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• HL – LHC Leads the Way
• Future Collider Agora & Physics Reach
• Fermilab Site Fillers

Future Colliders



Colliders: 
Primary Tools at the Energy Frontier
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Frank Zimmermann, Lepton-Photon Conf. 2022

• EWSB:
Higgs & extension

• Particle DM:
WIMP & beyond

• Neutrino masses:
Majorana & CPv

• Flavor & CPv
Scale & symmetry

• BSM … 

gluon

W,Z
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top

Higgs

QCD
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→ Complementarity 
to Astro-physics & 
Cosmology
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LHC Rocks!

LHC: The energy frontier & precision frontier!

𝜎pp ~ 1011 pb ~ (1 fm)2

𝜎WW ~ (10-13 nm)2

→

SM works at O(TeV) or 10-9 nm

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/SigmaNew_v0.pdf
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High-Luminosity LHC

We are here

• Run 3 started: beams in April 22, 2022
• Stable beam collisions detected by ATLAS/CMS
--- more excitement to come!
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HL-LHC: arXiv:1812.07831; 
Christian Ohm, Lepton-Photon Conf. 2022

Sample physics reach projection @ HL-LHC

Higgs coupling
target:

(v/Λ)2 < 6%

Self-coupling
target:

Δkλ ~ 10%

for testing EWPT

and plus much more …
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Beyond the LHC:
Challenges for accelerator technology 

• Reduce synchrotron radiation
• Strong bending magnetic field
• Increase accelerating gradient 
• Rare beam particle production e+, muon …
• Costs, sustainability / power consumption 

https://snowmass21.org

• Accelerator Frontier → Implementation Task Force
• Energy Frontier/Neutrino Frontier → Physics goals 

PLEASE join the community effort: July 17-26
http://seattlesnowmass2021.net/registration

Early-bird deadline next Monday June 13th(midnight)!

http://seattlesnowmass2021.net/registration


8 Higgs/EW factories:             17 HE Colliders:
Future Colliders Agora



* Snowmass Energy Frontier:  https://snowmass21.org 
8

Future Colliders under Discussions*

Higgs 
factories

High energy
frontier



ILC (International Linear Collider) 
as a Higgs Factory & beyond

Ecm = 250 GeV / 2 ab-1 /yr: a Higgs factory
= 500 GeV / 4 ab-1 /yr: a top-quark factory
= 1000 GeV / 8 ab-1 /yr: new particle threshold

Under serious consideration in Japan; Pre-lab proposed
https://arxiv.org/abs/1901.09829, 2106.00602
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https://arxiv.org/abs/1901.09829
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Future Circular Collider (FCC): CERN
CEPC/SppC: China

S. Su 11

FCC

HE-LHC 

27 km, 20T

33 TeV

 FCC-hh

80 /100 km, 16/20T 

100 TeV

FCC-ee

80/100 km

90 - 400 GeV

S. Su 11

FCC

HE-LHC 

27 km, 20T

33 TeV

 FCC-hh

80 /100 km, 16/20T 

100 TeV

FCC-ee

80/100 km

90 - 400 GeV

Open new energy frontier!

1012 Z; 106 Higgs bosons;
106 top quark pairs

https://arxiv.org/abs/1607.01831,  https://arxiv.org/abs/1606.00947; 

Arkani-Hamed, TH, Mangano, LT Wang, Phys. Rept. 1511.06495.

H

H

H ?

H

H

H

LHC 100 TeV pp

mass reach of new physics

https://arxiv.org/abs/1606.00947
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µ Collider

Proton Driver Acceleration Collider Ring

Accelerators:    
Linacs, RLA or FFAG, RCS
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AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µpairs/sec from 

e+e− interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
– hence, lower backgrounds in a 

collider detector and a higher 
potential CoM energy due to 

neutrino radiation.

J. P. Delahaye et al., arXiv:1901.06150

Muon Accelerator Program

map.fnal.gov
Low EM ittance Muon Accelerator

web.infn.it/LEMMA

New results on µ cooling by MICE collaboration

Nature 508(2020)53
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6/ 38e+e- (at rest) → 𝛍+𝛍- (at threshold)

Proton-Driver:

LEMMA:

J.P. Delahauge et al.,  arXiv:1901.06150

Recent technological breakthroughs:

45 GeV e+

e- at rest
𝛍±
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Target Energy and Luminosity
arXiv:1901.06150 

Energy: 
For a striking Direct Exploration program, after HL-LHC*, energy should be 

close or above 10 TeV 

At few TeV energy one can still exploit high partonic energy for a striking 

Indirect Exploration program, by High-Energy Precision 

We can borrow CLIC physics case (see below)

*see arXiv:1910.11775 for HL-LHC and F.C. projections summary

Luminosity: 

Set by asking for 100K SM “hard” SM pair-production events. 

