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To understand the UV nature of the universe


Precision and energy frontier machine


Muons decay


Electroweak  Heavy BSM  Flavor Couplings   studies…⋅ ⋅ ⋅ ν



C. CesarottiCERN-CKC & KIAS, Nov 20

WHERE DO WE STAND

4

The goal of particle physics is to understand the most fundamental degrees of 
freedom and their interactions 

Higher energies at colliders have lead to 
understanding of…

10 GeV

 GeV102

1 TeV

c
b

τ

ZW±

h

C
ol

lid
er

 E
ne

rg
y

1970 1990 20101980

t

I II III

Q
ua
rk
s

Le
pt
on
s

Bosons

u c t

d s b

µ τ
νe νµ ντ

e

γ

g

Z

W
±

H



C. CesarottiCERN-CKC & KIAS, Nov 20

WHERE DO WE STAND

4

The goal of particle physics is to understand the most fundamental degrees of 
freedom and their interactions 

10 GeV

 GeV102

1 TeV

c
b

τ

ZW±

h

C
ol

lid
er

 E
ne

rg
y

1970 1990 2010

Higher energies at colliders have lead to 
understanding of…

2nd and 3rd Generation Particles

 Electroweak SymmetrySU(2) × U(1)

Higgs mechanism

1980

t



C. CesarottiCERN-CKC & KIAS, Nov 20

EXPERIMENT TO INFORM THEORY
We do not have a singular guiding theory to tell us where to look for BSM

5

Theory can be driven by empirical evidence
SLAC & BNL ‘74

GIM ‘70

Appelquist, De Rújula, Glashow, Politzer ‘74

With inherently motivated BSM theories, we 
can target compelling theories 

Now is the era of exploration and general 
purpose experiments
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FUTURE COLLIDERS
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Two avenues for progress:


 Precision or Discovery machines
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COMPARISON OF FUTURE COLLIDERS
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Linear 
μ+μ−pp

CC  Accettura et al, Towards a Muon Collider ’23  CC  IMCC, Interim Report ’24  CC  Muon Collider ESPPU ‘25∈ ⋅ ∈ ⋅ ∈
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COMPARISON OF FUTURE COLLIDERS
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Circular
e+e−
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μ+μ−
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pp

𝒪(85+) TeV Synchrotron 
Radiation

P ∝ γ4 = ( E
m )

4

Pμ/Pe ∼ 10−9

CC  Accettura et al, Towards a Muon Collider ’23  CC  IMCC, Interim Report ’24  CC  Muon Collider ESPPU ‘25∈ ⋅ ∈ ⋅ ∈
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COMPARISON OF FUTURE COLLIDERS
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μ+μ−

Undemonstrated technology

Electroweak

(Muons decay, muon cooling)

𝒪(1 − 10) TeV

COMPARISON OF FUTURE COLLIDERS

8

Circular

Low Energy, 
Funding 

Uncertain

e+e−

Precision Higgs

Linear 

≲ 3 TeV

Max 3 TeV

𝒪(300) GeV

pp

QCD

Far future, new technology

Precision, known, upgradesHigh energy & precisionHigh energy, known
Pro Pro Pro

Con Con Con

𝒪(85+) TeV
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COMPARISON OF FUTURE CIRCULAR COLLIDERS

FCC-hh

𝒪(91 km)

MuC

𝒪(10 km)

 = 85+ TeVs

 = 3 TeV (energy stage)s
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𝒪(91 km)

  GeVs ∼ mZ − 350

μ+μ−pp e+e−

 = 10 TeVs

9

*Not to Scale
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τμ ∼ 2.2 × 10−6s

Target
6d

Cooling Acc.
Collide

CHALLENGES OF MUC

11

μ−
νμ

ν̄e

e−

Muons decay.
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Target
6d

Cooling Acc.
Collide

CHALLENGES OF MUC

11

PRODUCTION 
Tertiary beam
Δp/p ∼ 𝒪(1)

τμ ∼ 2.2 × 10−6s
Muons decay.
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0.9120 ∼ 10−6
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Target
6d

