
New Horizons in Electron-
Coupled Dark Matter: 
Models and Detection

1

Tanner Trickle

Fill the gap: signatures of electronic excitations in dark matter 

and neutrino direct detection experiments

March 18th, 2026

[2512.07927] Infrared Freeze-In of Magnetic Dipole Dark Matter

ÅBerlin, Chang, T. Trickle

[2504.16160] MOSAIC: Magnonic Observations of Spin-dependent 

Axion-like InteraCtions

ÅT. Trickle (A QuantISED2 Collaboration)

[2504.02927] Determining Spin-Dependent Light Dark Matter Rates 

from Neutron Scattering

ÅBerlin, Millar, T. Trickle , Zhou

[1905.13744] Detecting Light Dark Matter with Magnons

ÅT. Trickle, Zhang, Zurek

https://arxiv.org/abs/2512.07927
https://arxiv.org/abs/2512.07927
https://arxiv.org/abs/2512.07927
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.16160
https://arxiv.org/abs/2504.02927
https://arxiv.org/abs/2504.02927
https://arxiv.org/abs/2504.02927
https://arxiv.org/abs/2504.02927
https://arxiv.org/abs/1905.13744


I       DM-electron interactions 
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Outline
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I. Current Status of Electron -Based Direct Detection

II. Infrared Freeze - In of Magnetic Dipole Dark Matter

III. keV ȓ MeV Mass Dark Matter -Magnon Scattering

IV. Axion Absorption Into Magnons

V. Pathways to Single Magnon Detection



Nuclear Recoil Direct Detection

Major Initiative : G3, the Ultimate WIMP Dark Matter Search

LUX-ZEPLIN (LZ) detector

4

2023 P5 Report: Exploring the Quantum Universe | Pathways to Innovation and Discovery in Particle Physics.

https://www.usparticlephysics.org/2023-p5-report/


Electronic Excitations
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Experimental Sensitivity
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History of Light DM Direct Detection



New Results From DAMIC
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DAMIC Results Motivate New Questions

ttrickle@illinois.edu New Horizons in Electron-Coupled Dark Matter: Models and Detection 8

What are other theoretically-motivated light dark matter models?

What new detector technologies must be developed for discovery?



Some (Heavy Mediator) Motivated Models
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A Minimal Model of Light Dark Matter
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Dark sector
Interaction 

(Kinetic mixing)

Interaction Lagrangian



Freeze-out
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Freeze-out Production



Freeze-out
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Freeze-out Production

[2412.13131] Constraints on Strongly-Interacting Dark 

Matter from the James Webb Space Telescope
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Freeze-In
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Freeze-in Production



The Mesa Diagram: 
Why Freeze-In Is Special
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[1112.0493] The Four Basic Ways of Creating Dark Matter Through a Portal
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Freeze-In
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Freeze-in Production



Magnetic Dipole-Coupled Dark Matter
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șDark electronȚ

șDark neutronȚ



Freeze-In of Magnetic Dipole Dark Matter
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Magnetic Dipole-Coupled Dark Matter
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Dark sector

Dark Charged Particles

Dark Matter



Magnetic Dipole-Coupled Dark Matter
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Dark sector
Interaction 

(Kinetic mixing)

Magnetic Dipole-Coupled Interaction Lagrangian



Cosmological History
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Today

Thermalization



Pre-Thermalization
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Thermalization



Thermalization
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Thermalization

All processes must be faster than Hubble.



Post-Thermalization
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Thermalization

Energy density 

Boltzmann equation



Dark Matter Decoupling
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Today

Thermalization
Hot Relic

Cold Relic

@

Hot Relic : smaller  dark sector couplings

Cold Relic: larger  dark sector couplings



Direct Detection Theory Targets
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Magnons

Example model parameter space ranges from optimistically detectable to un-detectable.



Thermalizing Freeze-In Summary
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Dark sector Kinetic mixing

A simple dark sectorȟ

thermalizing in the 

early universeȟ

realizes detectable 

magnetic dipole -couplings.