Compatible with other projects (e.g. CLIC =   ) 

If much less, we could only bet on Direct Discoveries ! 

Could be reduced by running longer than 5yrs and > 1 I.P.

(3TeV/10TeV)2 6 1035

L
5years

time

s

10TeV

2

2 1035cm−2s−1

8

1 ab-1 /yr

Lumi-scaling scheme: 𝛔 L ~ const.

The representative choices: 
Ecm = 3, 6, 10, 14, 30 TeV; L = 1, 4, 10, 20, 90 ab-1

European Strategy, arXiv:1910.11775; arXiv:1901.06150; arXiv:2007.15684.
TH, Ma, Xie, arXiv:2007.14300, The Muon Smasher's Guide, arxiv:2103.14043.

Muon Collider benchmark points: 

• Multi-TeV colliders:

• The Higgs factory:

Ecm =mH

L ~ 4 fb-1/yr
𝜟Ecm ~ 5 MeV

(Current Snowmass 2021 point)

https://muoncollider.web.cern.ch

https://muoncollider.web.cern.ch/
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C. Aime et al., Muon Collider Physics Summary: arXiv:2203.07256

Precision Higgs physics
Physics Reach (very selective)

muC:

If SM tested at Δkλ < O(10%), 
then EW underwent a cross-over transition.



-

From LUX collaboration

DM Searches  

GeV low mass:
Direct Detection difficult;
Collider complementary

100 GeV or higher mass:
HE Colliders extend threshold

14
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The mass reach for minimal WIMP DM @ muC

TH, Z. Liu, L.T. Wang, X. Wang: arXiv:2009.11287; 2203.07351

• A 14-TeV muC fully covers the thermal target M ~ 3 TeV
• More advantageous than hadron colliders i.e. FCC-hh

Mass bound 

by thermal relic:

muC:



Pushing the “Naturalness” limit

Top quark partners searches:
The Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2

Thus, mstop > 8 TeV→ 10-4 fine-tune!

1000 events

16

FCC-hh Muon collider

FCC: Arkani-Hamed, TH, Mangano, LT Wang, 1511.06495;
muC: The Muon Smasher's Guide, https://arxiv.org/abs/2103.14043

Top partner
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C. Aime et al., Muon Collider Physics Summary: arXiv:2203.07256

New Particle Searches 

• Fcc-hh vs HL-LHC:  6x reach, 
which is comparable to a 10-TeV muC

muC

Fcc-hh

HL-LHC
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e.g.: Heavy Higgs Boson Production @ muC
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Figur e 3. Cross sect ions of µ+ µ− ! H + H − (red), and H A (green) through µ+ µ− annihilat ion (left

panel), and in addit ion and H ± H/ H ± A (blue), H H/ AA (purple), through VBF (right panel) in the

alignment limit cos(β − ↵) = 0 at di↵erent c.m. energy
p

s. We use solid, dashed and dot ted line for

degenerate heavy Higgs masses mΦ = 1 TeV, 2 TeV and 5 TeV, respect ively. The second y-axis on

the right shows the corresponding event yields for a 10 ab− 1 integrated luminosity.

F igur e 4. The Parton Luminosity at Q = 5TeV (Left ) and Q =
p

ŝ/ 2 with ŝ = ⌧s (Right ).

Higgs masses mΦ(= mH = mA = mH ± ) = 1 TeV (solid curves), 2 TeV (dashed curves) and

5 TeV (dot ted curves). Red and green curves are used for H + H − and H A product ions.

The second y-axis on the right shows the corresponding event yields for a 10 ab− 1 integrated

luminosity. We see the threshold behavior for a scalar pair product ion in a P-wave as σ ⇠β3,

with β =
q

1− 4m2
H / s. Well above the threshold, the cross sect ions asymptot ically approach

σ ⇠↵2/ s, which is insensit ive to the heavy Higgs mass. The excess of the H + H − product ion

cross sect ion over that of H A is at t ributed to the γ⇤-mediated process. The cross sect ions are

calculated using MadGraph5 V2.6.7 [23] with Init ial State Radiat ion (ISR) accounted [24].

– 8 –

annihilation VBF

Radiative returns:
Discovery up to threshold MH ~ Ecm/2

2

γ

H/ A

µ−

µ+

µ−

µ+
γ

H/ A

(a) H / A “ Radiat ive Return”

l−

l+ Z

H
Z⇤

(b) Z H associated product ion

l−

l+

H
Z⇤

A

(c) H A pair product ion

FIG. 1: Main product ion mechanisms of heavy Higgs boson H / A at lepton colliders.

