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Millicharged particle (mCP) is a particle 𝜒 with {mass, electric charge} =

1. Long-standing questions: Is electric charge quantized? To what unit? Why? 
Connections to monopoles

2. A generic feature of string theory, Wen, Witten, NPB 1985

3. A product of Grand Unification Theories (GUTs), Holdom, PLB 1986

4. A simple example leading to Quantum Number Theory (2603.12320)

5. Finding mCP can be a strong probe of early-universe reheating cosmology
Gan, Tsai, JHEP 2025, 2308.07951, Cosmic Millicharged Particles 

• “Theory Review of Millicharged & Fractionally Charged Particles”
Planned review for Progress in Particle and Nuclear Physics (PPNP)

Theoretical Motivations of Millicharged Particles
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is the mCP electric charge,
(𝑞!)

https://arxiv.org/abs/2603.12320
https://arxiv.org/pdf/2308.07951.pdf


Types of Millicharged Particles (mCP)

“Pure” mCP

• Theoretical implication of mCP with 
a small rational or irrational charge,
NO dark photon needed
• Prediction of string theories
• Indirect test of GUTs models
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Effective “Kinetic-Mixing” mCP
(focus on this case)

• Predicted by GUTs.

heavy 
exotic

Choose a 
proper basis:
massless dark photon B’
decouples from SM

B’ B

SM



Naturally light mCP? Chiral gauge symmetry!

Chiral symmetry leads to gauge anomaly: anomaly cancellation

Corresponding to the number theory: “PTE” problem

Sharp predictions of the mCP spectra

Number Theory for Millicharged Particles

5

Lee, Takahashi, Tsai, 2603.12320, 2606.07735  

https://arxiv.org/abs/2603.12320
https://arxiv.org/abs/2606.07735


mCPs with Chiral Symmetry
Lee, Takahashi, Tsai, 2603.12320   

Credits: Fuminobu Takahashi (Tohoku U)

We introduce an additional chiral U(1)" gauge symmetry 
in addition to the hidden U(1)# gauge symmetry

https://arxiv.org/abs/2603.12320


mCPs with Natural Mass Terms
Lee, Takahashi, Tsai, 2603.12320   

Like the Standard Model, we can have a new Higgs to 
generate the mass naturally, i.e.  

Credits: Fuminobu Takahashi (Tohoku U)

https://arxiv.org/abs/2603.12320


Mass Hierarchy & Anomaly Cancellation
Lee, Takahashi, Tsai, 2603.12320   

Credits: Fuminobu Takahashi (Tohoku U)

https://arxiv.org/abs/2603.12320


Lee, Takahashi, Tsai, 2603.12320 (hep-ph). 
Other anomaly cancellation considerations: Batra, Dobrescu,
Spivak, arXiv:0510181, Nakayama, Takahashi, Yanagida, 1102.4688,
Lohitsiri, Tong, 1907.00514
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Matching to Number Theoretical Studies
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Matching to Number Theory

Credits: Junseok Lee (Tohoku U)

Degree-3 Prouhet–Tarry–Escott (PTE) Problem

The smallest possible size is n=k+1 (k=3, n=4 in this specific case)
Such solutions are called ideal solutions (focus of this talk).



Symmetric Solutions:
Abundance of Symmetric “Locus” 
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Pure math paper: symmetry solutions is abundant among full solutions
Tsai, Lee, Takahashi, 2606.07735 (math.NT) 

Credits: Junseok Lee (Tohoku U) PTE Refs: Goldbach and Euler (1750-51), 
Prouhet (1851), Escott (1910), Tarry (1895); 
Borwein (2002) for a review.

https://arxiv.org/abs/2606.07735


• Degeneracy is of higher order of 

• Impacting experiments and cosmological searches

Ideal Symmetric Solutions Lead to Doublet Structures
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Lee, Takahashi, Tsai, 2603.12320 (hep-ph)

Credits: Junseok Lee (Tohoku U)

https://arxiv.org/abs/2603.12320


Based on our Lee-Takahashi-Tsai (LTT) construction:

