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1 Millicharged	par;cles
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Millicharged	particles
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ℒ = eϵAμ χ̄γμχ + mχ χ̄χ

	:	photonAμ

	:	millicharged	par;cles	(MCPs)χ

	:	millicharge	ϵ ≪ 1

	:	massmχ



Millicharged	particles	from	atmospheric	collisions
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Other	BSM	par;cles

millicharged	partciles [R.	Ples-d	et	al.,	arXiv:2002.11732]

ℒ = eϵAμ χ̄γμχ
[M.	Kachelriess	et	al.,	arXiv:2104.06811]

[C.	A.	Arguelles	et	al.,	arXiv:2104.13924]

see	e.g.,	

[J.	Alvey	et	al.,	arXiv:1905.05776]

[L.	Su	et	al.,	arXiv:2006.11837]

only		meson	decay	(MD)
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2 Proton	bremsstrahlung
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Proton	bremsstrahlung	(PB)	in	the	atmosphere
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Proton	bremsstrahlung	(PB)	in	the	atmosphere
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Proton	bremsstrahlung	(PB)	in	the	atmosphere
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Proton	bremsstrahlung	(PB)	in	the	atmosphere
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Energy	spectrum	in	the	proton	bremsstrahlung	process
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dNPB
χ

dEχ
=

ε2e2

6π2 ∫
dk2

k2
1 −

4m2
χ

k2 (1 +
2m2

χ

k2 )∫ dEk
1

σpT

dσPB

dEk

Θ (Eχ − E−) Θ (E+ − Eχ)
E+ − E−

∑
i

ϵi
μ(k)ϵi*

ν (k) = − gμν +
kμkν

k2
,

proton-nitrogen	xsec	σpT ≃ 253 mb

	=	off-shell	photon	massk2

	=	millichargeϵ

	=	max	&	min	E	of	MCPsE±

[see	e.g.	1810.06856,	2111.15533]



Splitting	kernel
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k = (Ek, k) FWW	(Fermi-Williams-Weizsacker)

Our	method

[see	e.g.	1311.3870]

[see	also	2108.05900]

+

Rela;vis;c	&	collider	condi;ons



Our	method	to	compute	the	splitting	kernel
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Our	method	to	compute	the	splitting	kernel
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d2𝒫p→γ*p

dEk cos θk
=

1
σ(pp̄ → pp̄)(s34)

d2σ(pp̄ → γ*pp̄)
dEk cos θk

=

ra;o	of	 		
to	 	at	

dσ(p(p1)p̄(p2) → p(p3)p̄(p4)γ*(k))
σ(pp̄ → pp̄) s34 = (p3 + p4)2
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xsec	of	pN → γ*X

dσPB

dEk
= ∫ dE0

k d cos θ0
k

d2𝒫p→γ*p

dE0
k d cos θ0

k
FV(k)

2
σpT(s′ 2) δ(E′ k(E0

k , θ0
k ) − Ek)

spli]ng	in	CM

lab	frame

form	factor Lorentz	transforma;on

	xsecp′ N
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Time-like	form	factor

FV(k) = ∑
V=ρ ρ′ ρ′ ′ ω ω′ ω′ ′ 

fVm2
V

m2
V − k2 − imVΓV

,

p

N

γ∗
χ

χ̄

X

p′

0.77 0.159 0.616

0.77 0.0085 1.011

1.25 0.3 0.223

1.25 0.3 -0.881

1.45 0.5 -0.339

1.45 0.5 0.369

ΓV (GeV) fVmV (GeV)

ρ

ρ′ ′ 

ρ′ 

ω′ 

ω′ ′ 

ω



Energy	spectrum	in	proton	bremsstrahlung	(PB)
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3 Atmospheric	flux
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Proton	energy	spectrum

d2Φp

dEpdΩp
(hmax = 65 km) =

0.74 × 1.8 × 104

m2 s sr GeV (
Ep

GeV )
−2.7

d
dh [

d2Φp

dEpdΩp
(h)] = σpTnT(h)

d2Φp

dEpdΩp
(h)

Proton	energy	spectrum	at	the	top	of	the	atmosphere

Proton	energy	spectrum	at	height	h	via	cascade	equa;on

both	power-law	(PL)	and	actual	data	(PDG)

PL

		=	interac;on	xsec	 	253	mbσpT ≃
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Atmospheric	MCP	flux	in	one-dimension	approximation

d2Φs
χ

dEs
χdΩs

χ
= ∬ dhdEp

d2Φp(h)
dEpdΩp

nT(h)σpT ∑
i

dNi
χ

dEs
χ

MCP	flux	at	Earth	surface

	=	proton	flux	at	height	h
d2Φp(h)
dEpdΩp

	=	air	density	at	height	h	(NRLMSISE-00)nT(h)

