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Theory overview of  
DM-induced phonon excitations

For extended discussion of theory framework, see:  
TL, 1904.07915 (lecture notes);  

Griffin, Knapen, TL, Zurek 1807.10291 (crystals);  
Knapen, TL, Zurek 1611.06228 (superfluid He);  

additional refs cited throughout this talk
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1. Two most common elementary excitations in solid 
state materials: electrons and phonons. Phonons 

must be considered for low mass dark matter

Momentum transfer

Why phonons?

Energy deposited

1/(interparticle spacing) 

q >> O(1-10) keV   →  recoil against individual nuclei

excite phonons (lattice/fluid vibrations), 
most relevant for sub-MeV dark matter

q << O(1-10) keV   → 

*Numbers are material dependent

q < 2m�vmax

⇠ 4 keV ⇥ (m�/MeV)
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1. Two most common elementary excitations in solid 
state materials: electrons and phonons. Phonons 

must be considered for low mass dark matter

Why phonons?

ω >> O(0.1) eV   →  multiphonon excitations, nuclear recoil

excite single phonons (lattice/fluid vibrations),  
most relevant for sub-MeV dark matter 

ω << O(0.1) eV   → 

*Numbers are material dependent

Momentum transfer

Energy deposited

q < 2m�vmax

⇠ 4 keV ⇥ (m�/MeV)
<latexit sha1_base64="ggtzuoeRVrqNvjc5ghu2RUVy4R4="></latexit>
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Why phonons?
1. Two most common elementary excitations in solid 

state materials: electrons and phonons. Phonons 
must be considered for low mass dark matter



Why phonons?
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2. Kinematics of phonon excitation is suited to  
~10 keV-MeV dark matter. Phonon energies ~1-100 meV



Why phonons?
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2. Kinematics of phonon excitation is suited to  
~10 keV-MeV dark matter. Phonon energies ~1-100 meV

Energy deposited
Initial DM velocity

q: momentum transfer
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Nuclear recoil

! = q · vi �
q2
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2. Kinematics of phonon excitation is suited to  
~10 keV-MeV dark matter. Phonon energies ~1-100 meV

Initial DM velocity
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mX = 100 keV
Massless mediator

csq
<latexit sha1_base64="oGx3X5He/mvPC2mPupVnwGEQVns="></latexit>

q: momentum transfer

Acoustic phonons

Energy deposited

Allowed 
phase space

! = q · vi �
q2

2m�
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Massless mediator

Why phonons?
2. Kinematics of phonon excitation is suited to  

~10 keV-MeV dark matter. Phonon energies ~1-100 meV
Initial DM velocity

q: momentum transfer

Acoustic phonons
Optical phonons

Multiphonons 
also possible in 

this phase space

Energy deposited

Allowed 
phase space

! = q · vi �
q2

2m�
<latexit sha1_base64="KobExOwOfskKvbokFBmxhsfaajA="></latexit>



Why phonons?

10

3. DM-phonon couplings are material dependent,  
allowing for target & model complementarity
Spin-independent DM-phonon form factor in crystal

|F⌫(q)|2 /

������

X

atoms j

gj q · e⌫,j(q) e
�Wj(q)

p
mj

������

2

<latexit sha1_base64="KuDphN2iDKr2TKv17xoS+sF3FyQ="></latexit>

Phonon 

branch ν 

phonon eigenmodes, 
band structure enters here

Interplay of DM-ion interaction and phonon modes allows for unique 
excitation spectrum in each crystal, possible background discrimination 

DM effective interaction with ion = 
nucleus + inner shell electrons

gj ⇡ gpZj + gn(A� Z)j + geN
e,inner
j

<latexit sha1_base64="hEiI+Zdrat1df5xWjdLOHF12w4Y="></latexit>



Why phonons?
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4. Possible directional signal in anisotropic material

Phonon couplings and 
energies depend on 

crystal direction. 

Daily rate modulation 
as crystal rotates 

relative to DM wind.
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Al2O3 phonons

Example band structure
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Gapped optical modes

Griffin, Knapen, TL, Zurek 1807.10291



Theory framework for calculating 
DM-phonon excitations
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Acoustic phonon

Optical phonon

Dark matter can excite a given phonon when forces on all the 
ions constructively interfere in the right way. 

In particle physics language, we have to match interactions 
with individual ions to the EFT of phonon excitations.