Cooling Acc.
Collide

CHALLENGES OF MUC

11

PRODUCTION 
Tertiary beam
Δp/p ∼ 𝒪

COOLING INTO SINGLE 
COLLIMATED BUNCH

0.9120 ∼ 10−6

ACCELERATION 
AND COLLISION

Too quick to ramp up 
magnets

τμ ∼ 2.2 × 10−6s
Muons decay.
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CHALLENGES OF MUC
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τμ ∼ 2.2 × 10−6s
Muons decay.
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CHALLENGES OF MUC

Beam-induced background from decay products

μ
νμ

ν̄e

e

12

τμ ∼ 2.2 × 10−6s
Muons decay.
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Mitigated with timing, kinematics, and shielding→

CHALLENGES OF MUC

12

τμ ∼ 2.2 × 10−6s
Muons decay.

Beam-induced background from decay products

MUSIC

MAIA
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CHALLENGES OF MUC

Neutrinos interact at high energyμ
νμ

ν̄e

e

13

Mitigated with timing, kinematics, and shielding→
Beam-induced background from decay products

τμ ∼ 2.2 × 10−6s
Muons decay.
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CHALLENGES OF MUC

Neutrinos interact at high energy
Make ring deep & diffuse the beam→

μ
νμ

ν̄e

e

13

Mitigated with timing, kinematics, and shielding→
Beam-induced background from decay products

τμ ∼ 2.2 × 10−6s
Muons decay.
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To understand the UV nature of the universe


Precision and energy frontier machine


Muons decay


Electroweak  Heavy BSM  Flavor Couplings   studies…⋅ ⋅ ⋅ ν
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What are most relevant physics scenarios? 
Electroweak Precision

PHYSICS REACH OF MUC

15

Direct & Indirect BSM Production



C. CesarottiCERN-CKC & KIAS, Nov 20

What are most relevant physics scenarios? 
Electroweak Precision

Higgs  EWSB  VBF⋅ ⋅

Buttazzo, Franceschini, Wulzer ‘20

PHYSICS REACH OF MUC
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“Deliverables”
Direct & Indirect BSM Production
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What are most relevant physics scenarios? 
Electroweak Precision Direct & Indirect BSM Production

Higgs  EWSB  VBF⋅ ⋅

Heavy Flavor 
Couplings ℒ ⊃ g

ml

v
ϕl̄l

New Physics Pair 
Production

mNP ∼ s /2

EFTS [𝒪] = 6 → g2 E2

Λ2
NP

Buttazzo, Franceschini, Wulzer ‘20

PHYSICS REACH OF MUC

15

“Deliverables” “Exploration Era”
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HIGGS PHYSICS AT MUON COLLIDERS

16

Electroweak Precision
“Deliverables” in brief
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LHC

HIGGS POTENTIAL
Slide Credit: P Meade, N Craig, R. Petrossian Byrne
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HL-LHC MuC10

LHC

HIGGS POTENTIAL
Slide Credit: P Meade, N Craig, R. Petrossian Byrne
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HL-LHC MuC10

Towards a Muon Collider ‘23

LHC

HIGGS POTENTIAL
Slide Credit: P Meade, N Craig, R. Petrossian Byrne

κλ

17
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HIGGS & BEYOND

18

Other SM deliverables include:

Higgs Compositeness
Panico & Wulzer ‘15

Flavor Violating Operators

LHCb, Belle II, NA62, etc.

