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Tremendous Progress in Millicharge Studies
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Andy Haas, Fermilab, 2017

• Both experimental & theoretical advances

• Led by milliQan, followed by neutrino experiments, FerMINI, SUBMET, FORMOSA, FLArE

• EDGES rejuvenated millicharged & strongly interacting dark matter

• Quantum devises to search for millicharged dark matter (mDM), from Quantised & Stanford 



RF06 Classification; PBC Benchmark
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PBC: The Physics Beyond Colliders initiative at CERN

Millicharged Particles (mCP) is an important benchmark model



Millicharged Particles @ Snowmass

Snowmass LOI: link Matthew’s slide
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FOROMOSA: 
https://indico.cern.ch/event/1110746/contributions/4701718/

https://www.overleaf.com/project/5f4dcb02ffc8550001e54148


Theory overview &
connections to cosmic frontier (CF)
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• Is electric charge quantized and why? A long-standing question!

• SM U(1) allows arbitrarily small (any real number) charges. 
Why don’t we see them? Motivates 
Dirac quantization, Grand Unified Theory (GUT), to explain such quantization 
(anomaly cancellations fix some SM 𝑈(1)! charge assignments)

• MCP (not confined) is predicted by some Superstring theories: 
Wen, Witten, Nucl. Phys. B 261 (1985) 651-677
https://www.youtube.com/watch?v=AmUI2qf9uyo (watch 15:50 to 17:28)

• Link to string compactification and quantum gravity (Shiu, Soler, Ye, PRL ’13)

• Conservatively, testing if e/3 is the minimal charge

• Simply a search for particles with {mass, electric charge} =

Theoretical Motivations
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https://www.youtube.com/watch?v=AmUI2qf9uyo


• A particle fractionally (or irrationally) charged under SM U(1) 

hypercharge

• 𝜖! can in principle be arbitrarily small.

• Can just consider these Lagrangian terms by themselves 
(no extra mediator, i.e., dark photon). 
Completely legal! Naively violating the empirical charge 
quantization (cool).

• We are simply search for MCP! 
Minimal assumptions = most robust constraints/probes.

• This could come from vector portal Kinetic Mixing (Holdom, ‘85)
- a nice origin to the above terms
- help give rise to dark sectors
- easily compatible with Grand Unification Theory

mCP Model
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Kinetic Mixing and MCP Phase
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See, Holdom, 1985

(SM: Standard Model)

• New fermion χ charged under new gauge boson B’.

• Coupled to new 
dark fermion χ

• Millicharged particle (MCP) can be a low-energy consequence
of massless dark photon  (a new U(1) gauge boson) coupled to 
a new fermion (become MCP in a convenient basis.)

heavy exotic



What if dark matter (DM) is 
millicharged
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CF: EDGES & Millicharged Dark Matter

• EDGES gives another hint of dark 
matter property, just like small-scale 
structure

• Can add this to new milliQan
papers

• Connecting to cosmology & dark 
matter direct-detection folks

• Demonstrate to them the power of 
accelerator probes & milliQan-type 
detectors

• See Liu, Outmezguine, Redigolo, 
Volansky, ’19 for the 10!" curve
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• Here we plot the critical reference cross-section see 1905.06348
(Emken, Essig, Kouvaris, Sholapurkar)

• Accelerator probes can help close the Millicharged SIDM window!
• Cosmic-ray production & Super-K detection 2002.11732

MCP / LDM with ultralight dark photon mediators

• We will add this figure with 
all the projections to the 
Snowmass White Paper

• Can add this to new 
milliQan papers

Saeid Foroughi, Felix Kling, Yu-Dai Tsai, arXiv:2010.07941

CF: Strongly Interacting Dark Matter

DMATIS (Dark Matter ATtenuation
Importance Sampling), Mahdawi & Farrar '17

https://arxiv.org/abs/2002.11732
https://arxiv.org/abs/2010.07941


Probes for Millicharged Particles & DM
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• Colliders 
• Proton fixed-target and neutrino experiments
• Lepton fixed-target experiments
• Cosmic-ray accelerator
• LOT: https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-
EF9_EF10_NF3_NF5_CF1_CF3_CF7_TF7_TF8_TF9_AF5_UF3_Yu-Dai_Tsai-114.pdf

FLA
rE

https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-EF9_EF10_NF3_NF5_CF1_CF3_CF7_TF7_TF8_TF9_AF5_UF3_Yu-Dai_Tsai-114.pdf


MCP is interesting itself, and is one of the 
simplest dark-sector test models for 

accelerator experiments
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Productions & Signatures @ FPF
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Sensitivity greatly enhanced by measuring low-energy electron recoils or 

scintillations & ionizations, for both mCP and light-mediator DM scattering
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mCP Productions @ FPF

Foroughi-Abari, Kling, and Tsai, arXiv:2010.07941, PRD 20

MCP production was added to FORESEE by Felix

Ongoing works to add to production channels, see 
Foroughi-Abari, Ritz, arXiv:2108.05900



mCP Signatures in FPF

• 1. mCP scintillation/ionization
FORMOSA

• 2. Electron scattering:
FLArE:

16

https://en.wikipedia.org/wiki/Time_projection_chamber

Expressed in recoil energy threshold, 𝐸!(#$%)



mCP @ FORMOSA
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• Want very low momentum transfer: ionization and scintillation 
signature

• Signature proportional to - dE/dx of the MCP, referred to as 
energy loss/stopping power

PDG:2020



mCP @ FORMOSA
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mCP @ FLArE
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A. Scattering a-la DM signal: consider χe → χe, 

and set electron recoil energy Er within 30 MeV ≲ Er ≲ 3 GeV in FLArE

B. Double-hit with softer recoils:

setting Er,min ≃ 2 MeV but with double-hit point back to the target

Harnik, Liu, Palamara, JHEP 19

Preliminary, Kling, Kuo, Trojanowski and Tsai
FLArE experiment by Jianming Bian:
https://indico.cern.ch/event/1110746/
contributions/4701719/

https://indico.cern.ch/event/1110746/contributions/4701719/


mCP and mDM Compliation Plot
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FLA
rE



Dark states with electromagnetic form factors
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• Preliminary result by Kling, Kuo, Trojanowski and Tsai

• Jui-Lin Kuo, Dark States with EM form factors at FLArE
• https://indico.cern.ch/event/1110746/contributions/47

06475/attachments/2382127/4070342/FPF_Kuo.pdf

https://indico.cern.ch/event/1110746/contributions/4706475/attachments/2382127/4070342/FPF_Kuo.pdf


Discussions

• Comments for millicharge & EM form factor 
sections of the FPF long paper?

• Quirk signatures in FORMOSA/FLArE?

• Can we design FLArE as an mCP tracker?
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Thank you!
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