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Detecting sub-GeV dark matter
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Status of the Low-mass (GeV-scale) Dark Matter Searches

 27

Future improvement relies on suppression of known/unknown background with a 
reasonable large target mass.

Discovery Limits due to CEvNS 
(Ruppin, Billard et al.)

XENON1T 
S1+S2

XENON1T 
S2-Only

DarkSide-50 S2-Only

CRESST-III

Figure from talk by Kaixuan Ni at DPF 2019

Motivation

Kozaczuk 2

Direct detection of dark matter has motivated many experimental efforts

Conventional channel: 2 à 2 dark matter – nucleus scattering 

From Schumann, 1903.03026

c

q

Traditional approach to direct 
detection of dark matter: 

DM-nucleus scattering

Migdal effect: inelastic process where nucleus “shakes off” an e-
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MeVkeV GeV

mDM Single phonon excitations 
from DM-nucleus interaction

� �

e.g. Griffin, Knapen, TL, Zurek 2018

Migdal effect from DM-
nucleus scattering

DM-electron scattering w/  
~eV to 10 eV thresholds
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FIG. 4. The 90% CL con-
straints (cyan shaded regions) on:
the DM-electron scattering cross-
section, �e, as a function of DM
mass, m�, for two di↵erent DM
form factors, FDM(q) = 1 (top
left) and FDM(q) = (↵me/q)

2 (top
right); the DM-nucleus scattering
cross section, �n, for a light media-
tor (bottom left); and the kinetic-
mixing parameter, ✏, versus the
dark-photon mass, mA0 , for dark-
photon-DM absorption (bottom
right). We also show constraints
on DM-electron scattering from a
SENSEI prototype detector [14,
15], XENON10/100 [19], DarkSide-
50 [20], EDELWEISS [21], CDMS-
HVeV [22], DAMIC [23], solar re-
flection (assuming DM couples only
to electrons) [24]; constraints on
DM-nucleus scattering from SEN-
SEI, XENON10/100/1T [12] and
LUX [25]; and constraints on ab-
sorption from SENSEI [14, 15],
DAMIC [23, 26], EDELWEISS [21],
XENON10/100, CDMSlite [9], and
the Sun [9, 27, 28]. Orange regions
are combined benchmark model re-
gions for heavy mediators from [2,
5, 29–33] and for light mediators
from [2, 5, 34, 35].

that are part of a cluster containing at least 5 e� (2 e�).
We do not remove the pixels of the cluster itself.

• Edge Mask. We remove 60 (20) pixels around all
edges of a quadrant for the 1 e� (�2 e�) analyses,
which corresponds to the Halo Mask (described below)
for any possible high-energy events occurring just out-
side of the quadrant.

• Bleeding Zone Mask. To avoid spurious events from
charge-transfer ine�ciencies, we mask 100 (50) pixels
upstream in the vertical and horizontal direction of any
pixel containing more than 100 e� for the 1 e� (�2 e�)
analyses. This distance is doubled for columns where
we observe a high bleeding rate.

• Bad Pixels and Bad Columns. We further limit the
impact of defects that cause charge leakage or charge-
transfer ine�ciencies by identifying and masking pixels
and columns that have a significant excess of charge.

• Halo Mask. Pixels with more than 100 e�, from high-
energy background events, correlate with an increased
rate of low-energy events in nearby pixels. We observe
a monotonic decrease in R1e� as a function of the radial
distance, R, from pixels with a large charge. We mask
pixels out to R = 60 pix (R = 20 pix) for the 1 e�

(�2 e�) analyses.
• Loose Cluster Mask. We find a correlation between
the number of 1 e� and 2 e� events in regions of size
⇠103 pix2. Since there is no reason for a 2 e� DM

event to be spatially correlated with an excess of 1 e�

events, we mask regions with an excess of 1 e� events.
We apply this mask only for the �2 e� analyses.

• Neighbor Mask. For the 1 e� and 2 e� DM analyses
only, we require the DM signal to be contained in a sin-
gle pixel and only select pixels whose eight neighboring
pixels are empty. We thus mask all pixels that have a
neighboring pixel with � 1 e�.

