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The electric charge of 
millicharge particle is not 
quantized. It challenges 
the charge quantization.

Millicharge particle (MCP) 
is predicted by theories 
beyond the Standard Model  
It is connected with the 
following issues:
Dark Matter 
Nutrino Physics
Astroparticle Physics & 
Cosmology

Millicharge particle (MCP)  
has tiny electric charge 
(usually less than 10-5 e). 
It could interact with 
Standard Model charged 
particles via electromagnetic 
interaction.
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Introducing additional hidden U(1) gauge group

Phys. Rev. D 75, 
115001 (2007)

Hidden SectorSM Sector

MCP Photon Dark 
Photon

SM fermion

millicharge
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Introducing Right-handed Massive Fermion

N. Vinyoles and H. Vogel, J. Cosmol. Astropart. Phys. 03(2016) 002

millicharge• It may Connects with SU(2) 
right-handed neutrino. 

• (Millicharged Neutrino)



7

N. Vinyoles and H. Vogel, J. Cosmol. Astropart. Phys. 03(2016) 002
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Experimental Constraint on Neutrino Millicharge

Experimental Constraint on Neutrino Charge Radius

Rev. Mod. Phys. 87(02), 531-591 (2015)
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Compton Scattering Electron Impact / Electron-Ion collision

RIA is a method developed in 1970s-1980s to dual with the manybody 
electromagnetic interactions in atomic and molecular physics
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Free Electron Approximation

Impulse Approximation
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Compton ProfileElectron 
momentum 
distribution

Impulse Approximation

Basic Property of RIA

Scattering Probability  
(momentum eigenstate electron 
& incident particle)
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Basic Sarting Point

R.Ribberfors (1975-1982)

Scattering 
Function

FEA 
Results

Kinematical Factor
Indenpendent of the 
target materials.

Compton Profile
Closely related to the 
properties of target materials.
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Basic Property of RIA

Compton Profile
Compton Profile is connected  with 
the electron momentum density in 
atoms and molecular systems
It is closely related to the elecronic 
structures and properties of target 
materials.

Qiao et al. 
Journal of Physics B: Atomic and 
Molecular Physics 53, 075002 (2020)
arXiv: 1902.02301[physics.atom-ph]
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Qiao et al.
Compton Scattering Energy Spectrums for 
Si and Ge Systems
arXiv: 1907.09868[physics.atom-ph]
Journal of Physics G: Nuclear and Particle 
Physics 47, 045202 (2020)

Compton Profile



RIA in the 
Atomic 
Ionization 
induced by MCP
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Starting Point



18Differential Cross Section

Compton Profile
Closely related to the 
properties of target materials.

Kinematical Factor
Indenpendent of target 
materials.

Starting Point

Doubly-differential 
Cross Section (DDCS)



19Differential Cross Section (Simplified Verion)

Starting Point

Doubly-differential Cross 
Section (DDCS)

Compton Profile
Closely related to the 
properties of target materials.

Kinematical Factor
Indenpendent of target 
materials.

Doubly-differential 
Cross Section (DDCS)



20Differential Cross Section and Reation Event Rate

Doubly-differential 
Cross Section (DDCS)

Singly-differential Cross 
Section (with respect to 
energy transfer T)

Reaction Event Rate in 
HPGe and Xenon 
Detectors
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Calculate Groundstate 
Energy and Wavefunction

Calculate Differential Cross 
Section and Reaction Event Rate

Dirac-Fock Theory
Fully Relativistic Theory (Relativistic 
Generalization of Hartree-Fock Theory)

Multi-Configuration Dirac-Fock (MCDF) 
Fully Relativistic Theory
Multi-configuration Generalization of 
the Dirac-Fock Theory

Advantages：
1. With atomic binding and electron 
correlation effects considered
2. Widely condirmed by experiments in 
atomic and molecular physics

Free Electron Approximation

Equvalent Photon Approximation

Electrons are treated as free electrons.
Atomic many-body effectes are neglected
Energy Transfer >> Atomic binding energy（11 keV 
for Ge）

