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A persistent, fundamental question in physics:

What is dark matter?

OPEN QUESTIONS OF PARTICLE PHYSICS
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A persistent, fundamental question in physics:

What is dark matter?

OPEN QUESTIONS OF PARTICLE PHYSICS


What is its particle nature?

Does it have particle nature?
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Many scales over which DM could appear
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Many scales over which DM could appear

OPEN QUESTIONS OF PARTICLE PHYSICS


Accessible by colliders*

ULTRA LIGHT DM PBH

10−22 eV  keV  GeV 100 TeV Mpl M⊙

LIGHT DM

QCD Axion

WIMP COMPOSITE DM

{



Cesarotti


DARK MATTER AT COLLIDERS


SM

SM

DM

DM



Cesarotti


Indirect detection via cosmic rays 
subject to big uncertainties 
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Indirect detection via cosmic rays 
subject to big uncertainties 

DARK MATTER AT COLLIDERS


Direct detection suffers because low pT 
transfer  high background→

SM
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Indirect detection via cosmic rays 
subject to big uncertainties 

DARK MATTER AT COLLIDERS


Direct detection suff
 →

Colliders are complementary 
probes

SM

SM

DM

DM

Collider

Indirect

D
ire

ct …And different future colliders 
are complements to each other 
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(Future Circular Colliders)
En

er
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FCC-ee (CEPC)

E ∼ 𝒪(100 − 350 GeV)

FCC-hh (SPPC)

 E ∼ 𝒪(100 TeV)

Energy Frontier

Precision Frontier
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(Future Circular Colliders)
En

er
gy

FCC-ee (CEPC)

E ∼ 𝒪(100 − 350 GeV)

FCC-hh (SPPC)

 E ∼ 𝒪 MuC


 E ∼ 𝒪 

Energy Frontier

Precision Frontier

- Clean Environment

- Indirect effect sensitivity

- Z-pole run for flavor couplings
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(Future Circular Colliders)
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gy
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E ∼ 𝒪 

FCC-hh (SPPC)

 E ∼ 𝒪(100 TeV) MuC


 E ∼ 𝒪(3 − 10 TeV)

Energy Frontier

Precision Frontier

- High energy to probe heavy states
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(Future Circular Colliders)
En

er
gy

FCC-ee (CEPC)

E ∼ 𝒪 

FCC-hh (SPPC)

 E ∼ 𝒪 MuC


 E ∼ 𝒪(3 − 10 TeV)

Energy Frontier

Precision Frontier

- High energy to probe heavy states

- Primarily EW interactions



FCC-ee to -hh

𝒪(91 km)

MuC*

𝒪(10 km)

  to 100 TeVs ∼ mZ

 = 10 TeVs
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FCC

COMPARISON OF COLLIDERS

Linear e+e−
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MODELS OF DARK MATTER

Which are most motivated for colliders?

ULTRA LIGHT DM PBH

10−22 eV  keV  GeV 100 TeV Mpl M⊙

LIGHT DM WIMP COMPOSITE DM

WIMP Scenario

Thermal DM
Higgs Portal 

Dark Sector
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MODELS OF DARK MATTER


ULTRA LIGHT DM PBH

10−22 eV  keV  GeV 100 TeV Mpl M⊙

LIGHT DM WIMP COMPOSITE DM

WIMP Scenario

Thermal DM
Higgs Portal 

Dark Sector

Which are most motivated for colliders?
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WIMP DARK MATTER

ULTRA LIGHT DM PBH

10−22 eV  keV  GeV 100 TeV Mpl M⊙

LIGHT DM WIMP COMPOSITE DM

Relic Abundance

Ωh2 ∼ 0.2 × ( mDM

TeV )
2

× ( 0.3
g′￼

)
4

TeV-scale DM naturally freezes out with 
weak-interaction couplings 

10 GeV < mχ < 100 TeV
EW phenomena at 100 GeV - TeV scale 

contains many open questions



TeV-scale DM naturally freezes out with 
weak-interaction couplings 

EW phenomena at 100 GeV - TeV scale 
contains many open questions
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WIMP DARK MATTER