High-Energy EW

Frixione, Maltoni, Pagani, Zaro ‘25

EW PDF LO

…and more!
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BSM BENCHMARKS

19

Direct Searches
“Exploration Era”



C. CesarottiCERN-CKC & KIAS, Nov 20 20

Asadi, Capdevilla, CC, Homiller, ’21 

Consider a BSM benchmark model: the leptoquark 

New particle that can arise from Grand Unification Theories (GUT)

Broad class of NP model

Low representation of GUT symmetry

SUSY models (squarks in RPV)

Flavor anomalies

…

LQ
l

q

BSM AT MUC: LEPTOQUARKS

Pati, Salam ’73, ‘75
Georgi, Glashow ‘74
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Asadi, Capdevilla, CC, Homiller, ’21 

Consider a BSM benchmark model: the leptoquark 

New particle that can arise from Grand Unification Theories (GUT)

Broad class of NP model

U1 = (3,1)2/3

ℒU1
⊃

gU

2
Uμ

1 (βij
L Q̄i

LγμLj
L + hc)

U1

LQ
lj

qiβij
L

BSM AT MUC: LEPTOQUARKS

Low representation of GUT symmetry

SUSY models (squarks in RPV)

Flavor anomalies

…
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Asadi, Capdevilla, CC, Homiller, ’21 
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DARK MATTER BENCHMARKS

22

Direct Searches
“Exploration Era”
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CC, Krnjaic,’24

Consider a potential benchmark dark matter (DM) model that is particularly 
suited to the strengths of a MuC

D’Ambrosio, Giudice, Isidori, Strumia ‘02

Example: fermionic DM model with a scalar portal that couples leptophilically

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄ gl = ge
ml

me

(proportional to Yukawa couplings) 

DM AT MUC: LEPTOPHILIC DM

 is DM 


 is portal

χ

φ
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CC, Krnjaic,’24

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

DM AT MUC: LEPTOPHILIC DM
 is DM 


 is portal

χ

φ
Observed relic abundance  sets 

relations between parameters 
Ωχ

La
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er
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ou
pl

in
g



C. CesarottiCERN-CKC & KIAS, Nov 20 24

CC, Krnjaic,’24

Thermal Target

DM AT MUC: LEPTOPHILIC DM

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄
 is DM 


 is portal

χ

φ
Observed relic abundance  sets 

relations between parameters 
Ωχ

Over-closed

Boltzmann

 Equation mφ = 3mχ, αχ = 0.5
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CC, Krnjaic,’24

γ

φμ

μ

μ+μ− → φγ = γE
Mono-X Search

DM AT MUC: LEPTOPHILIC DM
The improved sensitivity at MuC is because of the second generation 

coupling and the increased available energy

Eγ =
s − m2

φ

2 s

Background: 


μ+μ− → νν̄γ
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γ

φμ

μ

μ+μ− → φγ = γE
Mono-X Search

DM AT MUC: LEPTOPHILIC DM
The improved sensitivity at MuC is because of the second generation 

coupling and the increased available energy

Eγ =
s − m2

φ

2 s

Background: 


μ+μ− → νν̄γ
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AUXILIARY EXPERIMENTS

26

Bonus
“Exploration Era”
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AUXILIARY MUON BEAMS

27

MUON BEAMS WILL BE A NECESSARY PART OF MUON COLLIDER R&D
CC, Homiller, Mishra, Reece ’22  CC, Gambhir ’23 ⋅

Future muon colliders require R&D—


we should take full advantage of staged  beamμ

CC, Homiller, Mishra, Reece ’22  CC, Gambhir ’23 ⋅

Weakly Coupled New Physics
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AUXILIARY MUON BEAMS

28

Beam dumps are economical auxiliary experiments with complementary 
physics reach to the full collider

ECoM ∼ 2EμmN
X

…but enhancement on  of 
Avogadro’s Number


σ

∼ 6 × 1023

CC, Homiller, Mishra, Reece ’22  CC, Gambhir ’23 ⋅
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AUXILIARY MUON BEAMS

28

Beam dumps are economical auxiliary experiments with complementary 
physics reach to the full collider

ECoM ∼ 2EμmN
X

…but enhancement on  of 
Avogadro’s Number


σ

∼ 6 × 1023
ℒint ⊃

1
2

∂μX2 −
1
2

m2X2 + igX𝒪f̄fX

X

 Consider several models at various 
energies…

CC, Homiller, Mishra, Reece ’22  CC, Gambhir ’23 ⋅



C. CesarottiCERN-CKC & KIAS, Nov 20

AUXILIARY MUON BEAMS

29

Low Energy (63 GeV)

