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Recent advances in 
DM-electron scattering
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FIG. 4. 90% CL constraints (cyan
solid line) on: DM- e� cross section,
�e, versus DM mass, m�, for two
DM form factors, FDM(q) = 1 (top
left) and FDM(q) = (↵me/q)

2 (top
right); DM-nucleus cross section, �n,
for a light mediator (bottom left);
and the kinetic-mixing parameter, ✏,
versus the dark-photon mass, mA0 , for
dark-photon-DM absorption (bottom
right). Constraints are shown on DM-
e� scattering also from the SENSEI
prototype [14, 15], XENON10/100 [19],
DarkSide-50 [20], EDELWEISS [21],
CDMS-HVeV [22], XENON1T [23],
DAMIC [24], solar reflection (assum-
ing DM couples only to e�) [25]; con-
straints on DM-nucleus scattering from
SENSEI, XENON10/100/1T [12] and
LUX [26]; and constraints on absorp-
tion from SENSEI [14, 15], DAMIC [24,
27], EDELWEISS [21], XENON10/100,
CDMSlite [9], and the Sun [9, 28, 29].
Orange regions are combined bench-
mark model regions for heavy [2, 5, 30–
34] and light [2, 5, 35, 36] mediators.

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. We as-
sume that a DM signal is uniformly distributed across
the CCD, so that a cut’s e�ciency on a DM signal is
proportional to the loss in exposure from that cut.
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, where
the errors have been added in quadrature. For cal-
culating a DM limit below, we conservatively take the
1311.7 observed 1 e� events and subtract the 2� lower
limit on the number of expected spurious-charge events
(649 � 2 ⇥ 47.5 = 554 events), arriving at ⇠758 1 e�-
events. The known contributions to R1e� that we do
not subtract are environmental backgrounds and dark

Well-motivated parameter space is very close! 
How do we make sure our signal rates are calibrated?

Yoni Kahn 1[Barak et al. (SENSEI collab.), PRL 2020; Amaral et al. (SuperCDMS collab.), PRD 2020]



Rate predictions from QEDark

When calculating rates, we assume a Maxwell-Boltzmann distribution with a sharp cutoff (we
describe this in more detail, and give analytic formulas for ⌘(vmin), in Appendix B). The requirement
of energy conservation is captured by vmin(q, Ee), the minimum speed a DM particle requires in order
for the electron to gain an energy Ee with momentum transfer q (note that Ee was also denoted as
�Ee in §3.1). This is given by

vmin(q, Ee) =
Ee

q
+

q

2m�
. (3.12)

Figure 4. Scissor corrected band structure for silicon (left) and germanium (right) as calculated with Quantum

ESPRESSO [69] with a very fine k-point mesh. The horizontal dashed line indicates the top of the highest valence band. The
four bands below the horizontal dashed line are the valence bands while the bands above the dashed line are the conduction
bands. We also show the density-of-states (DOS) as a function of the energy for a very fine k-point mesh (blue) and for our
243 k-point mesh (red). A Gaussian smearing of 0.15 eV was used to generate a smooth function.

Differential rate. As we show in Appendix A.4, the differential electron scattering rate in a semi-
conductor target (with the approximation of a spherically symmetric DM velocity distribution) can be
written as

dRcrystal

d lnEe
=

⇢�
m�

Ncell �e ↵

⇥
m2

e

µ2
�e

Z
d ln q

✓
Ee

q
⌘
�
vmin(q, Ee)

�◆
FDM(q)2

��fcrystal(q, Ee)
��2 , (3.13)

where ⇢� ' 0.4 GeV/cm3 is the local DM density, Ee is the total energy deposited, and Ncell =

Mtarget/Mcell is the number of unit cells in the crystal target. (Mcell = 2 ⇥ mGe = 145.28 amu =

135.33 GeV for germanium, and Mcell = 2 ⇥ mSi = 56.18 amu = 52.33 GeV for silicon.)
We have written this in such a way that the first line gives a rough estimate of the rate, about
29 (11) events/kg/day for silicon (germanium) for ⇢� = 0.4 GeV/cm3, m� = 100 MeV, and �e '
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3.6 ⇥ 10�37 cm2 (the current limit from XENON10 [31]), while every factor in the second line is a
roughly O(1) number for the preferred values of q and Ee.