The e�ciencies of, and number of events passing, these
selection cuts are given in Table I, which also shows
the number of observed events and the inferred 90%
confidence-level (CL) upper limits on the rates.
DARK MATTER RESULTS. The results for the four
analyses are:

• 1e�: From the observed R1e� of (3.363 ± 0.094) ⇥
10�4 e�/pix/day, we subtract the (exposure indepen-
dent) spurious charge contribution of (1.664±0.122)⇥
10�4 e�/pix, to arrive at a R1e� of (1.594 ± 0.160) ⇥
10�4 e�/pix/day, or (450±45) events/g-day. The dark
current contribution to R1e� (from thermal excita-
tions) is expected to be more than an order of mag-
nitude lower than this rate (see Fig. 10 in SM), so it
is plausible that most of the observed 1 e� events are
linked to environmental backgrounds.

• 2e�: The 5 observed single-pixel 2 e� events imply
R2e�=2.399 events/g-day, with a 90% CL upper limit

SENSEI 2020

See also Essig, Fernandez-Serra, 
Mardon, Soto, Volansky, Yu 2015



Challenges for sub-GeV DM
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Kinematics of free nuclear recoils from light dark matter

Drops quickly below m! ! 10 GeV

Best nuclear recoil thresholds currently  
(CRESST-III, SuperCDMS) with DM reach of . 

Best electron recoil thresholds currently O(eV) with DM 
reach of .

ER > 20 " 30 eV
m! # 100 MeV

m! # 1 MeV

ENR = q2

2mN
$

2m2
! v2

mN



Dark Matter “Gold Rush”
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Charge

� �

nuclear 
recoils

Light

Heat

5Graphic from talk by Kaixuan Ni

Challenges of low-energy nuclear recoils

? ?

Lower the heat threshold
• Detectors in development to reach 

~eV scale thresholds and lower 
• Search for single phonon excitations 

with sub-eV thresholds

Search for rare inelastic 
processes where electron recoil 

accompanies nuclear recoil

• Bremsstrahlung  
• Migdal effect 

! + N % ! + N + "
! + N % ! + N + e"
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Atomic Migdal effect
From 1711.09906 (Dolan, Kahlhoefer, McCabe)

Motivation

Kozaczuk 4

At low energies, many-body effects in the material can become important and 
provide additional sensitivity

Examples:
• Phonons

• Migdal effect
(ionization from nuclear recoil)

• Plasmons (this talk)

Knapen, Lin, Pyle, Zurek, 1712.06598; Griffin, Knapen, Lin, Zurek, 1807.10291; 
Cox, Melia, Rajendran, 1905.05575; Campbell-Deem, Cox, Knapen, Lin, Melia, 1911.03482; 
Schutz, Zurek, 1604.08206; Knapen, Lin, Zurek, 1611.06228; Acanfora, Esposito, Polosa, 1902.02361

Ibe, Nakano, Shoji, Suzuki, 1707.07258; Dolan, Kahlhoefer, McCabe, 1711.09906;
Bell, Dent, Newstead, Sabharwal, Weiler, 1905.00046; Baxter, Kahn, Krnjaic, 1908.00012; 
Essig, Pradler, Sholapurkar, Yu, 1908.10881

Kurinsky, Baxter, Kahn, Krnjaic, 2002.06937; Kozaczuk, Lin, 2003.12077  

From 1711.09906

Nucleus recoils with velocity vN

Ibe, Nakano, Shoji, Suzuki 2017 
Dolan, Kahlhoefer, McCabe 2017

Electrons have to ‘catch up’ to recoiling nucleus

2  3 process: total energy can exceed . 
Ionized e- can be above the electron threshold even for 

quite low energy nuclear recoils

% 2m2
! v2/mN



Atomic Migdal effect
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From 1711.09906 (Dolan, Kahlhoefer, McCabe)

Motivation

Kozaczuk 4

At low energies, many-body effects in the material can become important and 
provide additional sensitivity