�
<latexit sha1_base64="KAJTV5uvcvbDtk2sjCP3AM+Ir3A="></latexit>

unit cell

X

j0

Dq,j,j0 · e⌫,j0(q) = !2
⌫,qe⌫,j(q)

<latexit sha1_base64="nPbQ1j7IdNnLR/u2U4sqeqlJwQo="></latexit>

q

Solve eigenvalue problem:



DM-ion interaction
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Short range potential

In Fourier space

��p = 4⇡b2�p
<latexit sha1_base64="8P7WfJVLoiOTUg6V8VRvfY1PHOg="></latexit>

V (r) =
2⇡b�p
gpm�

X

J

gJ�(r� rJ)
<latexit sha1_base64="k9uHFPVjvEyfU4D2BsG5tG4HSsU="></latexit>

V (q) =
2⇡b�p
gpm�

X

J

gJe
�iq·rJ

<latexit sha1_base64="w0Yg2jfXLQKpB/EYJPK+peEqJ8k="></latexit>

Assuming spin-independent interactions to ion
�

<latexit sha1_base64="KAJTV5uvcvbDtk2sjCP3AM+Ir3A="></latexit>

gJ
<latexit sha1_base64="1Juaq7OJhDcYfFb3G2QZ15EMp5U="></latexit>

- effective coupling 
strength between DM 
and ion (nucleus + 
inner shell electrons)  J



DM-ion interaction
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Long range potential

In Fourier space

Need to characterize expectation 
value of this in material

V (q) =
1

q2

X

J

gJe
�iq·rJ

<latexit sha1_base64="A098RP+k2MKdMbDaAVr8OBKEEX8="></latexit>

V (r) =
X

J

gJ
|r� rJ |

<latexit sha1_base64="crUjmEYbqo5V5UD8SQsJtbZe1Dw="></latexit>

Assuming spin-independent interactions to ion
�

<latexit sha1_base64="KAJTV5uvcvbDtk2sjCP3AM+Ir3A="></latexit>

gJ
<latexit sha1_base64="1Juaq7OJhDcYfFb3G2QZ15EMp5U="></latexit>

- effective coupling 
strength between DM 
and ion (nucleus + 
inner shell electrons)  J



Dynamic structure factor
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Called the dynamic structure factor for neutron scattering where gJ = AJ

Need more general class of dark matter structure factors 
depending on models & form of interactions

Scattering off a cold target in ground state:

Total DM scattering rate:

�(vi) /
Z

d3q��p(q)S(q,!)
<latexit sha1_base64="fNJK0Q4Y8cvHXsaRWHKz4j6TpXE="></latexit>

S(q,!) ⌘ 1

N

X
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����
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J

gJh�f |e�iq·rJ |0i
����
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�(E�f � !)

<latexit sha1_base64="3ItAuZwa49shRxZVbF/qfMg6sHc="></latexit>
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S(q,!) =
<latexit sha1_base64="FbgbznXpQ/MNWT6NHHWt76N97i0="></latexit>

(0-phonon)
+  (1-phonon)
+  (2-phonon) + … 

Expansion in                    and in  
anharmonic phonon interactions

q2/(MN!)
<latexit sha1_base64="7+XOvD51ofngJSQLz3lTnxbZPtE="></latexit>

Phonon comes into play through positions of ions:

Quantized displacement field 

rJ(t) = r0J + uJ(t)
<latexit sha1_base64="LwBq0Beb2/j49sV4Xs/2SpGHVdE="></latexit>

uJ(t) ⇠
X
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2NMJ!q
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⇤
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i!qt + h.c.
�

<latexit sha1_base64="r3oSMp+WK/D95jHvg7F6zBPL1OI="></latexit>

⇠ hq · uJ q · uJ 0i
<latexit sha1_base64="x2JcBc2RDe+H5Jk+JxwM69i7Mks="></latexit>

⇥ � (! � !⌫(q))
<latexit sha1_base64="2Xa2ssTwk08RzUO6Be2dFX8akUo="></latexit>

Dynamic structure factor



Single phonon excitations
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Form factor for spin-independent interaction to excite a 
phonon in branch ν with momentum q

|F⌫(q)|2 /
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<latexit sha1_base64="KuDphN2iDKr2TKv17xoS+sF3FyQ="></latexit> in unit cell
<latexit sha1_base64="M9dyQBRtIOEARKV/uFlv/3FJOGs="></latexit>

S(q,!) ⇡
X

⌫

1

!⌫(q)
<latexit sha1_base64="HZvOxFOwcf32lsPdHIXzmlQP21A="></latexit>

� (! � !⌫(q))
<latexit sha1_base64="x5dJRJuGo3dNM/h6vm8d4wjuq4U="></latexit>

Debye-Waller factor  ⇡ 0
<latexit sha1_base64="gCBUrwRkoLdBDnrbxPdt6qdRlj0="></latexit>

