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Nuclear Recoil Direct Detection
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Experimental Sensitivity

History of Light DM Direct Detection
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New Results From DAMIC
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DAMIC Results Motivate New Questions
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What new detector technologies must be developed for discovery?

What are other theoretically-motivated light dark matter models?



Intermediate-Mass Mediators
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Outline

. Infrared Freeze-In of Magnetic Dipole Dark Matter



A Minimal Model of Light Dark Matter
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Freeze-In
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Magnetic Dipole-Coupled Dark Matter
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Freeze-In of Magnetic Dipole Dark Matter

dark matter with a magnetic dipole moment
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[1410.6157] UltraViolet Freeze-in

Problem: production is UV dominated
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Magnetic Dipole-Coupled Dark Matter
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Magnetic Dipole-Coupled Dark Matter
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Yield

Pre-Thermalization

€+ ?% ¢

17



Thermalization

Thermalization
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All processes must be faster than Hubble.
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Post-Thermalization
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Yield

Dark Matter Decoupling

Today

Hot Relic
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Direct Detection Theory Targets
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Example model parameter space ranges from optimistically detectable to un-detectable.
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Thermalizing Freeze-In Summary

A simple dark sector...
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Outline

Magnon-Based Direct Detection
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Magnons

Collective spin excitations

100

[1905.13744] Detecting Lisht Dark Matter with Magnons
* T. Trickle, Zhang, Zurek
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Phonon vs. Magnon Scattering
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Sensitivity To Dark Matter Scattering

First-Principles

Magnetic dipole DM
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The Dark Matter Scattering Rate

Data-Driven Approach
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Similarities With Neutron Scattering
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A Neutron Scattering Dataset
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Comparison of First-Principles and
Data-Driven Sensitivity
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Axion Absorption Into Magnons

The saga of YIG: Spectra, thermodynamics,
interaction and relaxation of magnons in a
complex magnet

Vladimir Cherepanov 1 2, Igor Kolokolov ?, Victor L'vov "1
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[2005.10256] Detectability of Axion Dark Matter with Phonon Polaritons and Magnons
* Mitridate, T. Trickle, Zhang, Zurek
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How To Detect Single Magnons!?

Single Magnon Counting With Qubits

Qubit Qubit Qubit
Wi1) — Wjo) ~ 6 GHz
2T

If wm ~ (wj1) —wo)) then resonant conversion between magnon-qubit states.

S. il id ith oh . [2410.17308] Listening For New Physics With Quantum Acoustics
Imilar idea wit phonons. * Linehan, T. Trickle, Conner, Ghosh, Lin, Sholapurkar, Cleland
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Single Magnon Detection With Quantum Magnonics
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Projected MOSAIC Sensitivity
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Many open questions...

* Improvements to dark count probability?
* Use axion coherence?

* Magnon down-conversion?
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Down-Conversion Detection
DM DM
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[2410.17308] Listening For New Physics With Quantum Acoustics
* Linehan, T. Trickle, Conner, Ghosh, Lin, Sholapurkar, Cleland

Phonon Sensors
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https://arxiv.org/abs/2410.17308

Summary

|.  Current Status of Direct Detection
*  DAMIC results motivate thinking about new models and new detection
technologies.

l.  Infrared Freeze-In of Magnetic Dipole Dark Matter
* Dark sector thermalization allows for IR dominated freeze-in of light,
magnetic dipole-coupled dark matter.

ll.  Magnon-Based Direct Detection
* Magnons are exceptionally sensitive to light, spin-dependent dark matter,
including axions. Quantum magnonics is a promising approach for single
magnon readout.
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Axion-like Particles

QCD Axion: gluon coupling mandatory, solves strong CP problem
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Axion-like particles: pNG bosons of broken PQ, more diverse phenomenology
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Axion Absorption Into Magnons
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Axion Absorption Into Magnons

First-Principles
Setup Selection rules [H,6H] =0
H = Z SE’j’ . JEE’jj’ . SEj No absorption in simplest magnets!
tegs’ 1. External magnetic field