Examples:
• Phonons

• Migdal effect
(ionization from nuclear recoil)

• Plasmons (this talk)

Knapen, Lin, Pyle, Zurek, 1712.06598; Griffin, Knapen, Lin, Zurek, 1807.10291; 
Cox, Melia, Rajendran, 1905.05575; Campbell-Deem, Cox, Knapen, Lin, Melia, 1911.03482; 
Schutz, Zurek, 1604.08206; Knapen, Lin, Zurek, 1611.06228; Acanfora, Esposito, Polosa, 1902.02361

Ibe, Nakano, Shoji, Suzuki, 1707.07258; Dolan, Kahlhoefer, McCabe, 1711.09906;
Bell, Dent, Newstead, Sabharwal, Weiler, 1905.00046; Baxter, Kahn, Krnjaic, 1908.00012; 
Essig, Pradler, Sholapurkar, Yu, 1908.10881

Kurinsky, Baxter, Kahn, Krnjaic, 2002.06937; Kozaczuk, Lin, 2003.12077  

From 1711.09906

Boost initial atomic state to 
frame of moving nucleus:

<latexit sha1_base64="4KL3K/S0RVS796xhK6TIfTN4Khs="></latexit>

|ii ! eimevN ·
P

� r� |ii

3

We can apply Fermi’s golden rule with second-order
perturbation theory to compute the cross section for
DM–nucleus inelastic scattering. We take the initial ions
to be in a ground state of a harmonic crystal potential.
Following the impulse approximation, we use plane waves

for intermediate and final states. Meanwhile, the electron
states are treated as Bloch states. The details of the
calculation are provided in Appendix A, with the final
result:

d�
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4⇡
2
↵

V

X
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|[pe + k|e
ir·K

|pe]⌦|
2

|k + K|2
(f(pe) � f(pe + k)) �(!pe+k � !pe � !)

| {z }
Im [✏KK(k, !)]

where qN and pf are the final ion and DM momentum,
respectively, and k+K is the momentum deposited to the
electrons. V is the volume of the crystal. We sum over all
initial and final electron states pe and pe+k, weighted by
the occupation numbers f , and where band indices have
been suppressed. The electronic wavefunction overlaps
[pe + k|e

ir·K
|pe]⌦ are performed over the unit cell. The

form factor F encodes the details of the ion ground state,
and for a harmonic crystal it is given by

F (pi � pf � q) ⌘

✓
4⇡

mN !̄

◆3/4

e

�|pi�pf�q|2

2mN !̄ (4)

where !̄ is an oscillator frequency, averaged with respect
to the density of states D(!) and the thermal Bose factor,
with typical value !̄ ⇠ !ph.

In (3), the bracketed quantity can be rewritten in terms
of the imaginary part of the dielectric function in the ran-
dom phase approximation, Im [✏KK(k, !)]. Then we can
write Im [✏KK(k, !)]/|✏KK(k, !)|2 = Im [�1/✏KK(k, !)],
which is the energy loss function (ELF) governing en-
ergy loss of charged particles in a material. Physically,
the ion-electron interaction in the inelastic process can be
encapsulated in the same ELF as ions passing through a
material. Since the ELF is a well-measured and calcu-
lated quantity in many materials, this provides a useful
starting point for numerical evaluations of (3).

In the soft limit |k+K| ⌧ |qN |, the cross section fac-
torizes as in (1), and the form factor F only modifies the
elastic recoil cross section. Then the di↵erential ioniza-
tion probability is

dP
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=

(4⇡Zion↵)2

!4V

X

pe

Z
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2

k4
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Z
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2

k2
Im

✓
�1

✏(k, !)

