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Dark Photon Kinetic Mixing
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ℒ = −
1
4

(FμνFμν − 2ϵFμνF′ μν+F′ μνF′ μν) − JμAμ

Extra ?     U(1) SU(3)c × SU(2)L × U(1)Y × U(1)′ 

Pospelov’ 2008 

Ackerman, Buckley, Carrol, Kamionkowsk’ 2008 

Arkani-Hame, Finkbeine, Slatyer, Weiner’ 2008 

ϵ ∼ 10−1 − 10−3



Millicharge Particles
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Massless dark photon

Fabbrichesi et al arXiv: 2005.01515



Atmospheric Beam Dump
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Millicharge Particles from Meson Decay
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γcm =
1
2

s /mp

Plestid et al PRD/2002.11732



Millicharge Particles from Proton Bremsstrahlung
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Du et al arXiv: 2211.11469

Fermi-Weizsacker-Williams (FWW) approximation with the splitting-kernel approach

dσPB(s) ≃ d𝒫p→γ*p′ 
× σpN(s′ )

deNiverville et al PRD/1609.01770

EM form factor

Kernel 

Du et al arXiv: 2308.05607



Millicharge Particles from Drell-Yan Process
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Madgraph simulations

MCP mass

Wu, Hardy, NS, PRD/arXiv: 2406.01668



Millicharge Particle Flux
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Meson decay+Proton Bremsstrahlung+Drell-Yan

Wu, Hardy, NS, PRD/arXiv: 2406.01668



Single Scatter Constraint
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Assuming JUNO 10 MeV threshold+170 kton yr exposure⋅

dσχe/dEr ∝ 1/E2
r

Arguelles et al JHEP/2104.13924Wu, Hardy, NS, PRD/arXiv: 2406.01668



Multiple Scatter Constraint
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Single scatter probability

Multiple scatter probability

Number of observed events Nmulti = NsinglePn≥2(Tmin ,multi)/P1(Tmin ,single)

Nsingle (mχ, ϵ) = NeT∫
Ei, max

Ei, min

dErϵD(Er) × ∫ dEχdΩΦD
χ (Eχ, Ω)

dσχe

dEr



Multiple Scatter Constraint
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Assuming JUNO 170 kton yr exposure⋅ Wu, Hardy, NS, PRD/arXiv: 2406.01668



Muon Energy Loss
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ionization bremsstrahlung

photonuclear pair production
Koehne et al PROPOSAL



102 103 104 105 106

E¬[MeV]

10°9

10°7

10°5

10°3

10°1

101

103

hd
E

/d
X

i
[M

eV
·g

°
1
cm

2
]

m¬ = 0.1 GeV

≤ = 1

≤ = 10°1

≤ = 10°2

≤ = 10°3

≤ = 10°4

≤ = 10°5

MCP Energy Loss
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MCP at Neutrino Telescopes
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Preliminary

IceCube, KM3NeT, TRIDENT, HUNT…



The NA64  Experimentμ
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 muon on target1.98 × 1010

2022 pilot run

NA64 collaboration, PRL/2401.01708

 CERN Super Proton Synchrotron (SPS)


160 GeV muon beam




Events at NA64μ
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• Region A: soft muon scattering 
with small energy deposition


• Region B: hard scattering and 
large energy deposition in the 
target


• Region C: soft scattering and 
large energy deposition in the last 
calorimeter


• Region D: Hard scattering in the 
target with hadrons left out

New physics



Muonphilic Dark Sector
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Massless  mediator with a dark sectorLμ − Lτ



Production Rate
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Muon on target

1.98 × 1010

Pb target density

Target length

Scattering cross 
section Efficiency

Decay probability

NA64 collaboration, 2409.10128



Cross Section
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Muophilic Millicharge?
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Constraints on Muonphilic Dark Sector

21

Croon et al, JHEP/2006.13942

Li, Liu, NS, arXiv: 2501.06294

 MOT in the near future1014



Summary

• Search for millicharged particles from atmospheric beam dump at JUNO and 
SuperK


• Multiple scattering could be more sensitive than single scattering


• New signature of MCP at neutrino telescopes


• Flavor-specific dark sector could be searched with muon beam dump
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谢谢
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Atmospheric beam dump and new physics

• Heavy neutral leptons


• Hadrophilic dark matter


• Axion-like particles


• Long-lived neutralinos


• Monopoles


• Dark photon


• Millicharged particles


• …
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Millicharge particles from light meson decay
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Plestid et al PRD/2002.11732

Vector mesons  decay to MCP pairsρ, ω, ϕ, J/ψ

 decay to MCP pairs+photonη



Millicharge Particles from Upsilon Meson Decay
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Pythia8 simulations

Wu, Hardy, NS, PRD/arXiv: 2406.01668



Single scatter
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Elastic scattering

dσχe/dEr ∝ 1/E2
r

Arguelles et al JHEP/2104.13924



Multiple scatter constraint

28

Assuming JUNO 170 kton yr exposure⋅
Wu, Hardy, NS, arXiv: 2406.01668



Earth Attenuation
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For , the down-going flux becomes significantly attenuatedϵ2 ≳ 10−2



New Physics Search at NA64μ
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NA64 collaboration, PRL/2401.01708

Z′ → νν̄
Z′ → μμ̄
Search for missing energy



New Physics Search at NA64μ
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NA64 collaboration, PRL/2401.01708

Z′ → χχ̄

Search for missing energy



Axion-Photon Interaction
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Axion production through photon-photon fusion



Cross Section
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effective photon flux

Weizsacker-William 
approxmation

Nucleus elastic 
form factor



Decay Probability
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The target ECAL consists of 150 layers of Pb

Average over the decay probability from axion 
production in each ECAL layer



Visible vs Invisible
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Alonso-Álvarez et al, EPJC/1811.05466



Constraints on Axion-Photon Interaction
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Axion-Muon Interaction
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Axion production through muon bremsstrahlung



Cross Section
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effective photon flux

Weizsacker-William 
approxmation

Nucleus elastic 
form factor



Constraints on Axion-Muon Interaction
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Buen-Abad et al, JHEP/2104.03267


