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Toward lighter DM in direct detection
➤ Electron excitations. 

➤ Atoms (binding energy ~ 10eV).

?
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Toward lighter DM in direct detection
➤ Electron excitations.

➤ Atoms (binding energy ~ 10eV).

➤ Semiconductors (gap ~ eV).
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Other similar proposals 
[Graphene] Hochberg, Kahn, Lisanti, Tully, Zurek, 1606.08849. 
[Aromatic organic targets] Blanco, Collar, Kahn, Lillard, 1912.02822. 
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Proposed meV-gap targets (somewhat futuristic) 
[Superconductors]  
Hochberg, Zhao, Zurek, 1504.07237. 
Hochberg, Pyle, Zhao, Zurek, 1512.04533. 
[Dirac materials]  
Hochberg et al, 1708.08929. 
Geilhufe, Kahlhoefer, Winkler, 1910.02091. 
Coskuner, Mitridate, Olivares, Zurek, 1909.09170.
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Toward lighter DM in direct detection
➤ Collective excitations (sub-eV energies). 

➤ Phonons in crystals (collective oscillations of ions).

~MeV?
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Toward lighter DM in direct detection
➤ Collective excitations (sub-eV energies). 

➤ Phonons in crystals (collective oscillations of ions). 
➤ Theoretical sensitivity demonstrated for a variety of targets.
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➤ Magnons (Collective spin excitations in magnetically ordered materials).

10

Trickle, ZZ, Zurek, 1905.13744.

Also discussed for axion detection. 
Chigusa, Moroi, Nakayama, 2001.10666. 
Mitridate, Trickle, ZZ, Zurek, 2005.10256. 

Ongoing experiment: QUAX (1511.09461, 1606.02201, 
1806.00310, 1903.06547, 2001.08940) — cannot yet 
achieve single magnon sensitivity.
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A 3rd axis of DM’s parameter space
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A common description at low energy

14

Nonrelativistic (NR) EFT of DM-SM interactions



EFT of DM direct detection w/ phonons & magnons
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Nonrelativistic (NR) EFT of DM-SM interactions

DM couplings to lattice d.o.f.

N 
(particle number)

S 
(spin)

L 
(orbital angular momentum)

L⊗S 
(spin-orbit coupling)

Crystal responses

Trickle, ZZ, Zurek, 2009.13534.
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EFT of DM direct detection w/ phonons & magnons
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Nonrelativistic (NR) EFT of DM-SM interactions

DM DM

Phonon & magnon excitation rates

Crystal responses

Similar situation in nuclear recoil calculations. 
➤ At first, just spin-independent (SI) and spin-

dependent (SD) benchmarks. 
➤ Later on, extended to EFT. 
➤ UV model ⇒ EFT ⇒ nuclear responses ⇒ rates.

See also: 
Cirelli, Del Nobile, Panci, 1307.5955.  
Anand, Fitzpatrick, Haxton, 1308.6288 + 1405.6690.  
Gresham, Zurek, 1401.3739.  
Del Nobile, 1806.01291. 

Similar calculation for electron excitations in atoms: 
Catena, Emken, Spaldin, Tarantino, 1912.08204. 

Trickle, ZZ, Zurek, 2009.13534.

(via N, S, L, L⊗S) (via Se, Le)



Example
➤ Dark photon mediator models. 

➤ Several possibilities on how the DM couples.
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Trickle, ZZ, Zurek, 2009.13534.
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Millicharged DM (SI)
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Example
➤ Phonon reach for kg-yr exposure, assuming background-free.
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➤ Phonon reach for kg-yr exposure, assuming background-free.
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Example
➤ Zoom in on these two models. 

➤ Compare phonon reach (from previous plot) vs. magnon reach.
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Example
➤ Zoom in on these two models. 

➤ Compare phonon reach (from previous plot) vs. magnon reach. 

➤ Magnon reach is parametrically better, but SiO2 (optimal phonon target) is not too far behind. 

➤ Encouraging for the technically more mature phonon experiments.
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Take-home messages
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Collective excitations such as phonons and magnons offer a novel path to detect light DM.

New experiments such as SPICE (TESSERACT) are moving forward.

We have developed the EFT tools for computing detection rates for general DM models.
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