◆
. (6)

with vN ⌘ qN/mN . This simplified formula is only valid
for k in the first Brillouin zone, see Appendix A for the

full expressions used in our numerical results. Eq. (6) was
also derived in [6], but that work did not account for the
ion ground state or electron momentum transfers outside
of the first BZ, since it was focused on long-wavelength
plasmons. Furthermore, [6] used an analytic approxima-
tion for ✏(k, !) near the plasmon pole. In the results
below, we will study the impact of accounting for the ion
ground state and use numerical calculations of ✏(k, !)
valid away from the plasmon resonance. Before doing so,
we clarify the relation of this process with the atomic
Migdal e↵ect.
Comparison with atomic Migdal e↵ect — In

Migdal’s original calculation [7, 8] for an atomic tar-
get, the ground state of the electron cloud (|ii) is first
boosted to the rest frame of the moving nucleus |ii !

e
imevN ·

P
� r� |ii. He then computes the overlap with the

excited states hf |

Mif = hf | e
imevN ·

P
� r� |ii ⇡ ime hf |vN ·

P
�r� |ii (7)

where � runs over all the electrons in the atom. The tran-
sition probabilities |Mif |

2 can then be evaluated with
known atomic wave functions, and it was found that sin-
gle ionizations dominate for sub-GeV dark matter [3].

To demonstrate the connection with the semiconduc-
tor Migdal e↵ect derived above, we instead rewrite (7)
using the following operator identity: hf |

P
� r� |ii =

�ihf |
P

� p� |ii/me! = ihf |
P

� [p� , H0]|ii/me!
2, where

again ! = Ef � Ei is the total energy deposited and H0

the electron Hamiltonian. We assume a non-relativistic3

Hamiltonian such that the H0 is a sum of kinetic terms,
Coulomb interaction terms between electrons, and the
Coulomb interaction of the electrons with the nucleus.
Then the commutator

P
� [p� , H0] will be proportional

3
Relativistic corrections can be important for inner shell electrons,

but the rate is dominated by the non-relativistic outer shells.

Transition probability dP/d# & !'if !
2

Electrons have to ‘catch up’ to recoiling nucleus

Small probability for “shake-off” electron, but gives a way to 
observe nuclear recoils that would be below threshold

Ibe, Nakano, Shoji, Suzuki 2017 
Dolan, Kahlhoefer, McCabe 2017
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is more conservative than the Noble Element Simulation
Technique (NEST) v2 model [24]. Fig. 3 shows the com-
parison between the expectation from our signal response
model and the S1-S2 data, as well as the (cS2b, cS1) dis-
tribution of ERs from MIGD. Signal contours for di↵er-
ent DM masses are similar since the energy spectra from
MIGD and BREM are not sensitive to incident dark mat-
ter velocity as long as it is kinematically allowed. We
have ignored the contribution of NRs in the signal model
of MIGD and BREM, since it is small compared with
ERs from MIGD and BREM in this analysis and there
is no measurement of scintillation and ionization yields
in LXe for simultaneous ER and NR energy depositions.
We use the inference only for DM mass below 2GeV/c2,
above which the contribution of an NR in the signal rate
becomes comparable with or exceeds the signal model
uncertainty.

The S1-S2 data are interpreted using an unbinned
profile likelihood ratio as the test statistic, as detailed
in [19]. The unbinned profile likelihood is calculated us-
ing background models defined in cS2b, cS1, and spa-
tial coordinates. The uncertainties from the scintillation
and ionization yields of ER backgrounds, along with the
uncertainties in the estimated rates of each background
component, are taken into account in the inference [19].
The inference procedure for the S2-only data is detailed
in [23], which is based on simple Poisson statistics using
the number of events in the S2 ROI. The event rates of
spin-independent (SI) and -dependent (SD) DM-nucleon
elastic scattering are calculated following the approaches
described in [8, 34] and [35], respectively.

The results are also interpreted in a scenario where
LDM interacts with the nucleon through a scalar force
mediator � with equal e↵ective couplings to the proton
and neutron as in the SI DM-nucleon elastic scattering.
In this scenario, the di↵erential event rates are corrected
by m�

4/(m�
2 + q2/c2)2 [36, 37], where q =

p
2mNER

and mN are the momentum transfer and the nuclear
mass, respectively. We take the light mediator (LM)
regime where the momentum transfer is much larger than
m� and thus the interaction cross section scales with m4

�.
In this regime, the contribution of NRs is largely sup-
pressed compared with SI DM-nucleon elastic scattering
due to the long-range nature of the interaction. There-
fore, the results are interpreted for DM mass up to 5
GeV/c2 for SI-LM DM-nucleon elastic scattering.

In addition, we also take into account the fact that DM
particle may be stopped or scatter multiple times when
passing through Earth’s atmosphere, mantle, and core
before reaching the detector (Earth-shielding e↵ect) [38–
40]. If the DM-matter interaction is su�ciently strong,
the sensitivity for detecting such DM particles in ter-
restrial detectors, especially in underground laboratory,
can be reduced or even lost totally. Following [26], verne
code [41] is used to calculate the Earth-shielding e↵ect
for SI DM-nucleon interaction. A modification of the

10�41

10�38

10�35

10�32

10�29

MIGD
BREM

MIGD

BREM

I. Spin-independent

EDELWEISS (MIGD)
CDEX (MIGD)
CRESST-III
LUX (MIGD)

NEWS-G
CDMSlite
DarkSide

S2-only data (XENON1T)
S1-S2 data (XENON1T)

s
[c

m
]

FIG. 5. Limits on the SI (upper panel), SD proton-only (mid-
dle panel), and SD neutron-only (lower panel) DM-nucleon in-
teraction cross-sections at 90% C.L. using signal models from
MIGD and BREM in the XENON1T experiment with the
S1-S2 data (blue contours and lines) and S2-only data (black
contours and lines). The solid and dashed (dotted) lines rep-
resent the lower boundaries (also referred to as upper limits)
and MIGD (BREM) upper boundaries of the excluded param-
eter regions. Green and yellow shaded regions give the 1 and
2� sensitivity contours for upper limits derived using the S1-
S2 data, respectively. The upper limits on the SI DM-nucleon
interaction cross sections from LUX [25], EDELWEISS [26],
CDEX [27], CRESST-III [28], NEWS-G [29], CDMSLite-
II [30], and DarkSide-50 [31], and upper limits on the SD
DM-nucleon interaction cross sections from CRESST [28, 32]
and CDMSLite [33] are also shown. Note that the limits de-
rived using the S1-S2 and S2-only data are inferred using
unbinned profile likelihood method [18] and simple Poisson
statistics with the optimized event selection [23], respectively.
The sensitivity contours for the S2-only data is not given since
the background models used in the S2-only data are conser-
vative [23].

verne code based on the methodology in [42] is applied
for the calculations of SD and SD-LM DM-nucleon inter-
actions. To account for the Earth-shielding e↵ect for SD
DM-nucleon interaction, 14N in the atmosphere and 29Si
in Earth’s mantle and core are considered, and their spin
expectation values, hSni and hSpi, are taken from [43].
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verne code based on the methodology in [42] is applied
for the calculations of SD and SD-LM DM-nucleon inter-
actions. To account for the Earth-shielding e↵ect for SD
DM-nucleon interaction, 14N in the atmosphere and 29Si
in Earth’s mantle and core are considered, and their spin
expectation values, hSni and hSpi, are taken from [43].

XENON1T(PRL 2019)  

Electron recoil threshold of ~200 eV 
How well can we do with low-threshold semiconductor targets?



Atomic vs. Semiconductors
Is there a Migdal effect in semiconductors? 

Boosting argument does not apply because of crystal lattice.

Threshold for 
ionization ~10 eV

Threshold for 
ionization ~1 eV in 

semiconductors

Motivation

Kozaczuk 4

At low energies, many-body effects in the material can become important and 
provide additional sensitivity

Examples:
• Phonons

• Migdal effect
(ionization from nuclear recoil)

• Plasmons (this talk)

Knapen, Lin, Pyle, Zurek, 1712.06598; Griffin, Knapen, Lin, Zurek, 1807.10291; 
Cox, Melia, Rajendran, 1905.05575; Campbell-Deem, Cox, Knapen, Lin, Melia, 1911.03482; 
Schutz, Zurek, 1604.08206; Knapen, Lin, Zurek, 1611.06228; Acanfora, Esposito, Polosa, 1902.02361