All the necessary details of the target’s electronic structure are contained in the dimensionless
crystal form factor, fcrystal(q, Ee), which is a property purely of the target material and is independent
of any DM physics. The computation of this form factor is one of the main results of this paper.

Crystal form factor. In the periodic lattice of a semiconductor crystal, each electron energy level is
labelled by a continuous wavevector ~k in the first Brillouin Zone (BZ), and by a discrete band index
i. The wavefunctions of these states can be written in Bloch form,

 i~k(~x) =
1

p
V

X

~G

ui(~k + ~G)ei(
~k+ ~G)·~x , (3.14)

where the ~G’s are the reciprocal lattice vectors. Here V is the volume of the crystal, and the wave-
functions are taken to be unit-normalized, so that

X

~G

��ui(~k + ~G)
��2 = 1 . (3.15)

Using this form for the wavefunctions, we can define the form factor for excitation from valence
level {i~k} to conduction level {i0 ~k0},

f[i~k,i0~k0, ~G0] =
X

~G

u⇤i0(~k
0 + ~G+ ~G0)ui(~k + ~G) . (3.16)

The crystal form factor required in Eq. (3.13) is then given by

��fcrystal(q, Ee)
��2 =2⇡2(↵m2

eVcell)�1

Ee

X

i i0

Z

BZ

Vcell d3k

(2⇡)3
Vcell d3k0

(2⇡)3
⇥

Ee �(Ee � Ei0~k0 + Ei~k)
X

~G0

q �(q � |~k0 � ~k + ~G0
|)
��f[i~k,i0~k0, ~G0]

��2 . (3.17)

(See Appendix A.4 for the derivation.) The band index i is summed over the filled energy bands, while
i0 is summed over unfilled bands, and the momentum integrals are over the 1st BZ. Ei~k is the energy
of level {i~k}, and Vcell is the volume of the unit cell. The numerator in the first factor has units of
energy, with value 2⇡2(↵m2

eVcell)�1 = 1.8 eV for germanium and 2.0 eV for silicon. The crystal form
factor can be computed numerically using established solid-state computational techniques. Once it
is known, it can be used to find event rates for any DM model and halo profile, using Eq. (3.13), along
with Eqs. (3.7), (3.8), (3.11), and (3.12). We now turn to our own numerical evaluation of the crystal
form factor.

4 Numerical computation of the form factor

Our aim is to compute the crystal form factor, given by Eq. (3.17), for silicon and germanium targets
with low energy thresholds (<⇠ 30 eV). Once these are found, it is possible to calculate scattering rates
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electron recoil 
spectrum

crystal form 
factor

wavefunction 
overlap

This is pure theory: how well does it compare with data? 
How do we calibrate charge yield from recoil spectrum?

Yoni Kahn 2[Essig, Fernandez-Serra, Mardon, Soto, Volansky, Yu, JHEP 2016]



Rate predictions from dielectric
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✏(q,!) That’s the answer, for any material.

DM-electron interaction 
(assumed spin-independent)

Dielectric function

[Berggren, Hochberg, YK, Kurinsky, Lehmann, Yu, arXiv:2101.08263;  
Knapen, Kozaczuk, Lin, arXiv:2101.08275]Yoni Kahn 3
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�(v) =

Z
d3q

(2⇡)3
|V (q)|2


q2

e2
2 Im

✓
� 1

✏(q,!)

◆�

� �

2

loss of generality. The transition rate is given by [25]

�(v�) =
X

f

��hf ;p0
�|Ĥint|0;p�i

��22⇡�(!f + E
0
� � E�)

=

Z
d3q

(2⇡)3
|V (q)|2

X

f

��hf |⇢̂(q)|0i
��22⇡�(!f � !q), (S.5)

where |fi is a final state with energy !f and the sum runs over all possible final states of the system, and we recall
that

!q = q · v� �
q
2

2m�
. (S.6)

Note that the only assumption that was made here was that Ĥint is su�ciently weak compared to the unperturbed
Hamiltonian Ĥ0 of the target system; this is the case in Ref. [54] for ordinary electron-electron scattering, so it must
be the case for DM-electron scattering where the couplings are much weaker. Note this implies one cannot directly
apply our result to regions of parameter space where DM and electrons are strongly coupled, as would be relevant for
regions in parameter space where DM may not reach underground detectors due to multiple scattering [10–12, 18, 23].