ULTRA LIGHT DM PBH

10−22 eV  keV  GeV 100 TeV Mpl M⊙

LIGHT DM WIMP COMPOSITE DM

Relic Abundance

Ωh2 ∼ 0.2 × ( mDM

TeV )
2

× ( 0.3
g′￼

)
4

10 GeV < mχ < 100 TeV

Motivated reason to 
search in collider reach
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...
χ+

χ0

χ−

...

n-plet

DM candidate
 GeVΔm ∼ 𝒪(100)

Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22
Han, Liu, Wang, Wang ‘20 n-plet

m
χ [

Te
V

]

Electroweak Multiplets
Can arise in SUSY scenarios

WIMP DARK MATTER

Predicted at  TeV scale∼

Thermal Mass

(AT HIGH-ENERGY COLLIDERS)



Consider detection strategies (at high-energy future colliders)

SM

SM

DM

DM
W, Z, γ

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

ff → χχ̄ + X

Han, Liu, Wang, Wang ‘20
Cesarotti


WIMP DARK MATTER

Mono-X



Consider detection strategies (at high-energy future colliders)

SM

SM

DM

DM
W, Z, γ

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

ff → χχ̄ + X

Han, Liu, Wang, Wang ‘20
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WIMP DARK MATTER

Mono-X

Disappearing Track

χ± → χ0π±
Kinematic cuts



Consider detection strategies (at high-energy future colliders)

Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22
Han, Liu, Wang, Wang ‘20
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WIMP DARK MATTER

Mono-X
Identify DM with kinematics and energetic X

SM

SM

DM

DM
W, Z, γ

ff → χχ̄ + X X: Vectors ( ), jet, Higgs, etc.W, Z, γ

M. Cirelli, F. Sala, M. Taoso, ‘14

S

S + B + ϵ(B2 + S2)
Significance:

Cuts: , , MIM, etc.pX
T ≳ 100 GeV ET ∼ mχ

FCC Study Vol 1, ‘18

Backgrounds are large!



Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22
Han, Liu, Wang, Wang ‘20
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WIMP DARK MATTER

Identify DM with kinematics and energetic X

SM

SM

DM

DM
W, Z, γ

M. Cirelli, F. Sala, M. Taoso, ‘14

Need efficient detectors & ID

Backgrounds are SM processes with 
 or missing particle reconstruction ν

FCC Study Vol 1, ‘18

(Ex: MuC)

Mono-X
ff → χχ̄ + X



Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio ’21, ‘22
Han, Liu, Wang, Wang ‘20
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WIMP DARK MATTER

Disappearing Track
ff → χ+χ−

χ± → χ0π±

Highly dependent on detector performance

cτχ± ∼
48

(n2 − 1)
 cm

Difficult for inner tracker resolution &
FCC-hh: Pile-up effects
MuC: BIB mitigation

Additional background mitigation can be done with DT



Disappearing Track

R. Capdevilla, F. Meloni, R. Simoniello, J. Zurita 23
FCC Study Vol 1, ‘18 Cesarotti


WIMP DARK MATTER

FCC-hh: Pile-up effects MuC: BIB mitigation

Timing resolution & closer tracker layers

σ

mχ [GeV] mχ [GeV]
t [ns]Detector improvements



Disappearing Track

R. Capdevilla, F. Meloni, R. Simoniello, J. Zurita 23
FCC Study Vol 1, ‘18 Cesarotti


WIMP DARK MATTER

FCC-hh: Pile-up effects MuC: BIB mitigation

Detector improvements
Timing resolution & closer tracker layers

σ

mχ [GeV] mχ [GeV]
t [ns]

Detector Design has huge influence 
on physics reach
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WIMP DARK MATTER


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
MuC Reach
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WIMP DARK MATTER


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
MuC Reach

Illustrates importance of theory work 
to influence detector design
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MODELS OF DARK MATTER

Which are most motivated for colliders

ULTRA LIGHT DM PBH

10−22 eV  keV  GeV 100 TeV Mpl M⊙

LIGHT DM WIMP COMPOSITE DM

WIMP Scenario

Thermal DM
Higgs Portal 

Dark Sector



Consider other paradigms beyond the WIMP that could be both 
(thermal) dark matter and discoverable at colliders

