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Scattering Interaction
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Nuclear recoil energy is below 
experimental thresholds
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Nuclear Recoil Electron Recoil

Dark photon interactions lead to thermal relics with ~MeV masses

Enr ⇠ eV Eer ⇠ 50 eV

Enough energy available to  
excite or ionize an electron

(m� = 100 MeV) (m� = 100 MeV)

For light dark matter, nuclear recoils are undetectable, but 
electron recoils are promising



Electron Scattering

Kinematics differ from nuclear-scattering case because the 
bound-state electron does not have definite momentum
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Scattering with DM particle results in electron excitation/ionization

�Ee ⇠
p2

2m�
� |~p� ~q|2

2m�
. 1

2
eV⇥

⇣ m�

MeV

⌘

(Assuming negligible nuclear recoil)

Observable energy transfers to the electron are feasible
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Mass Sensitivity

Ionize electrons in outermost 
atomic orbitals

Atomic Target Semiconductor  Target
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Excite an electron from 
valence to conduction band

Sensitivity to dark matter mass is set by the ionization energy of the electron

�Ee ⇠ 10 eV ) m� & 10 MeV �Ee ⇠ 1 eV ) m� & 1 MeV



Scattering Rate

Rate to scatter electron from state 1 to 2 is given by:

R1!2 =
⇢�
m�

Z
d3v f(~v)�v1!2

DM number density Scattering cross section

DM velocity distribution

h�~p�~q, e2|Hint |�~p, e1i /
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d3k
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      depends on the initial and final-state electron wavefunctions via�v1!2

For ionization process, final state is a plane wave

Essig, Mardon, and Volansky [1108.5383]



Semiconductors

Electron is now described by Bloch wavefunction in a periodic lattice

Lee, ML, Mishra-Sharma, and Safdi [1508.07361]

Wavefunctions can be simplified using a series of well-motivated assumptions

RN

Wavefunction at lattice site

 (`, r) =
X
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ei`·RN �(r�RN )

` = lattice momentum



Free atomic orbital

Semiconductors

Electron is now described by Bloch wavefunction in a periodic lattice

Lee, ML, Mishra-Sharma, and Safdi [1508.07361]

Tight-binding Approximation
electrons at different lattice sites 

have limited interactions
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` = lattice momentum

Wavefunctions can be simplified using a series of well-motivated assumptions



Germanium wavefunction

Semiconductors

Electron is now described by Bloch wavefunction in a periodic lattice

Lee, ML, Mishra-Sharma, and Safdi [1508.07361]

Tight-binding Approximation

Assume DM-electron interaction 
is isolated to single lattice site

electrons at different lattice sites 
have limited interactions

RN

 (`, r) = �4p(r�RN )

` = lattice momentum

Wavefunctions can be simplified using a series of well-motivated assumptions



Projected Sensitivities
Germanium target can push sensitivities to lower dark matter masses, 

as compared to a Xenon target

Essig, Mardon, and Volansky [1108.5383]; Graham, Kaplan, Rajendran, and Walters [1203.2531]; Essig et al. [1206.2644]; Essig et al. [1509.01598]
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exposure. The shaded region in Fig. 5 corresponds to
the XENON10 excluded region from the analysis in [20],
which was performed with ⇠15 kg-days of exposure on a
Xenon target.

III. ANNUAL MODULATION

This section explores the annual modulation of the
DM-electron scattering rate. The time-dependence en-
ters the rate via the Earth-frame DM phase-space distri-
bution ⇢

�

f�(v, t), which is determined not only by the
velocity of the Earth with respect to the Galactic frame,
but also by the position of the Earth in the gravitational
potential of the Sun. This latter phenomenon is referred
to as gravitational focusing (GF) and is especially im-
portant for slower-moving DM particles that linger in
the Sun’s potential [24, 31].

To properly account for GF, (8) must be corrected to
include the fact that the trajectories of slow-moving DM
are deflected in the Sun’s gravitational potential. In this
case, Liouville’s theorem requires that

⇢
�

f�(v, t) = ⇢1f1 (v� + v1 [v +V�(t)]) , (18)

where ⇢1 is the DM density asymptotically far away from
the Sun’s potential well. In addition, v1[vS] is the ve-
locity that a particle must have at asymptotic infinity in
order to have a Solar-frame velocity vS when it reaches
the Earth; it is given by

v1[vS] =
v21vS + v1(GM�/rE)r̂E � v1vS(vS · r̂E)

v21 + (GM�/rE)� v1(vS · r̂E) ,

(19)
where rE is the position of the Earth in the Solar frame
(r̂E is the unit vector and rE is the distance between the
Earth and the Sun). Energy conservation requires that
v21 = v2 � 2GM�/rE, with G the gravitational constant
and M� the mass of the Sun.