The insight of Ref. [54] is to relate the density matrix element |hf |⇢̂(q)|0i|
2 to an experimentally measurable quantity,

the dielectric function ✏(q, !). The dielectric function is defined as the linear response of the target to the longitudinal
electric field of a test charge. For simplicity and to elucidate the formalism, in this work we consider the case of an
isotropic material where the dielectric function is a scalar rather than a tensor, and relegate the treatment of the
anisotropic case to upcoming work [57]. Since a test charge will also perturb the electron density of the target, it
can be shown that this is equivalent to defining the dielectric function as a density-density correlation function [85].
Of course, the electrons will also couple to ions, and strictly speaking the ion density operator should also appear
in the measured loss function. In what follows, we will assume that these contributions are negligible, which is the
approximation always made in the condensed matter literature. This assumption makes our formalism independent
of the DM coupling to protons or neutrons, and even if ion contributions are significant, the measured loss function
will give exactly the correct rate for a dark photon mediator.

Because the dielectric function is defined as the linear response of the system, the same assumptions are implicit
in the setup of [54] (with an electromagnetic probe) as are present in the DM scattering setup: the test charge
interactions are weak compared to the internal interactions Ĥ0. Therefore the Coulomb potential of the test charge
may be factored out in Fourier space, separating the (weak) perturbation due to the probe and the (possibly strong)
response of the system to such a probe. The result is [54, 85]

Im

✓
�

1

✏(q, !)

◆
=

⇡e
2

q2

X

f

��hf |⇢̂(q)|0i
��2�(!f � !). (S.7)

Here we are using Heaviside-Lorenz conventions for the electron charge e as is common in high-energy physics, which
di↵ers from the Gaussian unit definition common in condensed matter physics by a factor of

p
4⇡. (Note also that

Eq. (9) of [54] is missing a factor of ⇡.) Plugging Eq. (S.7) into Eq. (S.5), we obtain our main result, Eq. (1). For
reference, the sum over final states on the right-hand side of Eq. (S.7) is (up to factors of ⇡) conventionally defined
in the condensed matter literature as the dynamic structure factor.

Notice that we have made no assumptions whatsoever about the character of the final state |fi. It is an exact
eigenstate of the (in general very complicated) many-body condensed matter Hamiltonian, and the only requirement
is that it represents some rearrangement of the electrons in the target so that it has a nonzero matrix element with
the electron density operator with respect to the ground state. In this sense our treatment is distinct from Ref. [25],
which defines a general dynamic structure factor (with slightly di↵erent normalization compared to the condensed
matter conventions) very similar to the sum in Eq. (S.5), but one which is excitation-specific and requires quantization
in terms of single-quasiparticle states in the case of electron scattering. When all many-body states are included,
the structure factor defined in Ref. [25] for electron scattering is identical to the loss function defined through the
complex dielectric function, is directly measurable without the need to compute single-particle wavefunctions, and
automatically includes all in-medium e↵ects. On the other hand, the formalism of Ref. [25] is useful when DM couples
di↵erently to electrons, protons, and neutrons than the photon, in an energy regime where density perturbations to
both electrons and ions are relevant, as might be the case for sub-gap single-phonon excitations.

many-body 
electron density



Directly measurable!

For electron scattering, where         is the electron 
density operator,      is the dielectric function: 

linear response to electron density perturbations

Electrons probe electron density just like DM. 
(In CM, known as “loss function”)
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Just like deep inelastic scattering: fire a known probe 
at an unknown target to learn about its constituents
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Figure 3.5 - Kinematics of an EELS scattering event. 
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Figure 1.3 - Schematic picture of a plasmon mode in a covalent solid. Note 
that it may be viewed as both a density-fluctuation (compressional) wave of the 
valence electrons and as a polarization wave of the complete solid. 

Semi-relativistic electron scattering 
not described by single-particle 

electron-electron scattering, but by 
a collective long-range charge wave 

(plasmon). Electron preferentially 
deposits ~15 eV of energy,


regardless of initial kinetic energy

Yoni Kahn 5[M. Kundmann, PhD. thesis, 1988]

Theory and Analysis of Plasmon-Regime EELS Spectra 
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Figure 3.8a - Comparison between original data (top) and extracted SSD (bot-
tom) of Si. 