1. Chiral symmetry provides naturally light mCPs

2. Anomaly cancellation conditions: degree-3 PTE problem

3. Sharpe prediction of minimal 4 mCP states (ideal sol.)

4. Symmetric solutions dominant: leading to doublet LTT 
spectra

5. New number theory result:
Symmetry abundance of the PTE solutions

Summary
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Cosmic	Millicharge	Background
& Reheating Probes
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Paul Dirac

Frederick Reines

Probing Reheating Cosmology with 
Experimental Searches for mCPs
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Probing Inflation & Reheating Cosmology

Daniel Figueroa 
(UAM-IFT)

We know very little about the reheating phase; washed out in later stage 

a: scale factor, quantifying the size of the Universe
t: time 

is the reheating temperature; BBN is the big bang nucleosynthesis 

Inflaton
SM



Millicharge Search as a Probe for Reheating Temperature

Gan, Tsai, 2308.07951, JHEP 2025 

ϵ = 𝑄!/𝑒 
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Solid: Overproduction “Constraints” / Heating Targets
Dashed: Experimental Projections

Charge in 
unit of 

electron 
charge

Mass of millicharge particle (GeV)

https://arxiv.org/pdf/2308.07951.pdf
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Gan, Tsai, 2308.07951, JHEP 2025 

ϵ = 𝑄!/𝑒 

Dashed: Exp. Projections
Solid: 𝚫𝑵𝒆𝒇𝒇 “Constraints” / Heating Targets

Millicharge Search as a Probe for Reheating Temperature

https://arxiv.org/pdf/2308.07951.pdf


Testing Reheat Temperatures in Both Cases

Note: Our study naturally extend to higher temperatures.

We only just focus on the MeV to GeV region as a demonstration, 
also for the interest of the accelerator program

Gan, Tsai, JHEP 2025, 2308.07951

https://arxiv.org/pdf/2308.07951.pdf


1. FORMOSA @CERN

2. LANSCE-mQ @LANL

Dedicated	Scintillation-Based
Millicharged	Experiments

• Proposed it & conducted flux 
calculations with PhD Student
Abari, Kling, Tsai, PRD (2021)

• Demonstrator installed 
& taking data

• A tiny “pathfinder” has taken data
• Tsai et al., PRD (2025), 2407.07142

FORMOSA 

(demo.)

3. LongQuest-mQ @Fermilab
• Study mCP & Long-Lived Particles
• Tsai et al., PRL (2021)
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Samantha Kelly (PhD Student)
at LANSCE@LANL

https://arxiv.org/abs/2407.07142
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FORMOSA at CERN

Updates:

• For dedicated searches:
1. FORMOSA: specifically featured

on US P5 report

2. LANL LDRD $165k funding (2025)

3. Demonstrators are built for
FORMOSA & LANSCE-mQ

Students:
Undergrads: Bailloeul (UCD)
PhDs: Hwang (Boston U) , Kelly (UCD),
Lee (Tohoku, theory); many posdocs…



1. Bridging: new results in QFT (anomaly cancellation), Math 
(number theory), and Phenomenology (LTT mCP Spectral 
Predictions for experiments and cosmology)

2. Probing mCPs to reveal cosmology (reheating cosmology)

3. Many dedicated small-scale experiments are being built to 
study mCPs

Summary
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High-Energy	Theories
String Theory
Grand Unification Theory

Neutrinos

Energy
Coupling	Strength

Mass

Gravity
(e.g.,	Gravitational	Waves)

Dark	Matter	(DM)

The	rest	of	the	
Standard	Model	(SM),	non	elusive

Intensity

Summary: Important Explorations in Particle Physics

Precision
Neutrino	Experiments
SHiP & Other Fixed-Target Exps
Forward	Collider	Experiments
FORMOSA, LANSCE-mQ, LongQuest
…

• Quantum Number Theory: 2603.12320
• Symmetry Abundance in PTE Solutions (Pure Math): 2606.07735  
• Cosmic Millicharged Particles: 2308.07951

https://arxiv.org/abs/2603.12320
https://arxiv.org/abs/2606.07735
https://arxiv.org/pdf/2308.07951.pdf