Coupling ⌘g/ gSM Type-I I & lepton-specific Type-I & fl ipped

gH µ + µ − µ sin ↵ / cosβ cos↵ / sin β

gA µ + µ − µ tan β − cot β

gH Z Z Z cos(β − ↵) cos(β − ↵)

gH A Z 1− 2
Z sin(β − ↵) sin(β − ↵)

TABLE I: Paramet rizat ion and their 2HDM models correspondence.

In Sec. I I A, we first present the radiat ive return product ion of heavy Higgs boson in µ+ µ− collision in detail. We
also consider the product ion l+ l− ! Z H and l+ l− ! AH (l = e, µ) in Sec. I I B. To make the illust rat ion more
concrete, we compare these product ion modes in Sec. I I C in the framework of 2HDM. Because of the rather clean
experimental environment and the model-independent reconstruct ion of the Higgs signal events at lepton colliders,
we also study the sensit ivity of the invisible decay from the radiat ive return process in Sec. I I I. Finally, we summarize
our results and conclude in Sec. IV.

I I . PR OD U CT I ON M ECH A N I SM S

Perhaps the most useful feature of a muon collider is the potent ial to have s-channel resonant product ion of the
Higgs boson [6–8, 10, 22]. As has been already ment ioned in the previous sect ion, such a machine undoubtedly has its
merits in analyzing in detail the already discovered Higgs boson near 125 GeV. When it comes to ident ifying a heavier
addit ional (pseudo)scalar, however, we do not have any a priori knowledge about the mass, rendering the new part icle
search rather difficult . I f one envisions a rather wide-ranged scanning, it would require to devote a large port ion of
the design integrated luminosity [9, 10]. In this sect ion, we discuss the three di↵erent product ion mechanisms for the
associated product ion of the heavy Higgs boson. Besides the “ radiat ive return” as in Eq. (1), we also consider

µ+ µ− ! Z⇤ ! Z H and H A. (2)

The relevant Feynman diagrams are all shown in Fig. 1.
We first parametrize the relevant heavy Higgs boson couplings as

L i n t = − µ

mµ

v
H µ̄µ + i µ

mµ

v
A µ̄γ5µ + Z

m2
Z

v
H Z µZµ +

g

2cos✓W

q

(1− 2
Z )(H @µA − A@µH )Zµ . (3)

The two parameters µ and Z characterize the coupling strength with respect to the SM Higgs boson couplings to
µ+ µ− and Z Z . The coupling µ controls the heavy Higgs resonant product ion and the radiat ive return cross sect ions,
while Z controls the cross sect ions for Z H associated product ion and heavy Higgs pair H A product ion. We have
used µ as the common scale parameter for Yukawa couplings of both the CP-even H and the CP-odd A , although in
principle they could be di↵erent . For the H AZ coupling we have used the generic 2HDM relat ion: Z is proport ional
to cos(β − ↵) and the H AZ coupling is proport ional to sin(β − ↵).1 In the heavy Higgs decoupling limit of 2HDM at
large mA , Z ⌘cos(β − ↵) ⇠m2

Z / m2
A is highly suppressed and µ ⇡ tanβ (− cot β) in Type-I I [24, 25] and lepton-

specific [26–29] (Type-I [23, 24] and flipped [26–29]) 2HDM. Note that many SUSY models, including MSSM and

1 Customarily, tan β is the rat io of the two vev’s, and ↵ is the mixing angle of the two scalar states.

Discovery extended to MH ~ Ecm

TH, S. Li, S. Su, W. Su, Y. Wu, arXiv:2102.08386; 
TH, Z. Liu et al., arXiv:1408.5912.
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V. Shiltsev & F. Zimmermann: arXiv:2003.09084

Recast: Future Colliders Agora
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P. Bhat et al., Snowmass White paper: arXiv:2203.08088

Fermilab Site Fillers
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C. Aime et al., Muon Collider Physics Summary: arXiv:2203.07256
V. Shiltsev & F. Zimmermann: arXiv:2003.09084

Future Collider “Decision Tree”



Summary
• Colliders: indispensable to explore the energy frontier;
complementary to other frontiers: flavor, neutrino, DM.

• LHC leads the way: λHHH ~ 50% ;  MNP ~ O(1 TeV)

• Higgs factory:

Near future: ILC (240 GeV – 1 TeV)

Future Lepton collider g~1%; λHHH < 10%; Brinv. ~ 2%; Γtot < 6%

• Future Fcc-hh: new physics reach
6x LHC reach: 10 – 30 TeV→ fine-tune < 10-4

WIPM DM mass ~ 1 – 5 TeV;  λHHH < 10%

22

• HE muon collider: λHHH < 5%; MNP ~ Ecm/2 - Ecm.

Much R&D needed, future colliders needed!

Future is bright!