Si



Avatars of the dielectric

Many-body density operator:

generalizes single-particle picture

Real-time correlator for electron density

Can compute with random phase approximation (RPA):

Exact dielectric function contains all screening and many-body effects:

required to move beyond single-particle formalism

Polarizability: measures linear response to E-fields

Yoni Kahn 6
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QEDark vs. data
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FIG. S2. Loss function comparisons in Si for various q, as a function of !. Error bars indicate the accuracy with which the
data points could be transcribed from Ref. [68]. The shaded purple region represents the kinematically-allowed region for
v� = 10�3. The measured loss function agrees fairly well with both the loss function computed from the single-particle basis
from QEdark [3] and the Lindhard FEG approximation in the range 5–10 eV for !, but there are large di↵erences at both small
! near the gap, and near the plasmon energy !p ' 17 eV for small q.

to Eq. (1), which gives the relation between the dynamic structure factor S(q, !) defined in Ref. [25] and the loss
function via

S(q, !) =
2q

2

e2
W(q, !). (S.23)

On the other hand, the dynamic structure factor in a semiconductor, computed in the basis of single-particle states,
can be related to the crystal form factors |fii0kk0G|

2 via [3, 25]
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FIG. S2. Loss function comparisons in Si for various q, as a function of !. Error bars indicate the accuracy with which the
data points could be transcribed from Ref. [68]. The shaded purple region represents the kinematically-allowed region for
v� = 10�3. The measured loss function agrees fairly well with both the loss function computed from the single-particle basis
from QEdark [3] and the Lindhard FEG approximation in the range 5–10 eV for !, but there are large di↵erences at both small
! near the gap, and near the plasmon energy !p ' 17 eV for small q.

to Eq. (1), which gives the relation between the dynamic structure factor S(q, !) defined in Ref. [25] and the loss
function via

S(q, !) =
2q

2

e2
W(q, !). (S.23)

On the other hand, the dynamic structure factor in a semiconductor, computed in the basis of single-particle states,
can be related to the crystal form factors |fii0kk0G|

2 via [3, 25]
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FIG. S2. Loss function comparisons in Si for various q, as a function of !. Error bars indicate the accuracy with which the
data points could be transcribed from Ref. [68]. The shaded purple region represents the kinematically-allowed region for
v� = 10�3. The measured loss function agrees fairly well with both the loss function computed from the single-particle basis
from QEdark [3] and the Lindhard FEG approximation in the range 5–10 eV for !, but there are large di↵erences at both small
! near the gap, and near the plasmon energy !p ' 17 eV for small q.

to Eq. (1), which gives the relation between the dynamic structure factor S(q, !) defined in Ref. [25] and the loss
function via

S(q, !) =
2q

2

e2
W(q, !). (S.23)

On the other hand, the dynamic structure factor in a semiconductor, computed in the basis of single-particle states,
can be related to the crystal form factors |fii0kk0G|

2 via [3, 25]

Low momentum: plasmon

(but no above-gap excitations accessible)

Large momentum

free-electron gas is a decent model

Need measurements:

this range of q 

determines 
1-electron rate!

[Berggren, Hochberg, YK, Kurinsky, Lehmann, Yu, arXiv:2101.08263]Yoni Kahn 7



Many-body response function

plasmon, 
with long 
tail (but 

miss peak)

<latexit sha1_base64="O1w8fFdJie+dCxViHFx/AZv0FDU="></latexit>

2⇡/a

[Berggren, Hochberg, YK, Kurinsky, Lehmann, Yu, arXiv:2101.08263]Yoni Kahn 8

electrons in 
Si behave 

kind of 
like free 
fermions



Works for atoms/molecules too!
� �

p = m�v
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e�ionized

Old formalism:

2

Notation definition units (natural units)

NT atoms per unit mass kg
�1

(keV)

⇢� DM density GeV/cm
3
(keV

4
)

m� DM mass keV

�e DM-electron reference cross section cm
2
(keV

�2
)

µ�e DM-electron reduced mass keV

n, l atomic orbital indices N/A

q 3-momentum transfer keV

k0
electron recoil momentum

p
2meEer keV

|FDM(q)|2 DM form factor, Eq. (3) dimensionless

vmin minimum DM speed, Eq. (4) km/s (dimensionless)

⌘(vmin) inverse mean speed dimensionless

|fnl
ion(k

0, q)|2 ionization form factor, Eq. (5) dimensionless

TABLE I: Definitions of terms and notation appearing in Eq. (1). We take ⇢� = 0.3 GeV/cm
3
.