With R&D program, energy-staged beam will be online well before full collider
CC, Homiller, Mishra, Reece ’22  CC, Gambhir ’23 ⋅

ϕ

ℒint ⊃ − igϕψ̄ψ

ϕ

l+l−

g
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AUXILIARY MUON BEAMS

29

With R&D program, energy-staged beam will be online well before full collider
Luminosity at MuC goes with muon/bunch squared ℒ ∼ n2

μ

����μ (���� μ��)

M3 Phase-II

g-2

10-2 10-1 1 10

10-8

10-7

10-6

10-5

10-4

10-3

10-2

mZ' [GeV]

g

Nμ=1018
Nμ=1020
Nμ=1022

Lμ-Lτ

Energy Stage (1.5 TeV)

CC, Homiller, Mishra, Reece ’22  CC, Gambhir ’23 ⋅

Low Energy (63 GeV)

Probes unexplored space 
because of  beamμ

Gauged Lμ − Lτ
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AUXILIARY MUON BEAMS

29

With R&D program, energy-staged beam will be online well before full collider
Luminosity at MuC goes with muon/bunch squared ℒ ∼ n2

μ

Full Energy (5 TeV)

����μ (���� μ��)
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g

Nμ=1018
Nμ=1020
Nμ=1022

Lμ-Lτ

Energy Stage (1.5 TeV)

CC, Homiller, Mishra, Reece ’22  CC, Gambhir ’23 ⋅

Low Energy (63 GeV)
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DARK MATTER AND BEAM DUMPS

30

Beam dumps can probe parameter space of minimal DM complementary to direct 
detection and indirect detection experiments

 Alenezi, CC, Gori, Shelton ’25

Auxiliary experiments can address 
fundamental BSM questions

mχ ≫ mZDχ, ZD

SU(2)L × U(1)Y × U(1)D

MuC
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OUTLOOK FOR MUON COLLIDER
A muon collider presents unique advantages to push the energy and 

precision machine together.

Unlike other collider options, the proposed project (10 TeV) is not at the 
limits of technology.

As theorists, we need input. For experimentalists, they need design targets.

=31

The energy frontier has always taught us something new about the laws of 
nature; we should ensure there are multiple avenues to pursue it.
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OUTLOOK FOR MUON COLLIDER
A muon collider presents unique advantages to push the energy and 

precision machine together.

Unlike other collider options, the proposed project (10 TeV) is not at the 
limits of technology.

As theorists, we need input. For experimentalists, they need design targets.

Cesarotti
31

The energy frontier has always taught us something new about the laws of 
nature; we should ensure there are multiple avenues to pursue it.

Now is the time for R&D.
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Backups
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HIGGS PRODUCTION

24

Hadron Colliders Lepton Colliders

Low Energy High Energy
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MuC

e+e−pp 
HIGGS PRODUCTION

24

CLiC Summary ReportLHC Higgs WG

Buttazzo, Franceschini, Wulzer ‘20
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HIGGS COUPLINGS

Forslund & Meade ‘23

26

Muon Collider ESPPU ‘25

Compare improvement on precision Higgs measurements across machines
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HIGGS COUPLINGS

Reach of  Higgs can be up to an 
order of magnitude more precise than 

HL-LHC

𝒪(106)

26

10 TeV MuC is a Higgs Factory

Forslund & Meade ‘23

Compare improvement on precision Higgs measurements across machines
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COMPARISON OF FUTURE LEPTON COLLIDERS

ℒ
beam power

1 ab−1

ℒ ∼
Nμ

bunch
× E2 ∼

1
s

Muon colliders gain energy and 
luminosity more efficiently

e+e−

μ+μ−

Muon Collider ESPPU ‘25

12

Heavy searches are s-channel processes
Need to maintain luminosity
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BSM AT MUC: WIMP DARK MATTER
Muon collider is ideal for dark matter models coupling to EW 

bosons—like Weakly Interacting Massive Particles 

SM

SM

DM

DM
W, Z, γ

Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22

μ+μ− → χχ̄ + X

Han, Liu, Wang, Wang ‘20

...
χ+

χ0

χ−

...