Ibe, Nakano, Shoji, Suzuki, 1707.07258; Dolan, Kahlhoefer, McCabe, 1711.09906;
Bell, Dent, Newstead, Sabharwal, Weiler, 1905.00046; Baxter, Kahn, Krnjaic, 1908.00012; 
Essig, Pradler, Sholapurkar, Yu, 1908.10881

Kurinsky, Baxter, Kahn, Krnjaic, 2002.06937; Kozaczuk, Lin, 2003.12077  

From 1711.09906

e-
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The Migdal effect as bremsstrahlung

10

Bremsstrahlung calculation

�

�

Recoiling ion 
(nucleus + core 

electrons)

! + N % ! + N + e"

Usual DM-nucleus scattering

Form factor accounting  
for multiphonon response 

in a harmonic crystal

d$
d#

( 2%2A2$n

m2!v! !
d3qN

(2%)3 !
d3pf

(2%)3 &(Ei " Ef " # " EN) ) ! d3k
(2%)3 F(pi " pf " qN " k)2

) 4'emZ2
ion[ qN * k

mN#2 ]
2

Im( "1
((#, k) )

Differential probability of ion to excite an electron; analogous to regular brem

treating  as nucleus with tightly bound core 
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Fourier transform (in 
time) of dipole potential 
from recoiling nucleus
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We can apply Fermi’s golden rule with second-order
perturbation theory to compute the cross section for
DM–nucleus inelastic scattering. We take the initial ions
to be in a ground state of a harmonic crystal potential.
Following the impulse approximation, we use plane waves

for intermediate and final states. Meanwhile, the electron
states are treated as Bloch states. The details of the
calculation are provided in Appendix A, with the final
result:
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where qN and pf are the final ion and DM momentum,
respectively, and k+K is the momentum deposited to the
electrons. V is the volume of the crystal. We sum over all
initial and final electron states pe and pe+k, weighted by
the occupation numbers f , and where band indices have
been suppressed. The electronic wavefunction overlaps
[pe + k|e

ir·K
|pe]⌦ are performed over the unit cell. The

form factor F encodes the details of the ion ground state,
and for a harmonic crystal it is given by
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where !̄ is an oscillator frequency, averaged with respect
to the density of states D(!) and the thermal Bose factor,
with typical value !̄ ⇠ !ph.

In (3), the bracketed quantity can be rewritten in terms
of the imaginary part of the dielectric function in the ran-
dom phase approximation, Im [✏KK(k, !)]. Then we can
write Im [✏KK(k, !)]/|✏KK(k, !)|2 = Im [�1/✏KK(k, !)],
which is the energy loss function (ELF) governing en-
ergy loss of charged particles in a material. Physically,
the ion-electron interaction in the inelastic process can be
encapsulated in the same ELF as ions passing through a
material. Since the ELF is a well-measured and calcu-
lated quantity in many materials, this provides a useful
starting point for numerical evaluations of (3).

In the soft limit |k+K| ⌧ |qN |, the cross section fac-
torizes as in (1), and the form factor F only modifies the
elastic recoil cross section. Then the di↵erential ioniza-
tion probability is
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with vN ⌘ qN/mN . This simplified formula is only valid
for k in the first Brillouin zone, see Appendix A for the

full expressions used in our numerical results. Eq. (6) was
also derived in [6], but that work did not account for the
ion ground state or electron momentum transfers outside
of the first BZ, since it was focused on long-wavelength
plasmons. Furthermore, [6] used an analytic approxima-
tion for ✏(k, !) near the plasmon pole. In the results
below, we will study the impact of accounting for the ion
ground state and use numerical calculations of ✏(k, !)
valid away from the plasmon resonance. Before doing so,
we clarify the relation of this process with the atomic
Migdal e↵ect.
Comparison with atomic Migdal e↵ect — In

Migdal’s original calculation [7, 8] for an atomic tar-
get, the ground state of the electron cloud (|ii) is first
boosted to the rest frame of the moving nucleus |ii !

e
imevN ·

P
� r� |ii. He then computes the overlap with the

excited states hf |

Mif = hf | e
imevN ·

P
� r� |ii ⇡ ime hf |vN ·

P
�r� |ii (7)

where � runs over all the electrons in the atom. The tran-
sition probabilities |Mif |

2 can then be evaluated with
known atomic wave functions, and it was found that sin-
gle ionizations dominate for sub-GeV dark matter [3].

