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Motivation
• Millicharged particles (MCPs) are well-
motivated beyond the Standard Model 
particles with small electric charge: 


• The collision between cosmic ray protons and 
the atmosphere can copiously produce MCPs.  


• MCPs produced in atmosphere can be 
detected by underground detectors. 

ℒint = εeAμ χ̄γμχ
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Meson Decay
• In previous studies, the MCPs are 
produced via meson decay.


• MCPs can be produced via the Dalitz 
decay of pseudo-scaler mesons and two 
body decay of vector mesons.
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Arguelles et al., 2104.13924

Plestid et al., 2022.11732
Kachelriess et al., 2104.06811



Proton Bremsstrahlung

Factorization: 

dσpN→γ*X(s) = d𝒫p→γ*p × σpN→X(s′￼)
The   is the splitting  kernel. d𝒫p→γ*p
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The splitting kernel is usually given by the 

FWW approximation when all of the 

particles are highly relativistic.
Blumlein et al., 1311.3870

We include a new process, proton 

bremsstrahlung, in the MCP production.



Splitting Kernel
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d𝒫p→pγ* =
dσpp̄→γ*pp̄(s)
σpp̄→pp̄(s′￼)

The low energy protons are important
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Form Factor
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The radiation process is enhanced by the 

time-like form factor of proton.

F1(q2) = ∑
V=ρ ρ′￼ρ′￼′￼ω ω′￼ω′￼′￼

fVm2
V

m2
V − q2 − imVΓV

,

Faessler et al., 0910.5589

mρ ≈ mω ≈ 0.77 GeV



Cascade Equation

• The MCP flux at the surface of Earth:


• The proton flux at a given height:

dΦs
χ

dEs
χ

= ∫ ∫ dhdEp
dΦp

dEp
(h)nT(h)σpT(Ep)∑

i

dNi
χ

dEχ

d
dh (

dΦp

dEp
(h)) = σpT(Ep)nT(h)

dΦp

dEp
(h)

M. Thunman et al., hep-ph/9505417
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Earth Attenuation

• MCPs lose energy when travel through Earth:


• MCP flux after earth attenuation

−
dE
dX

≈ ε2(a + bE)

d2ΦD
χ (X)

dEχdΩ
= eε2bX

d2Φs
χ

dEs
χdΩs

Gaisser et al., Cosmic Rays and Particle Physics

9

Es
χ = (Eχ + a/b) exp (ε2bX) − a/b



Signal
• The signals of MCP come from the elastic scattering with electron in the detector. 


• signals per bin:


• We use data and signal efficiency form SuperK phase I to phase III to set the constraint to MCPs.  


•

dσ
dEr

= ε2α2π
me (E2

r + 2E2
χ ) − Er (me (2Eχ + me) + m2

χ ))
E2

r m2
e (E2

χ − m2
χ)
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Arguelles et al., 2104.13924

Si = 2πneℰ∫ dEr f (Er)∫ dEχ ∫ d cos θ
d2ΦD

χ

dEχd cos θ
dσ
dEr



SuperK constraints

Blue: meson decay


Red: meson decay plus proton 

bremsstrahlung  
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Conclusion

• The MCPs can be copiously produced in the collision between cosmic ray protons 
and the atmosphere.


• We include a new production channel, proton bremsstrahlung, of MCPs which is 
enhanced by the resonance of the time-like form factor of proton in sub-GeV region.


• After including the PB process, the SuperK constraint for MCPs become much 
stronger than the meson decay processes.


• These enhancement will also appear in other pN collision experiments. 

Thank you !
12



Detail Calculation of the Splitting Kernel

• The splitting kernel is calculated using the initial state radiation process , 
and in CM frame:


• Then we boost the splitting kernel back to the lab frame to calculate differential 
cross section: 

pp̄ → pp̄γ*

d2𝒫p→γ*p

dE0
γ*d cos θ0

p,γ*
=

1

512π4E0
pE0

p̄ v0
p − v0

p̄

Fp(m2
χχ̄)

2

σs
2→2(s′￼1) ∫ dE0

p′￼∫ dϕ0
p′￼,γ* ℳs

2→3
2

dσPB

dEγ*
= ∫ dE0

γ*d cos θ0
p,γ*

d2𝒫p→γ*p

dE0
γ*d cos θ0

p,γ*
σp,air(s′￼2)δ(E′￼

γ* − Eγ*)
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Proton Bremsstrahlung
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dσ(P1 + P2 → γ*X → χχ̄X) = dσ (P1 + P2 → γ*X) ×
Q2

χ

12π2

dk2
γ*

k2
γ*

1 −
4m2

χ

k2
γ* (1 +

2m2
χ

k2
γ* ) .

 S. N. Gninenko, et al. 1810.06856


