MW] 5.5 2.8 2.63 2 2.45
Crossing Angle [rad] 0.020 0.0165 0.014 0.014 0.014

Crab Angle 0.020/2 0.0165/2 0.014/2 0.014/2 0.014/2
Luminosity [x1034] 0.6 1.5 1.35 1.3 2.4

(w/ IP dil.) (max is 4)
Gradient [MeV/m] 37 72 31.5 70 120

E↵ective Gradient [MeV/m] 29 57 21 63 108
Shunt Impedance [M⌦/m] 98 95 300 300

E↵ective Shunt Impedance [M⌦/m] 50 39 300 300
Site Power [MW] 121 168 125 ⇠150 ⇠175

Length [km] 23.8 11.4 20.5 (31) 8 8
L* [m] 2 6 4.1 4.3 4.3

Table 3: Beam parameters for various linear collider designs. Final focus parameters for C3 are
preliminary.

We believe that the most e↵ective way to stage C3 is to construct the complete set of
cryomodules for 550 GeV together with an RF system that will produce an initial gradient
of 70 MeV/m. The level of RF power required is very close to that already available
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Sub-Domain % %

Sources Injectors 8 35
Damping Rings 12
Beam Transport 15

Main Linac Cryomodule 10 33
C-band Klystron 23

BDS Beam Delivery and Final Focus 8 13
IR 5

Support Infrastructure Civil Engineer 5 19
Common Facilities 11

Cryo-plant 3
Total 3.7B$ 100 100

Table 6: Cost breakout for C3 250 operating at 70 MeV/m. Cost of the outfitted tunnel (51k$/m)
and the RF source RF source cost ($7.5/peak-kW), derived from ILC and CLIC respectively, are
scaled for the length and RF power needed for the Main Linac. The cryomodule cost of (100k$/m)
is based on our production costs.

We emphasize that while this exercise was extremely useful in selecting the key parame-
ters and staging plan for C3 , we believe we have reached the limit of utility for cost scaling
and we must now evaluate C3 specific subsystems of the accelerator complex. This is critical
for two reasons. First, the subsystems have some key di↵erences from earlier designs. For
example, the injector should utilize the same C3 technology as the Main Linac. Also, we
have reduced the length of the BDS with a specific energy limit of 550 GeV in order to
facilitate fitting the accelerator onto an existing laboratory site. Second, the Main Linac
for C3 250 GeV CM is no longer the cost driver for the overall accelerator complex. This
places C3 250 in a unique position where cost savings on any subsystem will
have an appreciable impact on the overall cost. We must now revisit the particle
sources, BDS and supporting infrastructure to understand how we can simplify and improve
to reduce to overall cost of the facility.

Our present estimate for the capital cost of C3 250 is in the range of 3.5-4B$ (10%
RF margin, 10 GeV energy margin). The cost breakdown for the accelerator complex is
35% sources, 35% Main Linac, 15% BDS, 15% supporting infrastructure. The detailed
breakout for one specific scenario is shown in Tab. 6.

5 Extending the C3 concept to higher energies

We have now described the C3 concept as a practical and cost-e↵ective way to realize
an e+e� precision Higgs factory. But it is also an important aspect of this concept that it
o↵ers a path to e+e� experiments at much higher energy.

The precision Higgs program, including the measurement of the top quark Yukawa
coupling to 1.6% and the Higgs self-coupling to 10%, requires only measurements at CM
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Hunperturbed
= 1.2
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Eacc
= 2.22

Vacuum Space for Distributed Coupling Linac

Electric Field Magnitude Magnetic Field Magnitude

Figure 1: (top) Vacuum space for a one meter long 40-cell C-band accelerating structure operating
in the ⇡ mode. (bottom) The magnitude of the electric and magnetic field in each cavity. Cavity
geometries were optimized to limit the electric and magnetic fields strengths. The peak surface
electric field to accelerating gradient ratio is 2.22. The perturbation to the magnetic field from the
RF coupler increases the peak magnetic field by 1.2.

3.1 New design ideas for normal conducting accelerators

The C3 structure grew from a study of the fundamental limitations of high accelerating
gradients and breakdown in normal conductors. Major improvements in fields and break-
down rates are possible with an optimized cavity shape that limits peak surface electric and
magnetic fields, but with the seemingly problematic feature of an iris too small to propa-
gate the fundamental RF mode. This led to the idea of an easily fabricated RF manifold
and distributed coupling machined from the same blocks of metal as the accelerator. The
distributed coupling powers the cavities at the correct phase and with equal fractions of RF
power. Developing this idea led to the two major advances:

1. RF power can be distributed to the cells of a copper accelerator individually through a
distributed coupling waveguide. With optimized cavity geometries, this scheme allows
us to e�ciently power the cells while maintaining strict limits on peak surface electric
and magnetic fields. A diagram of the structure’s vacuum space is shown in Fig. 1.
The structure can be mass-produced e�ciently with currently used techniques.

2. Operating a copper structure at cryogenic temperatures allows us to further reduce
RF power requirements while increasing the achievable beam loading and accelerating
gradient, through a combination of increased material strength and reduced strain.
A key parameter, the surface resistance, is shown as a function of temperature in
Fig. 2. Almost all of the improvement is achieved by operation at liquid nitrogen
temperature, 77�K.
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