Gravitational focusing can have a significant e↵ect on
the phase of the modulation, as was shown in [24] for
the case of nuclear scattering, and so we include it in the
following analysis, which explores the modulation am-
plitude and phase of a DM-electron scattering signal in
some detail.

A. Modulation Amplitude

The amplitude of the modulation of the DM-electron
scattering rate can be quantified by decomposing the rate
into Fourier modes as

dR

dEer
= A0 +

1X
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)
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where ! is the angular frequency of the Earth’s orbit.
Furthermore, each A

n

is a function of the recoil energy
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FIG. 5: Sensitivities expected at 95% confidence level (corre-
sponding to ⇠3.6 expected events [18]) assuming 1 kg·year of
exposure at a Germanium low-threshold experiment. These
results were obtained using the Germanium RHF 4s/4p+3d
wave functions (solid bands, this work) and the hydrogenic
wave functions (dashed lines) for di↵erent detector thresh-
old energies, assuming no background. The thresholds are
designated by the number of e↵ective electrons, n

e

(1e�,
5e�, 15e�). The results are shown for the cases of a heavy
mediator with FDM = 1 (top) and a light mediator with
FDM = ↵2m2

e

/q2 (bottom). The XENON10 excluded re-
gion at 90% CL is shown in shaded blue [20]. The hydrogenic
approach underestimates the sensitivity at high thresholds.

specifying the amplitude of the nth mode, which has a
maximum at time t

n

.
The leading mode A1 is conventionally referred

to as the annual modulation. In the case of
DM-electron scattering, annual-modulation fractions of
|A1/A0| ⇠ O(10%) are expected and are slightly larger
than the ⇠2–5% fractions expected in the case of DM-
nuclear scattering [18, 40]. This results from the strong
enhancement of low-q events by the ionization form fac-
tor; as demonstrated in Fig. 1, scattering events in the
energy range of interest are primarily induced by DM
from the tail of the velocity distribution (i.e., at large
vmin), where the corresponding unmodulated rate A0 be-
comes relatively small. The modes beyond annual mod-
ulation can also provide valuable information about the
dark sector [41–48]. However, because their amplitudes
are generally suppressed as |A

n

/A0| ⇠ (V�/v�)n, detec-
tion of these modes typically requires large exposures.
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DM-electron scattering, annual-modulation fractions of
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than the ⇠2–5% fractions expected in the case of DM-
nuclear scattering [18, 40]. This results from the strong
enhancement of low-q events by the ionization form fac-
tor; as demonstrated in Fig. 1, scattering events in the
energy range of interest are primarily induced by DM
from the tail of the velocity distribution (i.e., at large
vmin), where the corresponding unmodulated rate A0 be-
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ulation can also provide valuable information about the
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            denotes 
projections assuming hydrogenic 
wavefunction at each lattice site, 

as done in [1203.2531]



Considerations for Target Choice

Band gap

Lattice spacing

Material Property Why We Care

Minimum dark matter mass

Localization of scattering



Graphene

Graphene is an example of a 2D material with a vanishing band gap

Lattice symmetries allow us to write down analytic wavefunctions, 
making dark matter scattering calculation tractable

Conduction 
Band

Valence Band Band Gap
 

EBG = 0 eV 
Work Function

ɸ = 4 eV 

Minimum mass set by the energy 
needed to excite the electron to the 
conduction band, and then eject it

) m� & 1 MeV

�Ee ⇠ EBG + � ⇠ eV



Graphene Basics

Graphene consists of Carbon atoms in honeycomb lattice
Carbon has four valence electrons occupying (2s)(2p)3 orbitals

s px py sp2 hybrid orbitals

Hybridized orbitals form in-plane σ bonds

Remaining pz orbital is unhybridized and forms covalent π bond

sp2
pz



Wavefunctions
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FIG. 1: (left) