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Probably not plasmons
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thresholds approaching Ep from above should see a sharp
rise in events as the threshold is lowered; this qualita-
tively explains the results from the silicon, germanium,
and sapphire experiments, as well as the null results
from previous experiments with thresholds well above
Ep. Moreover, the plasmon in germanium has a signif-
icant high-energy tail and double-peaked structure re-
sulting from contributions from the 3d shell [30], further
explaining the onset of events in EDELWEISS despite a
threshold of 60 eV ⇠ 4Ep. By contrast, the plasmon in
silicon lacks a corresponding tail, explaining the lack of
a signal excess in higher-threshold analyses of DAMIC
[31] and CDMSlite [32] data. Furthermore, materials
without long-range order such as liquid xenon and, to a
lesser extent, CaWO4 do not have a pronounced plasmon
peak, explaining the lower event rates from XENON10
and CRESST.

B. Plasmons from Known Particles?

An interpretation of the plasmon excitation as sourced
by SM particles or fields is extremely di�cult.

• Photons and electromagnetic fields: Trans-
verse UV and soft X-ray photons cannot source the
longitudinal plasmon oscillation, and static electric
fields cannot source oscillating charges.

• Charged SM Particles: The inelastic mean free
path for charged particles such as electrons or
muons, or for x-rays, is on the order of tens of
nm, so these particles would be expected to un-
dergo multiple scattering and deposit many multi-
ples of Ep as they traversed a detector (all of which
are much thicker than nm for the experiments we
consider), which would lead to many events above
threshold contrary to what was observed. A single
energy deposit under 100 eV is only consistent with
a particle of mean free path much larger than the
detector thickness; if charged, this particle would
have to have electric charge much less than e.

Material Plasmon Energy Ep (eV) Width � (eV)
Si 16.6 3.25
Ge 16.1 3.65

Al2O3 24.0 [28] ⇠ 5
GaAs 16.0 4.0

Xe (Solid) 14–15 [29] ⇠ 4
Ar (Solid) 19–21 [29] ⇠ 5
CaWO4 Unknown

TABLE II. Plasmon energies in various materials. Crystal val-
ues taken from Ref [30] unless otherwise referenced. We were
unable to find measurements of plasmon features in CaWO4,
and expect that it has a much weaker plasmon resonance than
the other crystals considered here. It is significant to note that
the solid forms of the noble elements show strong resonance
features; the liquid forms do not.
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phonons (momentum)
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FIG. 3. Cartoon of indirect plasmon excitation through a
hard scattering event, where the imparted momentum is dom-
inantly carried by multiple phonons, while the imparted en-
ergy is carried by the low-momentum plasmon.

• Neutrons: In principle, it is possible that hard
scattering events induced by neutrons may create
secondary plasmon excitations; indeed, we specu-
late on this possibility in Sec. IV A below in the
context of hard DM-nucleus scattering. However,
one would have to explain why the neutron flux is
the same at all the relevant experiments listed in
Table I regardless of the shielding, detector envi-
ronment, detector construction, and exposure.

• Neutrinos: Astrophysical neutrinos can, in prin-
ciple, undergo neutral-current scattering with a
seminconductor nucleus whose recoil excites a plas-
mon independently of detector overburden. How-
ever, the known solar and atmospheric fluxes (as-
suming SM weak interactions) cannot account for
rates of the observed magnitude [33]. Although
it may be possible for an unknown population
of very low-energy neutrinos to excite plasmons
through non-standard (larger than electroweak) in-
teractions, exploring this scenario is beyond the
scope of the present work.

We conclude that none of these options o↵ers a satis-
factory explanation for the observed excesses.

IV. DARK MATTER SCENARIOS FOR
PLASMON EXCITATION

Having excluded the possibility that the plasmon could
arise from SM particles, we now make a further leap and
consider the hypothesis that DM could account for these
plasmon excitations. If a DM particle with mass m� and
incident velocity v deposits energy E and momentum q
in a detector, energy conservation requires

E = q ·v �
q2

2m�
, (5)

which implies

q �
E

v
, (6)

Plasmon is just a very subdominant piece of the Migdal effect: 
spectrum has the wrong shape! (More on this in Yutaro’s talk)

[Kurinsky, Baxter, Kahn, Krnjaic, PRD 2020] [Knapen, Kozaczuk, Lin, PRL 2021]



Probably not NR below 
displacement energy
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optical phonon  
energy ~ 60 meV
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�0(p) = (⇡mN!0)
�1/4e�p2/q0
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q0 =
p
2mN!0

(56 keV for Si)

[Kahn, Krnjaic, Mandava, PRL 2021]



Probably not NR below 
displacement energy
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V (r) ⇡ 1

2
mN!2

0r
2,

Displacement energy in Si is ~30 eV; below this spectrum is 
just the usual exponential spectrum of elastic NR, with a longer tail

[Kahn, Krnjaic, Mandava, PRL 2021]



That said, we were right  
about the power law!