		=	interac;on	xsec	 	253	mbσpT ≃

		=	MCP	energy	spectrum	in	channel	 	(PB	or	MD)
dNi

χ

dEs
χ

i

• neglect	air	aHenua;on	for	MCP	
• isotropic	(1D	approxima;on)



4 Earth	aHenua;on
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Earth	attenuation	for	MCP

−
dE
dX

= ε2(a + bE)

adopt	paras	for	muon	in	standard	rock

	=	slant	depth	traversedX

	GeV/mwe	a = 0.233

b = 4.64 × 10−4 mwe−1
mwe = 100 g/cm2

Energy	loss	in	rock

[Comput.	Phys.	Commun.	184	(2013)	2070–2090]
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MCP	flux	underground

d2ΦD
χ (X)

dEχdΩ
= eε2bX

d2Φs
χ

dEs
χdΩs

X = ρL = ρ (Re − d)2 + R2
e − 2 (Re − d) Re cos (θ − θs)

Flux	@	detector

Es
χ = (Eχ +

a
b ) exp (ε2bX) −

a
b

[see	e.g.	Gaisser,	Engel,	Resconi	(2016)]



5 SuperK	signal	&	limits

23



24

MCP	signal	events	at	SuperK

[R.	Ples-d	et	al.,	arXiv:2002.11732]

[M.	Kachelriess	et	al.,	arXiv:2104.06811]

[C.	A.	Arguelles	et	al.,	arXiv:2104.13924]

• water-Cherenkov	detector		
• fiducial	volume	=	22.5	kton	of	water	
• rock	=	1000	m

MCP
SuperK
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Electron	recoil	in	SuperK

χ χ

e−
e−

dσ
dEr

= ε2α2π
Er + 2E2

χ /Er − 2Eχ − me − m2
χ /me

Erme (E2
χ − m2

χ)
	=	MCP	energyEχ

	=	electron	recoil	energyEr
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SuperK	data	&	statistics
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Likelihood	(only	for	 )Si > Di

18	bins	in	16-88	MeV	(38-50	deg)

ℒ = Πiℒi = Πi
SDi

i exp(−Si)
Di!

TS = − 2 log [
ℒ(mχ, ε)

ℒ(mχ, ε = 0) ] < 4.6

90%	CL	limit



SuperK	limits	on	millicharged	particles
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• order-of-magnitude	improvement	on	 	
• beHer	than	ArgoNeuT	&	MiniBooNE	
• start	to	lose	sensi;vity	above	0.4	GeV	
• probe	para	space	below	0.1	GeV

ϵ2



Summary

28
[Mingxuan	Du,	Rundong	Fang,	ZL,	2211.11469]

• The	light	millicharged	par;cle	flux	from	the	proton	bremsstrahlung	process	
is	much	larger	than	the	previously	studied	meson	decay	process		

• We	compute	millicharged	par;cles	from	the	proton	bremsstrahlung	
process	in	the	atmosphere

• This	leads	to	an	order-of-magnitude	improvement	in	the	constraint	on	 	
(where	 	is	the	millicharge),	surpassing	the	current	best	experimental	
limits,	such	as	ArgoNeuT	and	MiniBooNE,	in	the	mass	range	of	0.1-0.4	GeV.

ϵ2

ϵ



addi;onal	slides
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splitting	kernel	in	the	CM	frame
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d2𝒫p→γ*p

dE0
k d cos θ0

k
=

1
σ2→2(s34)

∫ dE0
3 ∫ dϕ0

3,k ℳ2→3
2

512π4E0
1E0

2 ⃗v 0
1 − ⃗v 0

2

,

•  = the matrix elementof the  process
•  = the cross section of the  process
•  = the energy of the final state proton
•  = the azimuth angle of  in the transverse plane of 

•  = the angle between  and the initial state proton

ℳ2→3 pp̄ → γ*pp̄
σ2→2(s34) pp̄ → pp̄
E0

3
ϕ0

3,k ⃗p 3⃗k
θ0

k γ*



Atmospheric	MCP	flux	in	the	MD	process
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FWW



Diff	PB	methods	
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Diff	PB	methods		&	diff	CR	proton	spectra
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Comparison	with	other	papers	in	the	MD	process
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CR	spectrum
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Other	SuperK	data	sets
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