II. COMPUTING THE IONIZATION FORM FACTOR

The only remaining ingredient required to evaluate Eq. (1) is the atomic form factor |fnl
ion(k

0, q)|2, which is defined
for spherically symmetric atoms with full shells as

|fnl
ion(k

0, q)|2 =
X

m

����
Z

d3x ⇤
k0(~x) nlm(~x) ei~q · ~x

����
2

. (5)

The explicit forms of the radial part of  nl are given by the Roothaan-Hartree-Fock (RHF) wavefunctions [8], which
are linear combinations of Slater-type orbitals:

Rnl(r) = a�3/2
0

X

j

Cjln
(2Zjl)

n0
jl+1/2

q
(2n0

jl)!

✓
r

a0

◆n0
jl�1

e�Zjlr/a0 . (6)

For example, for the outermost 3p electron in Argon (n = 3, l = 1), the first line of the RHF tables (j = 1) gives
n0
11 = 2, C113 = 0.001854, Z11 = 26.6358, and the second line (j = 2) gives n0

21 = 2, C213 = �0.042064, Z21 = 12.7337.
The bound-state wavefunctions are unit-normalized:

Z
dr r2 |Rnl(r)|2 = 1 . (7)

The final-state wavefunction is a positive-energy continuum state indexed by k0. In the literature, di↵erent pro-
cedures have been used to approximate this wavefunxtion. For example, [1, 4] approximate it as a pure plane wave
corrected by a Fermi factor, and [3, 6] use the full positive-energy wavefunction obtained from solving the Schrödinger
equation with a hydrogenic potential. We note that the XENON-10 and XENON-100 electron-scattering limits use
the full outgoing wavefuction [3, 6].

A. Plane-Wave Approximation

If we approximate the outgoing state as a plane wave  k0 / ei
~k0 · ~x, then the integral in Eq. (5) reduces to the

Fourier transform of  nl, subject to momentum conservation constraints:1

|fnl
ion(k

0, q)|2 ⇡ F (k0, Ze↵)
(2l + 1)k02

4⇡3q

Z k0+q

|k0�q|
dk k |�nl(k)|2 (plane wave approx.) . (8)

1 Note that we are departing from the conventions of [4] and incorporating the Fermi factor into the definition of |fnl
ion(k

0, q)|2 for ease of
comparison with [6].

But which wavefunctions?  
What about “Sommerfeld enhancement”? 

What about electron correlation or 
relativistic effects?

New formalism: 
<latexit sha1_base64="v1/9siquzI8fCeY20sXL/5urknM="> Mi6w0thsjDLrN5ZIvUVLbiBu45tMm4utds0TLtstw+ABvH7vtfjdo6wI3vIj1jsYNnKc928Dzl+Q4OUw4du3lvZKd7O7g8qTXe1+pf31VOm5vJ3wMvwGtQBQ3wAZyCz6ADeoCA37nD3Mvcq8KvYqFYKu6vS/O5zZ5DcGcVn/8B605/PA==</latexit>

Im(✏)(q,!) /
X

f

|h f |eiq·x| ii|2�(Ef � Ei � !)

Just measure the dielectric function!

(e.g. EELS, X-ray scattering)

[DarkSide collab. (incl. YK), PRL 2018; Baxter, YK, Krnjaic, PRD 2020; 
Berggren, Hochberg, YK, Kurinsky, Lehmann, Yu, arXiv:2101.08263]Yoni Kahn 9



Optimizing direct detection
Best option: move to a heavier galaxy where DM is faster. 

Next best option: find a material with slow electrons

Can access full plasmon peak in heavy-fermion materials:

N. BACHAR et al. PHYSICAL REVIEW B 94, 235101 (2016)

FIG. 3. Optical conductivity (top) and energy loss function
(bottom) of URu2Si2 single crystal in a-axis and c-axis polarizations
for selected temperatures.

B. Temperature dependence of the optical conductivity
through T ∗

In Fig. 3 the real part of conductivity, σ1, is displayed in the
FIR frequency regime for the a axis and c axis (top panels). In
the lower two panels the quantity

"(ω) = 2
π!ω

Im
−1
ε(ω)