4

C2
Si C2

Ge ↵ 2
Ge/

2
Si �2/d.o.f. p-value

[(kg day)�1keV↵�1] [(kg day)�1keV↵�1]

Combined fit (Fig. 1) 10.8+5.6
�2.6 ⇥ 1011 7.9+5.0

�2.3 ⇥ 1012 3.43+0.11
�0.06 7.2+0.7

�0.6 227.2/174 0.004

SuperCDMS CPD [7] only 4.1± 1.5⇥ 1011 n/a 3.18+0.10
�0.09 n/a 121.5/121 0.471

EDELWEISS-Surf [8] only n/a 51.4+44.2
�25.9 ⇥ 1012 3.84+0.13

�0.15 n/a 101.3/52 5⇥ 10�5

TABLE I. Values for the fit parameters of Eq. (1) for each of the cases considered in the text. The p-values are calculated based
on the listed Pearson �2 values and degrees of freedom (number of bins minus parameters in each fit). Here, larger p-values
indicate a better fit. The poor (but notably non-zero) p-value when including the EDELWEISS-Surf data is a result of the
bin just below 100 eV, which is pulling the power law index up and is maximally sensitive to systematics in the noise-induced
trigger model, which are not included in the fit. Of particular note, all three fits give consistent power law indices ↵, which is
positively correlated with both the overall normalization C and the ratio of the rates 2

Ge/
2
Si.

density,

S(q,!) = 2⇡
X

�

|h � |nq| 0i|
2 � (! � !�) . (2)

Here, | 0i is the ground state of the system, | �i runs
over all final states, and nq is the density operator in
Fourier space,

nq =
1

p
V

X

j

eiq · rj , (3)

where rj are the positions of all the nuclei in the target
and V is the detector volume. When the dynamic struc-
ture factor is isotropic, S(q,!) = S(q,!), the di↵erential
DM scattering rate per unit target mass can be obtained
from the structure factor as [30]

dR

d!
=

⇢�
m�

2�̄n

2µ2
�n

1

2⇡⇢T

Z
dq q S(q,!)⌘ (vmin) , (4)

where ⇢� = 0.3 GeV cm�3 is the local DM density; �̄n

is the fiducial DM-proton or DM-nucleon cross section;
2 = Z2 or A2 depending on whether the DM couples
to protons or all nucleons, respectively; ⇢T = mNn0 is
the target mass density; ⌘(vmin) is the DM mean inverse
speed; and vmin is the minimum DM speed required to
deposit energy !,

vmin(q,!) =
!

q
+

q

2m�
. (5)

We have assumed a heavy mediator such that the cross
section is independent of q (i.e. FDM(q) = 1), both for
simplicity and to more easily make contact with exper-
imental limits making the same assumption [31]. Simi-
larly, in the DM mass range we will be interested in, there
is insu�cient momentum to probe nuclear substructure
and so we also set the nuclear form factor to unity. It is
clear from Eq. (4) that a choice of S(q,!) fully determines
the spectral shape of the di↵erential scattering rate, given
a choice of DM velocity distribution. The integrated rate
requires further input from the DM interaction strength,
parameterized by 2�n.

A first-principles computation of the structure factor is
possible in specific simplified models, including treating
| 0i and | �i as single-particle harmonic oscillator states
or plane waves [14, 17]. However, when considering the
energy deposit to the scattered nucleus alone (in contrast
to the !�4 electronic energy spectrum noted in Foot-
note 4), such a model either yields the ordinary flat spec-
trum of elastic scattering when q '

p
2mN!, or a steeply-

falling spectrum dR/d! / exp[�!2mN/(q2max!0)] when
q ⌧

p
2mN!, where !0 ' 60 meV is the optical phonon

energy in Si or Ge and qmax ' 2m�v is the maximum
momentum transfer. Both of these spectral shapes are
clearly inconsistent with the data.
To attempt to reproduce the observed power-law spec-

trum, we first suppose that the structure factor is dom-
inated by a single-quasiparticle excitation, representing
a single scattered nucleus interacting with the surround-
ing electron density. In this case, the dynamic structure
factor may be parameterized as

S(q,!) = 2⇡n0S(q)�

✓
! �

q2

2mNS(q)

◆
. (6)

The function S(q) is known as the static structure fac-
tor and parameterizes departures from the free-particle
dispersion relation: if S(q) = 1, the dispersion relation
is ! = q2/(2mN ) as expected for elastic nuclear recoil,
but static structure factors which di↵er from unity per-
mit di↵erent dispersions. Furthermore, for any choice of
S(q), S(q,!) in Eq. (6) automatically satisfies the “f -
sum rule”

Z 1

0

d!

2⇡
!S(q,!) =

q2

2mN
n0, (7)

which is a consistency condition on physically-realizable
dynamical structure factors imposed by causality and
conservation of mass.
We now make an ansatz for the form of S(q) designed

specifically to yield the desired power-law spectrum. Sup-
pose that the static structure factor is isotropic and itself
follows a power law,

S(q) ⇡ Aq(q/q0)
n (Aq = 0.015), (8)

about as perfect a fit as you’ll ever find in the real world…
[Abbamonte, Baxter, Kahn, Krnjaic, Kurinsky, Mandava, Wagner, arXiv:2202.03436]



Even so, probably not exotic NR
For an isotropic material, but otherwise fully general:

S(q) = Aq(q/q0)
n =) dR

d!
/ !� 2n

n�2
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[Abbamonte, Baxter, Kahn, Krnjaic, Kurinsky, Mandava, Wagner, arXiv:2202.03436]



Even so, probably not exotic NR
Works fine for Si, but no way to make this consistent with Ge.

Same kinds of arguments rule out CR neutrons, solar neutrinos, photons, 
even with exotic structure factors

[Abbamonte, Baxter, Kahn, Krnjaic, Kurinsky, Mandava, Wagner, arXiv:2202.03436]