D’ Ambrosio, Giudice, Isidori, Strumia ‘02

For example, a model with a scalar portal that couples leptophilically

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄ gl = ge
ml

me

LEPTOPHILIC DARK MATTER

Cesarotti


(proportional to Yukawa couplings) 

(AT LEPTON COLLIDERS)
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CC, Krnjaic ’24

EX: LEPTOPHILIC DARK MATTER

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄  is DM 

 is portal
χ

φ

Observed relic abundance  sets 
relations between parameters 

Ωχ



EX: LEPTOPHILIC DARK MATTER

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄  is DM 

 is portal
χ

φ

Observed relic abundance  sets 
relations between parameters 

Ωχ

·nχ + 3Hnχ = − ⟨σv⟩[n2
χ − (neq

χ )2]

σvχχ→ℓℓ =
g2

χ g2
ℓm2

χ v2

8π(m2
φ − 4m2

χ)2
∝ g2

χ g2
ℓ (

mχ

mφ )
4

1
m2

χ

Solve Boltzmann Equation

Cesarotti
CC, Krnjaic ’24



EX: LEPTOPHILIC DARK MATTER

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄  is DM 

 is portal
χ

φ

Observed relic abundance  sets 
relations between parameters 

Ωχ

·nχ + 3Hnχ = − ⟨σv⟩[n2
χ − (neq

χ )2]

σvχχ→ℓℓ =
g2

χ g2
ℓm2

χ v2

8π(m2
φ − 4m2

χ)2
∝ g2

χ g2
ℓ (

mχ

mφ )
4

1
m2

χ

Solve Boltzmann Equation

Thermal Target

Cesarotti

ϵ ≡ ge/e

CC, Krnjaic ’24



LEPTOPHILIC DARK MATTER

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

For FCCee, sensitivity is going to light, weakly coupled states
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Tera-Z Run

Cesarotti
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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

 MeVΓ(Z → ττ) = 84.08 ± 0.22

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



LEPTOPHILIC DARK MATTER

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

For MuC, sensitivity is going to be to heavy states

γ

φμ

μ

μ+μ− → φγ

Eγ ∼ s /2

Mono-X Search

Cesarotti
CC, Krnjaic ’24



LEPTOPHILIC DARK MATTER

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

For MuC, sensitivity is going to be to heavy states

γ

φμ

μ

μ+μ− → φγ

Eγ ∼ s /2

Mono-X Search

, 10 TeV

%





s = 3
σE = 3

ℒ = 1, 10 ab−1

|η | < 2.5

Primary Background: 


μ+μ− → νν̄γ

Cesarotti
CC, Krnjaic ’24



LEPTOPHILIC DARK MATTER
FCCee & MuC probe complementary regions

Cesarotti
CC, Krnjaic ’24



LEPTOPHILIC DARK MATTER

αχ
mχ /mφ

Cesarotti
CC, Krnjaic ’24

FCCee & MuC probe complementary regions
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MODELS OF DARK MATTER

Which are most motivated for colliders

ULTRA LIGHT DM PBH

10−22 eV  keV  GeV 100 TeV Mpl M⊙

LIGHT DM WIMP COMPOSITE DM

WIMP Scenario

Thermal DM
Higgs Portal 

Dark Sector

Dark Sector Portals
τ ≪ 1s from BBN constraints
Can be prompt, DV, or stable
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DARK SECTOR PORTALS


ALP at FCC-ee 
Utilizing Tera-Z run

M. Bauer, M. Heiles, M. Neubert, A. Thamm ’18 

(THESE AND MANY MORE)


Z → aγ
e+e− → Z

a → γγ
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DARK SECTOR PORTALS


Dark Photon  at MuC beam dumpZ′￼

(THESE AND MANY MORE)


CC, R. Gambhir ‘23

Life time of Z’

Use as an auxiliary experiment

Higher energy  larger   smaller → γ → ϵ



CONCLUSIONS


Different future colliders are complements 
to each other 

 WIMPs are motivated models for known unknowns accessible at colliders — 
we can probe only with high-energy machines

Detector design has influence on physics reach

Theory informs physics of interest
Why theoretical studies 

should be done now}



Backups
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HL-LHC MuC10

Towards a Muon Collider 23

LHC

HIGGS POTENTIAL

Cesarotti




MuC

e+e−

 