Fit to neutron scattering data

§H = g,.Va - E Se.
Gae — 3 2. Anisotropic exchange interactions
j

Fermi’s Golden Rule

= QWZ | (magnon| §H |a) |2 d(mg — wyk)
vk

[2005.10256] Detectability of Axion Dark Matter with Phonon Polaritons and Magnons
* A. Mitridate, T. Trickle, Z. Zhang, K. Zurek

3. Non-degenerate Lande g-factors

Data-Driven
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[2312.11601] Physical Signatures of Fermion-Coupled Axion Dark Matter
* A. Berlin, A. Millar, T. Trickle, K. Zhou
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Axion Absorption Into Magnons
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[2411.11971] Hunting axion dark matter with anti-ferromagnets: a case study with nickel oxide
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Sensitivity To Dark Matter Scattering
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Sensitivity To Dark Matter Scattering

Sensitivity
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[2501.18120] Spin-dependent dark matter scattering in quasi-two-dimensional magnets
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The Dark Matter Scattering Rate

First-Principles
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Derived from high-energy theory

Magnon modes derived from diagonalizing Heisenberg Hamiltonian
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[1905.13744] Detecting Ligsht Dark Matter with Magnons
T. Trickle, Zhang, Zurek
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Some (Heavy Mediator) Motivated Models

Thermal and Asymmetric Targets for DM—e Scattering
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[1707.04591] US Cosmic Visions: New ldeas in Dark Matter 2017:
Community Report

[2505.04626] Testing Thermal-Relic Dark Matter with a Dark
Photon Mediator
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The Mesa Diagram:
Why Freeze-In Is Special
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phase diagram Log ,[Ypm] (mpm=10GeV)
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[1112.0493] The Four Basic Ways of Creating Dark Matter Through a Portal
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SD Dominance of Magnon Scattering

LD gy Vu X7"V°X + ge Vi 6"y %¢

e
——

10—12;_ Standard SD
: dp = Gn = 0 YIG

107 1077 107 110
m,, [MeV]

[2009.13534] Effective Field Theory of Dark Matter Direct Detection With Collective Excitations
* T. Trickle, Zhang, Zurek
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A Neutron Scattering Dataset
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Additional Interesting Directions

Callbratlng results to data’ Dark photon scattering rate

[2101.08275] Dark matter-electron scattering in dielectrics d3q 5 q2 1
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Scattering Rates from the Dielectric Function
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Other physical effects
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Searches For The Axion-Electron Coupling
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[2312.11601] Physical Signatures of Fermion-Coupled Axion Dark Matter
* A. Berlin, A. Millar, T. Trickle, K. Zhou
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Existing Limits on Axion-Electron Coupling
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Currently no experiments sensitive enough to search for light axions below stellar cooling limits.

[2312.11601] Physical Signatures of Fermion-Coupled Axion Dark Matter
. Berlin, Millar, T. Trickle, Zhou
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Yield

Quasi-static Equilibrium
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Axion Induced Currents

Axion wind term Axio-electric term

Jé\/[ =V X ((1 — /L_l) Beﬁ') JaP — (6 — 1) o D=

——B_; x Va —> E; a8
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Axion Wind Induced Signal

Focus on Axion wind induced currents.

~

X Magnetization

M,=0(d/2—-2)0(z+d/2) M,
Surface Current

T, = (8(2 +dJ2) — 8(> — d/2)) M,
Boundary Conditions

Z Electric field continuity

sig

E : EZ sin(nmgd/2) = EZ; piMmad/2
S1g

Magnetic field discontinuity (Amperian loop)

_n EZ cos(nmgd/2) = Eg‘;g emad/2 L N
[
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Axion Wind Induced Signal

Focus on Axion wind induced currents.

X

F = -
i+ in cot (nmqd/2)
n® = &

Tunable with external magnetic field.
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Multi-Layer Coherently Enhances Signal

Single Slab Many Slabs

a |
TH

Psig ~ ‘Esig‘QA

Idea behind DALI, LAMPOST, MADMAX, and MuDHI experiments.
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Relationship With The Dynamic Structure

Factor
do, (V) ‘p |
dQAd B’ - ‘p‘ S (qa wq) Measurable

Magnetic dipole dark matter model

B _ _Px gxgﬁ Ni
4
2P, M 3

/ dw d*q g(q, )5 (q, w)

Kinematics
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Sensitivity and Extrapolation Schemes
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