Mono-X

32

Relic Abundance

Ωh2 ∼ 0.2 × ( mDM

TeV )
2

× ( 0.3
g′￼ )

4

10 GeV < mχ < 100 TeV
Weak-scale couplings & mass

Dark matter is neutral 
component in SU(2) n-plet
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BSM AT MUC: WIMP DARK MATTER
Muon collider is ideal for dark matter models coupling to EW 

bosons—like Weakly Interacting Massive Particles 

SM

SM

DM

DM
W, Z, γ

Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22

μ+μ− → χχ̄ + X

Han, Liu, Wang, Wang ‘20

...
χ+

χ0

χ−

...

Mono-X

32

n-plet

m
χ [

Te
V

]
Collider scale dark matter
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R. Capdevilla, F. Meloni, R. Simoniello, J. Zurita 23
Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22
Saito, Svada, Terashi, Asai ‘19

Example: Wino Muon Collider Reach

3-plet

33

BSM AT MUC: WIMP DARK MATTER
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R. Capdevilla, F. Meloni, R. Simoniello, J. Zurita 23
Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22
Saito, Svada, Terashi, Asai ‘19

Muon Collider Reach

3-plet

34

BSM AT MUC: WIMP DARK MATTER

Ex: Disappearing Track

ff → χ+χ−

χ± → χ0π±

Sensitivity can dramatically improve with 
analysis strategy 

Illustrates importance of theory work 
to influence detector design
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MUC RUN PARAMETERS

71

Muon Collider ESPPU ‘25
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MUC DETECTOR BENCHMARKS

72

Muon Collider ESPPU ‘25
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MUON COLLIDER STATUS

Muon collider 
first ideas 

Muon Accelerator 
Program (MAP)

EU Strategy: Set up 
collaboration

1960-80s 2011-2014 2019 2020

Muon Ionization 
Cooling Demonstrated

Slide Credit: F. Meloni & A. Wulzer

Cesarotti
19
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MUON COLLIDER STATUS

Muon collider 
first ideas 

Muon Accelerator 
Program (MAP)

EU Strategy: Set up 
collaboration

P5 Outcome: 

“This is our muon shot”

EU Strategy

R&D

1960-80s 2011-2014 2019 2020

20232026

Muon Ionization 
Cooling Demonstrated

Slide Credit: F. Meloni & A. Wulzer

Cesarotti


M/year  10 years∼ 50 ×

19

NAS:

“Muon collider is US priority”

2025
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ARE MUON COLLIDERS AN OPTION?

11

We are at the stage of R&D, but no showstoppers are identified.

V. Shiltsev

Muons would be the first unstable particle to be accelerated and collided
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CC, Krnjaic,’24

The improved sensitivity at precision electron machine is because of 
the huge statistics at the Z-pole (  Z bosons!)5 × 1012

DM AT EE COLLIDER: LEPTOPHILIC DM

Strongest bound set by couplings 
to Z → ττ

Bound set by uncertainty in BR

FUTURE MACHINES ARE 
COMPLEMENTARY
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MUON COLLIDER TIMESCALES

6
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MUON COLLIDER STAGING

Staging options are important to ensure a muon collider can collect 
data even if upgrades need more time for R&D


3 TeV

10 TeV

30 TeV

100 TeV
15 Cesarotti
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Staging options are important to ensure a muon collider can collect 
data even if upgrades need more time for R&D


3 TeV

10 TeV

30 TeV

100 TeV

Beyond typical LHC ̂s

New Physics showing up to affect EW Physics?
MNP ∼ 4πv

H H

δm2
H ∼

g2

16π2
M2

NP ≲ g2v2

NP

MUON COLLIDER STAGING

15 Cesarotti


(1 ab )−1
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Staging options are important to ensure a muon collider can collect 
data even if upgrades need more time for R&D