Higgs Produced

106 − 107+
CLiC Summary Report

Buttazzo, Franceschini, Wulzer ‘20

pp 

Cesarotti


HIGGS PRODUCTION

LHC HIGGS WG



EX: GENERIC DIRECT PRODUCTION

ℒ ∼
Nμ

bunch
× E2

mNP ∼ s /2

Buttazzo, Franceschini, Wulzer ‘20

Cesarotti


μ

μ

NP

NP

Sensitivity is maintained up to 
kinematic thresholds



Technically Limited 
Timeline* 


2055: 

10 TeV Run?


2030 2040 20502025 2035 20452020

So
urc

e &
 

Coll
ide

r C
om

ple
x

Coo
lin

g

Dem
on

str
ato

r

Hard
wa

re

Initial Design

Design & 
Prototypes

Design &
Modeling

Facility Design

Technical
 Design Facility

Construction

Demonstrator
Construction

Running Demonstrator

Production
Prototypes

COST ESTIMATION BEGIN
 CONSTRUCTION

3 
Te

V
 R

un

MUON COLLIDER TIMESCALES



pp μ+μ− e+e−

Composite
̂s ≪ s

Fundamental
̂s ∼ s

Muon Smasher’s Guide

*

Cesarotti


COMPARISON OF COLLIDERS



pp μ+μ− e+e−

*

P ∝ γ4 = ( E
m )

4

𝒪(100 − 300) GeV

Pμ/Pe ∼ 10−9

𝒪(1 − 100?) TeV

Cesarotti


Composite
̂s ≪ s

Fundamental
̂s ∼ s

COMPARISON OF COLLIDERS



pp μ+μ− e+e−

ElectroweakQCD

*
𝒪(100 − 300) GeV𝒪(1 − 100?) TeV

Cesarotti


Composite
̂s ≪ s

Fundamental
̂s ∼ s

COMPARISON OF COLLIDERS



100 GeV

10 TeV

Run 3 HL-LHC 

2020 2030 2040 2050 2060 2070 2080

Lin. e+e- @ Higgs
FCCee

FCChh

1 TeV

3 TeV MuC 

10 TeV MuC 

̂s

FUTURE COLLIDER TIMESCALES



HIGGS COUPLINGS

 

Higgs Produced

106 − 107+

2308.02633

Meade & Forslund

2308.026331905.03764

Consider precision in

  frameworkκ



2303.08533

Buttazzo, Franceschini, Wulzer 2012.11555, 

Han et al. 2008.12204, Costantini et al. 2005.10289

hh → 4b
Central region to cut out BiB

HIGGS POTENTIAL
Slide Credit: D Buttazzo



EX: NEW PHYSICS WITH HIGGS MIXING

Benchmark model: New singlet S mixes with Higgs

h = h0 cos γ + S sin γ
ϕ = S cos γ − h0 sin γ

pp Collider Production 

 Collider Production l+l−

cos γsin γ

Buttazzo, Redigolo, Sala, Tesi 1807.04743



h = h0 cos γ + S sin γ
ϕ = S cos γ − h0 sin γ

ϕ → hh, ZZ, WW

sin γ

EX: NEW PHYSICS WITH HIGGS MIXING

Buttazzo, Redigolo, Sala, Tesi 1807.04743

Benchmark model: New singlet S mixes with Higgs



EX: NEW PHYSICS WITH HIGGS MIXING

h = h0 cos γ + S sin γ
ϕ = S cos γ − h0 sin γ

ϕ → hh, ZZ, WW

sin γ

Buttazzo, Redigolo, Sala, Tesi 1807.04743

Benchmark model: New singlet S mixes with Higgs



CC, Krnjaic ’24 (to come)

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄ gl = ge
ml

me

E

Type III 2HDM

ℒ ⊃ λuH1Qū + λdQH†
1 Qd̄ + λℓH2Lē

H1 ∼ (1,2)1/2
H2 ∼ (1,2)−1/2

V(H1, H2, S) = S (μ11H†
1 H1 + μ12H†

1 H2 + μ*12H†
2 H1 + μ22H†

2 H2) +S ∼ (1,1)0

Diagonalize into SM Higgs h and heavy Higgs HEach get vev v1, v2

Work in regime of parameters, esp tan β ≡
v2

v1
≫ 1

EX: LEPTOPHILIC DARK MATTER



OTHER BOUNDS

CC, Krnjaic ’24 (to come)

