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EW physics

Coloured physics

arXiv:1901.06150 

The Muon Collider combines the precision of a lepton
collider with the energy reach of a hadron collider,
yielding an unprecedented physics potential

3 TeV 10 TeV

luminosity 1.8 1034 cm-2 s-1 2 1035 cm-2 s-1

Opportunities

Challenges

https://arxiv.org/abs/1901.06150
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Muon annihilation 
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⇥ Energy frontier
𝑠 ≲ 1 − 5 TeV

𝑠 ≳ 1 − 5 TeV
⇥ Precision frontier
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arXiv:2203.07261

Low energy e+e-

factories (FCC-ee, 
CEPC, ILC, CLIC380)

TeV-scale e+e-

factories (CLIC, 
ILC1000) 

LHC: few 107

HL-LHC: few 108 FCC-hh few 1010

Muon collider: 106-108

clean environment: Higgs BR measured with 10-3 precision large QCD backgrounds: 
only rare modes accessible 

# Higgses

https://arxiv.org/abs/2203.07261
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Hidden sectorStandard Model
new symmetries

scalar portal

neutrino portal

pseudo-scalar portal
vector portal
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1. Dark photon 2. Lμ-Lt gauge bosons

The dark photon kinematically mixes 
with SM bosons with parameter 𝝐

The boson couples to muonic and tauonic 
number with parameter 𝒈𝒁′

Vector portals at future lepton colliders
arXiv:2412.09681

ℒ;.< = 𝑔=>𝑱𝝁𝑺𝑴𝑍′$ + 𝑔E 𝐽$EGHI𝑍′$

𝐽$JK is the EM current

ℒ;.< =
L

*MN
𝑍′$O𝐵$O + 𝑔E 𝐽$EGHI𝑍′$

𝑀=> ≪ 𝑀= 𝑔=> ≈ 𝑒𝜖

𝑀=> ≫ 𝑀= 𝑔=> ≈
𝑒𝜖
𝑐W*

𝐽XJK = 𝜇̅𝛾X𝜇 − ̅𝜏𝛾X𝜏 + 𝜈$𝛾X𝜈$ − 𝜈_𝛾X𝜈_

The muon collider offers muon specific 
opportunities

The second parameter is the dark 
photon mass 𝑴𝒁′
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Signature: missing energy

𝑔=> ≫ 𝑔E

The dark sector is too heavy

𝑔=> ≪ 𝑔E

Production Decay

⇥ Associated production

⇥ Z-Bremsstrahlung

⇥ Visible

⇥ Invisible

the dark photon decays exclusively to SM

Signature: muon pairs

This channel benefits from forward detector 2.5 < 𝜂 < 7
placed beyond the detector shielding and the accelerator 
components
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1. Associated production + invisible decay

Background: 𝛾𝜈e𝜈e

𝐸g =
𝑠 − 𝑀=>

*

2 𝑠

𝑀=>
HhMi. − 𝑀=> < 1 TeV

2. Z-Bremsstrahlung + invisible decay

𝑀𝐼𝑀=> = 𝑝; − 𝑝$l − 𝑝$m
*

Background: 𝜇n𝜇o𝜈e𝜈e, 𝜇n𝜇o𝛾

MIM is impractical due to
• finite energy resolution
• beam energy spread

𝑝q
$$exploited

𝜖 = 0.03
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o The forward detector leads to a mild improvement for light dark photon masses 
o Mild improvement with collider energy is due to Bremsstrahlung
o Sensitivity of muon collider is limited by luminosity (FCC-ee can probe a a large new portion of parameter space)
o Muon collider is the perfect machine for Z’ direct coupled to muons 

Neutrino trident 
experiment

EW precision tests
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Final state; muon pairs
Background:𝜇n𝜇o𝛾

3. Associated production + visible decay 4. Z-Bremsstrahlung + visible decay

o Mild improvements for the dark photon
o A large new parameter space can be extensively explored for Lμ-Lt
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Hidden sectorStandard Model
new symmetries

scalar portal

neutrino portal

pseudo-scalar portal
vector portal
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Effective Field Theory (dim=5) with new 
physics scale 𝑓𝑎 = ALP decay constant ℒhvv ⊃ −𝐶y

𝑎
𝑓G
𝐵$O z𝐵$O − 𝐶W

𝑎
𝑓G
{
;|}

~

𝑊$O; 𝑊̂;;$O

Wilson coefficients CW and CB extracted 
measuring two of these four couplings

Light Axion-Like Particles at future lepton colliders
DOI: 10.1007/JHEP10(2025)122

long-lived

Prompt

At high-energy colliders these 
couplings are not suppressed

Decay and production channel
𝑚G < 1 MeV or small coupling long lived

mono-𝛾 or mono-Z

𝑚G > 100 MeV prompt
non resonant VBS = ALP exchanged offshell
• light-by-light scattering 
• EW scattering
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Mono photon production
Background: γ𝜈e𝜈e or γℓnℓo (with leptons out of acceptance)

dominant at 
low energies at high energies also 𝑔𝑎𝛾𝑍 is measured

ALP cross section has a minimal 
dependence on the collision energy
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The dominant background is the on-shell Z production; its 
rate scales as 1/s and so a 10 TeV collider is more sensitive

12th Nov 2025
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Mono Z production Z leptonic decay

12th Nov 2025
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Z hadronic decay

o The hadronic channel gives stronger 
bounds because of higher BR

o Mono Z is complementary to mono 
photon
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Background:γγ
Scattering

o The light-by-light scattering provides the stringent constraints on 𝑔Ggg
o The EW VBS is the dominant channel for constraining 𝑔G==, 𝑔Gg=, 𝑔GWW
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long-lived, mono-V production short lived,VBS production
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Hidden sectorStandard Model
new symmetries

scalar portal

neutrino portal
pseudo-scalar portal

vector portal
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Mass: 𝒎𝑵 > 𝑂(100 GeV)

Type-1 linear seesaw model

ℒO ⊃ −𝜆Oz𝐿 �𝐻𝑁 −
𝑚�

2 𝑁̂�𝑁 + ℎ. 𝑐.

𝑀O =
0 𝑚E
𝑚E 𝑚�

𝑚E = 𝜆Ov/ 2

𝑚} = 𝑚O = 𝑚E sin 𝜃

𝑚* ≈ 𝑚�

sin 𝜃 =
𝑚E

𝑚�

𝑼ℓ 𝟐 = (𝑠𝑖𝑛 𝜃)2

Muon Collider is advantageous for 
the muon-flavour HNL production

Heavy neutral leptons at muon colliders
DOI: 10.1007/JHEP03(2023)231

1/s suppressiont-channel

Decay: hadronic W + lepton



2512th Nov 2025 Chiara Aimè - Dark sector @ Muon Collider

@3 TeV

@10 TeV

PSC=preselection cut
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1. Central hadronic W selection because forward are not efficiently detected
2. Mass window for the invariant mass of the HNL decay product system: 𝑚� ± 5%𝑚�
3. Customized and optimized cuts on missing transverse momentum and E(W)

Analysis steps

Muon-flavored HNL @3 TeV



27Chiara Aimè - Dark sector @ Muon Collider

For muon-flavored HNL, Muon Collider can probe 𝑈$
*
down to 𝒪 10o¢ due to t-channel enhancement 
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The Muon Collider represents a promising machine for the future
The study of dark sectors can profit from it
The main advantages lie in
o muon specific opportunities 
o vector boson fusion and scattering enhanced cross section at high energies

Thank you for your attention