3 TeV

10 TeV See new SM phenomena (e.g. EW jets)

Beyond typical LHC ̂s

μ

W, Z, γ

α
4π

log2 ( E2

m2
W ) × Casimir ∼ 1 for E  ∼ 10 TeV

Chen, Glioti, Rattazzi, Ricci, Wulzer ‘22

MUON COLLIDER STAGING

15 Cesarotti


(1 ab )−1

(10 ab )−1
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Staging options are important to ensure a muon collider can collect 
data even if upgrades need more time for R&D


3 TeV

10 TeV

30 TeV

100 TeV

See new SM phenomena (e.g. EW jets)

Beyond typical LHC ̂s

Reach Thermal Target DM Candidates
Dramatically new Energy Frontier
Limits of reasonable projections?

MUON COLLIDER STAGING

15 Cesarotti


(1 ab )−1

(10 ab )−1
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Staging options are important to ensure a muon collider can collect 
data even if upgrades need more time for R&D


3 TeV

10 TeV

30 TeV

100 TeV

Another option:

Increase energy, reduce luminosity


(Important in context of global collider program)

Beyond typical LHC ̂s

MUON COLLIDER STAGING

15 Cesarotti


(1 ab )−1
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LEPTOPHILIC DARK MATTER

For FCCee, sensitivity is going to light, weakly coupled states

Tera-Z Run

Cesarotti
CC, Krnjaic ’24

Allows access to 3rd gen particles
Improves bounds from LEP

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄Strongest bound set by to Z → ττ

Bound set by uncertainty in BR

Previous LEP: (  Z’s)1.7 × 107

FCCee Tera-Z: (  Z’s)1012

 MeVΓ(Z → ττ) = 84.08 ± 0.22

Assume primary improvements come from statistics

ΔΓ × NLEP /NFCC

30
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ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

Direct Detection

DAMIC-M 2302.02372

XENON-IT 2112.12116

OTHER BOUNDS

Cesarotti
CC & Krnjaic ’24
 84
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• Funding big projects like this —> should serve a lot of experiments 
simultaneously 


• Emphasis on physics deliverables!


• Diversity of physics possibilities


• BEAM DUMP

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

e+e− → μ+μ−φ

(Dimuon + missing energy)

Belle II Collaboration 2212.03066

B Factories
OTHER BOUNDS

Cesarotti
CC & Krnjaic ’24
 85
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• Funding big projects like this —> should serve a lot of experiments 
simultaneously 


• Emphasis on physics deliverables!


• Diversity of physics possibilities


• BEAM DUMP

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

Muon g-2 2311.08282

Muon g-2
OTHER BOUNDS

Cesarotti
CC & Krnjaic ’24
 86



C. CesarottiCERN-CKC & KIAS, Nov 20

Protons from

Booster

High-Z Target

100% 

DEMONSTRATORS & BEAM DUMPS

H
A

D
R

O
N

S Uncooled Muons

Beam Dump
1.5% 

Cooling
Beam Dump

0.15% 
Accelerator

Beam Dump
<0.1% 

1018 − 1020 μ on target36
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WHAT ARE MOST RELEVANT PHYSICS SCENARIOS? EX: GENERAL INDIRECT PRODUCTION

ℒ ⊃
g2

Λ2
𝒪6 + . . .

g ∼ 1

SAY YOU CAN MEASURE SOMETHING TO 1% PRECISION

Δ𝒪
𝒪

= 0.01 ≈
E2

Λ2
Λ ∼ 100 TeV

E ∼ 10 TeV

CAN STILL BE PROBING NEW PHYSICS AT MUCH HIGHER 
SCALES!

EFT APPROACH FOR ENERGY  PRECISION ↔

25
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• Funding big projects like this —> should serve a lot of experiments 
simultaneously 


• Emphasis on physics deliverables!


• Diversity of physics possibilities


• BEAM DUMP

PHYSICS REACH OF MUC

2303.08533
de Blas et al 1910.14012

EFT APPROACH FOR ENERGY  PRECISION ↔

26