To demonstrate the connection with the semiconduc-
tor Migdal e↵ect derived above, we instead rewrite (7)
using the following operator identity: hf |

P
� r� |ii =

�ihf |
P

� p� |ii/me! = ihf |
P

� [p� , H0]|ii/me!
2, where

again ! = Ef � Ei is the total energy deposited and H0

the electron Hamiltonian. We assume a non-relativistic3

Hamiltonian such that the H0 is a sum of kinetic terms,
Coulomb interaction terms between electrons, and the
Coulomb interaction of the electrons with the nucleus.
Then the commutator

P
� [p� , H0] will be proportional

3
Relativistic corrections can be important for inner shell electrons,

but the rate is dominated by the non-relativistic outer shells.

& Im ( "1
((#, k) ) See also Knapen, 

Kozaczuk, TL 2021
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FIG. 6. Di↵erential Migdal ionization rate in Si (left) and Ge (right) for m� = 100 MeV and �n = 10�38 cm2. The total rate
in the impulse (free particle) approximation with EN > 4!ph is given by the solid (dashed) curves. The corresponding result
cutting o↵ the k integral at 2.5 keV is shown in light blue, where the plasmon resonance (which is only present for small k) is
clearly visible. For comparison, the dotted curves show the atomic Migdal rate computed in Ref. [3] for Si and Ge atoms.

We could have instead swapped the order of q and qN in-
tegration and imposed a cuto↵ on q, but we find that the
two procedures yield similar results for m� & 50 MeV.
The DM velocity integral proceeds as before, only with

vmin =
q

2(! + E
th
N )/m�. The result for the rate is then
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In Fig. 5 we showed that the impulse approximation
starts to break down for q/

p
2!phmN . 3. To esti-

mate the size of the uncertainty associated with this ap-
proximation, we calculate the rate for both E

th
N = 4!ph

and E
th
N = 9!ph, which is equivalent to restricting

the phase space to respectively q/
p

2!phmN > 2 and

q/
p

2!phmN > 3 in the free particle limit. The di↵erence

is shown by the shaded bands in Fig. 2. For m� . 50
MeV, the rate is dominated by the phase space corre-
sponding to E

th
N < 9!ph, as is evident by the diverg-

ing uncertainty bands. Here the impulse approximation
ceases to be reliable and we chose not to extrapolate our
results to this regime.

In Fig. 6 we show the di↵erential rate for m� = 100
MeV for Si and Ge under di↵erent cuts and assumptions.
First, one observes that the free ion and impulse approx-
imations are essentially identical for this mass point. To
isolate the contribution from the plasmon pole in partic-
ular, we also plot the rate with a k < 2.5 keV cut, which
reveals the plasmon enhancement around ! ⇡ 20 eV. The
separation between the blue and the green curves how-
ever shows that this contribution is highly subleading as
compared to the high k, o↵-resonance part of the ELF.
Finally, in orange we show the rate for the Migdal e↵ect
in atomic Si or Ge, using the results of [3]; this case cor-
responds to the collision of the DM with a single, isolated
Si or Ge atom, and is clearly a poor approximation for
the rate in semiconductors.

Appendix D: Semiclassical derivation of atomic
Migdal e↵ect

In the main text, we interpreted the Migdal e↵ect as
electronic transitions due to the potential of a recoiling
nucleus. Here we provide a semiclassical derivation of
the Migdal e↵ect in atoms that reinforces this interpre-
tation by remaining in the lab frame. A similar approach
has been used in calculating the Migdal e↵ect for nuclear
decay processes [59, 60].