Relativistic Impulse Approximation (Our Work)
Bound electron has a momentum distribution
Momentum eigenstate electron scatters with incident 
charged particle independently
Wolks well in the entire energy region

Hartree-Fock Theory
Non-Relativistic Theory

Visual exchange photons are treated as real photons
Wolks well in low-energy transfer and low-momentum 
transfer region.
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When energy transfer is sufficient large, RIA results and FEA results agree with each other
Energy Transfer >> Atomic binding energy（11.1 keV for Ge  34.5 keV for Xe）
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Reaction Event Rate in Detectors

Assumption: millicharged dark matter particle 
is coming from comic rays

P.-K. Hu et al., Phys. Lett. B 768, 18 (2017)

Flux spectrum of millicharged dark matter 
particle in dark comic-ray
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Detecting sensitivity on millicharge (next generation HPGe based experiments)
mass (kev) sensitivity（FEA） sensitivity（EPA） sensitivity（RIA）

100 3.7*10-7 2.8*10-7 2.5*10-7

10 7.0*10-8 5.3*10-8 4.5*10-8

1 1.4*10-8 1.0*10-8 8*10-9

0.1 6.0*10-9 1.9*10-9 2*10-9

0.01 3.2*10-9 3.5*10-10 1*10-9

Detecting sensitivity in next generation experiments

Energy Threshold: 100eV
Experimental Background: 0.1cpkkd（count/kg·keV·day）
Reaction Event Rate > Experimental Background 
---> Millicharged Dark Matter Particle can be detected
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Detecting sensitivity on millicharge (next generation Xenon based experiments)
mass (kev) sensitivity（FEA） sensitivity（EPA） sensitivity（RIA）

100 1.3*10-7 9.3*10-8 1*10-7

10 2.5*10-8 1.8*10-8 2*10-8

1 5.9*10-9 3.2*10-9 4*10-9

0.1 3.1*10-9 6.0*10-10 1.5*10-9

0.01 1.7*10-9 2.5*10-10 8*10-10

Detecting sensitivity in next generation experiments

Energy Threshold: 500eV
Experimental Background: 10-4cpkkd（count/kg·keV·day）
Reaction Event Rate > Experimental Background 
---> Millicharged Dark Matter Particle can be detected



27Detecting sensitivity in next generation experiments

“This work” presents the detecting sensitivity of dark matter particle 
millicharge in next-generation Xenon based experiments calculated 
using RIA
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Reaction Event Rate in Detectors

Assumption:
keV --- GeV region 
millicharged neutrino is mostly coming from 
solar neutrinos
The pp channel and 7Be channel are 
dominant in the solar neutrino flux spectrum.

High-energy neutrino astrophysics: Status and perspectives. 
Progress in Particle and Nuclear Physics 67 (2012) 651–704
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Solar Neutrinos: Status and Prospects,  Annu. Rev. Astron. Astrophys. 51:21–61  2013
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Reaction Event Rate in Detectors
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Conclusion

The RIA approach for atomic ionization induced by 
millicharged particle is derived.
The doubly-differential cross section is reduced to the product of 
a kinematical factor (Y) and Compton Profile (J) .

The differential cross sections of atomic ionization 
induced process by MCP are calculated.
When energy transfer is sufficient large, RIA results and 
FEA results agree with each other.

The detecting sensitivities on dark matter particle and 
neutrino millicharge for next-generation experiments 
are estimated.
Millicharged dark matter particle:  
2-3 orders of magnitude better than current experiments 
Millicharged neutrino:  
2-3 times better than current experiments 

2

1
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Other Approaches which may 
go beyond RIA
Manybody QED
Relativistic Random-Phase 
Approximation (RRPA)
Other approach from  Atomic， 
Molecular and Condensed matter physics 

Study Other Aspects of 
Millicharged Particles

Charge Radius
Magnetic Moment
......

1

2

3
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Study Atomic Ionizations 
in Other Detectors
Liquid Ar Detector
NaI Detector
CsI Detector
......

Study Other Electromagnetic 
Processed using RIA
Atomic Ionization induced by Dark 
Photon 
Atomic Compton Scattering induced 
by Dark Photon 
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