Spin-independent interactions of low mass DM excite 
single longitudinal phonons 

Which longitudinal phonons get excited depends on gj

[1-phonon]



18

q

Longitudinal acoustic (LA)

Longitudinal optical (LO)

�
<latexit sha1_base64="KAJTV5uvcvbDtk2sjCP3AM+Ir3A="></latexit>

Dark matter that couples to nucleon number excites 
acoustic phonons most easily (constructive 

interference). There is a large suppression in coupling 
to optical phonons (destructive interference).

unit cell

Single phonon excitations
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DM mass
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FIG. 10. The projected reach for GaAs (left) and Al2O3 (right) for a kg-year exposure and different experimental
thresholds. The solid lines show the reach using the numerically computed phonon modes, while the dashed
lines use the analytic approximation in (33). Also shown is a projection for a superfluid helium target that is
sensitive to multiphonon production from DM, with kg-year exposure and meV threshold [31].

analytic approximation for GaAs matches the numerical result very well for the acoustic branch (dark
purple), and for the optical branch (light purple) it reproduces the numerical result to within a factor
of ⇠ 3. As expected, the reach dramatically improves if the threshold is low enough to pick up the
acoustic modes, and in this case substantially outperforms a superfluid helium detector in multiphonon
mode [31].

If only the optical modes are accessible, the reach is comparable or somewhat weaker than that
of superfluid helium. In this case only one LO mode contributes for GaAs, and it is imperative that
the threshold is lower than 30 meV. For sapphire, there are several modes in the spectrum which
contribute comparably to the total rate. The cross section and the reach therefore differ for different
experimental thresholds in Fig. 10, as more phonon modes can be accessed for lower thresholds. This
is to be contrasted with the case of the dark photon mediator, where mode 30 alone was responsible
for almost all of the rate, provided that it is kinematically accessible. The threshold dependence of the
rate is thus not present for the dark photon mediator, and could be a discriminating variable between
the models, should a signal be observed. As for GaAs, the sapphire reach would increase substantially
if the acoustic phonons could be accessed. In particular, the improved reach for the 25 meV threshold
and mX > 200 keV in sapphire is due to one of the acoustic modes: at this point, the momentum
transfer becomes just large enough to access a portion of the acoustic branches (see Fig. 2). This
substantially enhances the rate, giving rise to the feature in Fig. 10.

26

DM coupling to nucleon number

all projections assume kg-yr exposure

Superfluid He: Knapen, TL, Zurek 2017


See also Cox, Melia, Rajendran 1905.05575 

massless mediator limit

Acoustic

Optical



DM coupling to charge
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q

Longitudinal acoustic (LA)

Longitudinal optical (LO)

E-field

= Oppositely charged ions in crystal

Dark matter that couples to electric charge (such 
as freeze-in benchmark) excites optical phonons 

in polar materials 

(see talk by S. Griffin)

�
<latexit sha1_base64="KAJTV5uvcvbDtk2sjCP3AM+Ir3A="></latexit>

Knapen, Pyle, TL, Zurek 1712.06598 
Griffin, Knapen, TL, Zurek 1807.10291



Multiphonon excitations
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Schutz and Zurek 1604.08206  
Knapen, TL, Zurek 1611.06228 
Acanfora, Esposito, Polosa 1902.02361 

Less restrictive final space and larger energy deposition can 
compensate for penalty in emitting extra phonon 

q

𝜒S(q,!) =
<latexit sha1_base64="FbgbznXpQ/MNWT6NHHWt76N97i0="></latexit>

(0-phonon)
+  (1-phonon)
+  (2-phonon) + … 

Expansion in                    and in  
anharmonic phonon interactions

q2/(MN!)
<latexit sha1_base64="7+XOvD51ofngJSQLz3lTnxbZPtE="></latexit>

⇠ m�v
<latexit sha1_base64="R6WV4Bkthh+bo7id+RtAbASCo8w="></latexit>



Multiphonon excitations
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To-do list & wish list
• Single and multiphonon excitations from neutron 

scattering or other sources, for calibrating DM signals 
and detectors? 

• Dynamical structure factors in crystals with 
multiphonon excitations (in progress w/ S. Knapen,…) 

• Promising quasiparticle excitations beyond phonons, 
for a variety of spin-independent, spin-dependent 
(talk by K. Zhang) or other interactions
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Summary
DM-induced excitations of phonons (or any collective 

excitations in target) are a natural and promising 
avenue in direct detection of sub-MeV DM. 

Basic theory ideas are in place, but many different 
directions to go!
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Thanks!