In the semiclassical approach, the nucleus motion is
treated classically and the electron degrees of freedom
only depend parametrically on the nucleus positions (also

Full rate in semiconductors

Rate in semiconductors is much larger due to 
lower gap for excitations.
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Sensitivity in semiconductors
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1 kg-year exposure, with Q > 2 (similar to proposed experiments)

The Migdal effect in semiconductors can enhance 
sensitivity to nuclear recoils from sub-GeV dark matter

5
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FIG. 2. (Left) Electron recoil spectrum in Si and Ge from the Migdal e↵ect in semiconductors, assuming DM–nucleon cross
section of 10�38 cm2 and DM mass 100 MeV. The di↵erential rate is translated into total number of electron-hole pairs created
(Q) using Eq. 5.1 of Ref. [34]. (Right) Expected 95% CL sensitivity to DM–nucleon cross section �n assuming a heavy mediator
and 1 kg-year of exposure. We take Q � 2 and zero background, corresponding to an upper limit of 3.6 events. The red line is a
90% CL limit obtained using the recent upper limit on the 2-electron rate from SENSEI [22], while the shaded region includes
bounds from XENON1T [20], LUX [19], CRESST III [35] and CDEX [36], as well as a recast of XENON10 [37], XENON100 [38],
and XENON1T [39] data in terms of the Migdal e↵ect [17]. For comparison, we show a projection for the Migdal e↵ect in
Xenon (dotted line) from Ref. [17]. In both panels, the shaded bands are an estimate of the theoretical uncertainty due to the
impulse approximation, obtained by varying the threshold on EN from 4!ph to 9!ph. See Appendix C for more details.
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Appendix A: Derivation of Migdal rate in
semiconductors

The derivation of the Migdal e↵ect for semiconductors
is complicated by the spatial delocalization of the valence
electrons. As a consequence, each valence electron feels
the presence of a large number of ions and their fellow
electrons in the crystal. The system is often described in
the single electron approximation, given by the Hamilto-
nian

H0 =
p2
e

2me
+ U(r) (A1)

where U(r) is an e↵ective, periodic potential felt by the
electron, due to the presence of the ions and the remain-
ing electrons. In general U(r) is very complicated, and
its eigenstates are typically obtained with specialized nu-
merical methods in the realm of Density Functional The-
ory (DFT). For now, we can however keep U(r) as an
abstract operator, and just work in terms of its eigen-
states as long as possible. Concretely, the eigenstates of
(A1) are Bloch wave functions

 j,k(r) =
1

p
V

uj,k(r) exp(ik · r) (A2)

where j indexes the electronic bands. Going forward, we
use |ki and |k] as shorthand for the full ( k) and Bloch

functions (uk) respectively. To keep the notation man-
ageable, the band indices j will be often be suppressed
in what follows. We quantize the system over a finite
volume V with periodic boundary conditions. The unit
cell’s volume is ⌦ and the number of cells in the crystal
is therefore N = V/⌦. We will take the infinite volume
limit only at the end of the calculation. This means that
the sampling over the first Brillouin zone (BZ) will be
a finite, discrete sum with N terms until we take the
continuum limit by sending V, N ! 1.

To treat the ion-electron interaction, we must account
for the screening from the spectator valence electrons,
which is parameterized by ✏, the frequency-dependent,
microscopic dielectric function. The dielectric function
of a material is defined by the relation

E(r,!) =

Z
d
3r0 ✏�1(r, r0,!)Eext(r

0
,!) (A3)

(Ei,pi)
(Ef ,pf ) (!, k)
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FIG. 3. Definition of kinematic variables.

Elastic 
NR

Essig, Pradler, Sholapurkar, Yu 2020 
Barak et al. 2020 (SENSEI) 
Elastic NR reach from Agnese et al. 2017



Conclusions
The Migdal effect provides a 
complementary approach to 

detect low-energy nuclear recoils 
from MeV-GeV dark matter.  

We presented a first derivation 
and calculation of the Migdal 

effect in semiconductors, which 
had previously been studied 
primarily in atomic targets.
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