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

Direct Detection
DAMIC-M 2302.02372

XENON-IT 2112.12116



OTHER BOUNDS

CC, Krnjaic ’24 (to come)

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

B Factories

e+e− → μ+μ−φ

(Dimuon + missing energy)

Belle II Collaboration 2212.03066



OTHER BOUNDS

CC, Krnjaic ’24 (to come)

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

Muon g-2

Muon g-2 2311.08282



BOUNDS FROM FCCEE

CC, Krnjaic ’24 (to come)

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

Tera-Z run at FCCee can also set significant bounds from rare Z decays

Strongest bound set by couplings to Z → ττ

Bound set by uncertainty in BR



BOUNDS FROM FCCEE

CC, Krnjaic ’24 (to come)

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

Tera-Z run at FCCee can also set significant bounds from rare Z decays

Strongest bound set by couplings 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



BOUNDS FROM FCCEE

CC, Krnjaic ’24 (to come)

ℒint ⊃ −
gχ

2
φχχ − φ ∑

l=e,μ,τ

glll̄

Tera-Z run at FCCee can also set significant bounds from rare Z decays

 in 2σ ΔΓ(Z → ττ)



EX: WIMP DARK MATTER

{
χ0
χ+, χ−

..
.

Electroweak

n-plet

Mass fixed by freeze-out abundance 

SM

SM

DM

DM

W

Bottaro, Buttazzo, Costa, Franceschini, Panci, Redigolo, Vittorio 2107.09688, 2205.04486

For dark matter models coupling to EW bosons, 

MuC is an ideal place for searches  



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 ↔



PHYSICS REACH OF MUC

2303.08533
de Blas et al 1910.14012

EFT APPROACH FOR ENERGY  PRECISION ↔



MUON-PHILIC FORCES 

CC, Kahn, Krnjaic, Rocha, Spitz ’23 

ℒint ⊃ ySμμ̄
ℒeff ⊃

y
v

SH†Lμc
R + hc

ℒUV ⊃ yψH†L2ψc + κψμc + (Mψ + y′￼S)ψψ̄ + hc

+ψ ∼ (1,1)1E
New vector-like fermion



MUON-PHILIC FORCES 

CC, Kahn, Krnjaic, Rocha, Spitz ’23 

ℒint ⊃ ySμμ̄
ℒeff ⊃

y′￼yψκ
M2

ψ
SH†Lμc

R + hc

ℒUV ⊃ yψH†L2ψc + κψμc + (Mψ + y′￼S)ψψ̄ + hc

+ψ ∼ (1,1)1

New vector-like fermion
E E ≪ Mψ

(SSB)



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 target



SIGNATURES WITH PROTON BEAM-ON-TARGET

CC, Kahn, Krnjaic, Rocha, Spitz ’23 

ℒint ⊃ ySμμ̄

Rare decays of mesons 

Target
6d

Cooling Acc.
Collide

Scattering of muons in material

Dump



MINI/MICROBOONE

CC, Kahn, Krnjaic, Rocha, Spitz ’23 

Target
6d

Cooling Acc.
Collide

Dump

Fermilab

Booster 8 GeV

Earth
Mineral Oil 
Detector

ν

500 m

MiniBooNE

(Upgrade to Micro)
 SBND∼



MINI/MICROBOONE

CC, Kahn, Krnjaic, Rocha, Spitz ’23 

Target
6d

Cooling Acc.
Collide

Dump

Fermilab

Booster 8 GeV

Earth
Mineral Oil 
Detector

ν

500 m

MiniBooNE

(Upgrade to Micro)
 SBND∼RECAST

Chen, Pospelov, Zhong ‘17



S PRODUCTION AND BACKGROUND

CC, Kahn, Krnjaic, Rocha, Spitz ’23 

νμN → νμNπ0(π0 → γγ)

Immediate recast is possible because the BooNEs 
measured neutrino induced NC  production, 

with  reported
π0

mγγ

We have our data set and our background!