Magnons



Outline
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Dark Matter Scattering Kinematics
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[1910.08092] Multi-Channel Direct Detection of Light Dark Matter: Theoretical Framework

Å T. Trickle , Zhang, Zurek, Inzani, Griffin

Target
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Phonons
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Quanta of lattice vibrations



Direct Detection with Phonons
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Sub-eVPolar Interactions Cryogenic Experiment
Multi-Channel Direct Detection of Light Dark Matter: Target 

Comparison [1910.10716]

ÅGriffin, Inzani, T. Trickle , Zhang, Zurek

Experiments using phonon excitations will be powerful probes of sub-GeV dark matter.
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Magnons
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Collective spin excitations

[1905.13744] Detecting Light Dark Matter with Magnons

ÅT. Trickle , Zhang, Zurek

https://arxiv.org/abs/1905.13744


Phonon vs. Magnon Scattering
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Phonons Magnons

șSpin-independent  couplingȚ șSpin-dependent  couplingȚ



SD Dominance of Magnon Scattering
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[2009.13534] Effective Field Theory of Dark Matter Direct Detection With Collective Excitations

ÅT. Trickle , Zhang, Zurek

https://arxiv.org/abs/2009.13534


The Dark Matter Scattering Rate
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First-Principles Data-Driven



The Dark Matter Scattering Rate
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First-Principles

[1905.13744] Detecting Light Dark Matter with Magnons

Å T. Trickle , Zhang, Zurek

FermiȖs Golden Rule

Derived from high-energy theory

Quantized in terms of magnon operators, i.e., 

https://arxiv.org/abs/1905.13744


The Dark Matter Scattering Rate
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First-Principles

[1905.13744] Detecting Light Dark Matter with Magnons

Å T. Trickle , Zhang, Zurek

Fit to neutron scattering data

Magnon modes derived from diagonalizing Heisenberg Hamiltonian

(analogous to harmonic oscillator)

https://arxiv.org/abs/1905.13744


Sensitivity To Dark Matter Scattering
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First-Principles

[1905.13744] Detecting Light Dark Matter 

with Magnons

Å T. Trickle , Zhang, Zurek

https://arxiv.org/abs/1905.13744
https://arxiv.org/abs/1905.13744


Sensitivity To Other Dark Matter Models

ttrickle@illinois.edu New Horizons in Electron-Coupled Dark Matter: Models and Detection 39

First-Principles ȓ Effective Field Theory

[2009.13534] Effective Field Theory of Dark Matter Direct Detection With Collective Excitations

Å T. Trickle , Zhang, Zurek

FermiȖs Golden Rule

c Coefficients determined by matching to non-relativistic effective field theory

https://arxiv.org/abs/2009.13534


Sensitivity To Dark Matter Scattering
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[2210.13516] Optimal anti-ferromagnets for light dark matter detection
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Sensitivity To Dark Matter Scattering
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[2501.18120] Spin-dependent dark matter scattering in quasi-two-dimensional magnets

Quasi-2D material

Daily modulation effects

Sensitivity
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The Dark Matter Scattering Rate
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First-Principles Data-Driven



Similarities With Neutron Scattering
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Dark magnetic dipole dark matter

Effective neutron-electron interaction 

Interaction structure Kinematics



A Neutron Scattering Dataset
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The MAPS Spectrometer A 2D slice of the data



A Neutron Scattering Dataset
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Kinematic coverage Angular coverage



Comparison of First-Principles and 
Data-Driven Sensitivity
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Comparison of First-Principles and 
Data-Driven Sensitivity
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Å Data-driven enhanced by 

phonon contribution

Å First-principles enhanced by 

neglecting magnetic form factors

[2501.18120] Spin-dependent dark matter scattering 

in quasi-two-dimensional magnets

[2504.02927] Determining Spin-Dependent Light Dark Matter Rates from Neutron Scattering

ÅBerlin, Millar, T. Trickle , Zhou
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Recasting Other Dark Matter Models
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Alternative reparameterization of general scattering rate

Magnetic susceptibility

Generally, not all components of susceptibility available to neutron scattering.

Components can be related with target specific information about susceptibility tensor structure
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II. Infrared Freeze - In of Magnetic Dipole Dark Matter

III. keV ȓ MeV Mass Dark Matter -Magnon Scattering

IV. Axion Absorption Into Magnons

V. Pathways to Single Magnon Detection



Axion-like Particles
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QCD Axion: gluon coupling mandatory, solves strong CP problem 

Axion-like particles: pNG bosons of broken PQ, more diverse phenomenology



Searches For The Axion-Electron Coupling
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[1608.02123] Searching for Dark Absorption with Direct Detection Experiments

Noble LiquidSemiconductors

[2312.11601] Physical Signatures of Fermion-Coupled Axion Dark Matter 

ÅA. Berlin, A. Millar, T. Trickle , K. Zhou

https://arxiv.org/abs/1608.02123