(1)

is displayed for the a axis and c axis. "(ω) is directly
proportional to the energy loss function multiplied by a factor
1/ω. The energy loss function corresponds to the charge
response function, and peaks at frequencies corresponding to
longitudinal modes, in particular at the free carrier plasmon
resonance (to be discussed in Sec. III C). At high temperatures,
the a-axis conductivity shows almost frequency-independent
values of about 3 kS/cm except for the two phonons at
108.8 cm−1 and 378.5 cm−1. Below T ∗, e.g., T = 60 K, we
observe a nonmonotonic suppression of σ1 for frequencies of
approximately 10 to 50 meV while the low-frequency data
show a dramatic increase. Along the c axis σ1(ω) has already
at 200 K a broad Drude peak, which is superimposed on a
frequency-independent background of 5 kS/cm. Below T ∗

it shows a gradual conductivity increase at low frequencies,
while below 40 K the change is much more dramatic and
suppression of the FIR conductivity can be clearly observed
in our data. Levallois et al. [30] observed below a crossover
temperature of about 30 K a suppression of the optical
conductivity in a broad range up to 50 meV with minima
around 15 meV for the a axis and 11 meV for the c axis.
The relatively low value of the aforementioned crossover
temperature, as compared to T ∗ ≈ 75 K observed in transport
experiments, was probably the result of strain in the samples.
Based on the argument that no amplitude fluctuations of the
hidden order gap are observed in the specific heat in this
temperature range, Levallois et al. [30] proposed that the
partial gap below T ∗ is a hybridization gap, and also concluded
that the corresponding electronic configuration could be a
precursor of the hidden order state. Guo et al. [16] reported
a rapid suppression of the a-axis optical conductivity below
50 K, with a minimum at 17 meV associated with the
development of a Drude component at low temperature, and
an almost full recovery of the spectral weight near 600 meV.
Based on the complete absence of the HO feature at 8
meV above the HO temperature, Guo et al. argued that the
hybridization gap cannot be taken as a precursor of the HO state
[16]. Indeed, while the coherent state sets the stage allowing
the hidden order to stabilize at THO and as such is likely a
prerequisite to the HO state, this does not imply, nor does
it require, the presence of pre-transitional fluctuations of the
hidden order parameter.

Our experimental method allows us to measure the optical
spectra with a temperature resolution of 1 K. Figure 4 shows
a color map of the conductivity as a function of temperature
and frequency. The aforementioned suppression of the a-axis
conductivity in the FIR range is observed as a domelike shape
starting to form below T ∗ and centered at about 18 meV.
Concomitantly with the conductivity suppression, a sharp
increase in σ1 is observed at low frequencies, i.e., below
5 meV. An additional conductivity suppression is observed
below THO forming a second domelike shape at frequency of
approximately 4 meV, which is bordered by a narrow Drude
peak and piled-up conductivity at a frequency of approximately
7 meV.

The c-axis conductivity shown in Fig. 4 has a significant
Drude contribution already at high temperatures, slightly
narrowing as temperature is lowered down to T ∗. Below
that temperature the Drude peak narrows more rapidly,
accompanied by a suppression of σ1 in the same frequency

235101-4

URu2Si2 measured

loss function at q = 0

[Berggren, Hochberg, YK, Kurinsky, Lehmann, Yu, arXiv:2101.08263;   
Abbamonte, YK, Kurinsky, Wagner, in progress]Yoni Kahn

DM is faster 
than Fermi velocity

10



Charge yield calibration
Basic idea: EELS with a CCD

Can directly correlate energy loss with charge yield.

Yes, this is a theorist’s cartoon, but this is a


necessary calibration for precise signal predictions!

56 Theory and Analysis of Plasmon-Regime EELS Spectra 

5>» ko 

£ . q 

A 
ko 

<7t 

XBL 8811-3963 

Figure 3.5 - Kinematics of an EELS scattering event. 

low-current 
~20 keV 

electron beam

scattered electron 
measures loss function

event-by-event

per-pixel charge  

measurement

[Abbamonte, YK, Kurinsky, in progress]Yoni Kahn 11



EELS + CCD needs

[P. Abbamonte lab, UIUC]

• Thin substrate (electron  
mean free path ~0.2 um in Si)


• Barrier layer at CCD surface

• Low beam current (1 electron 

per bunch)

• Spot size smaller than 1 pixel 

(~15 um in SENSEI/Oscura)

• Time-of-flight for coincidence

• Momentum resolution to ~0.5 keV

• Energy resolution to ~0.5 eV

• Magnetically shielded  

environment (< 3 mG)

• Ultrahigh vacuum (1e-10 torr)

• Not-too-low temp (90-110 K)

[Abbamonte, YK, Kurinsky, in progress]Yoni Kahn 12


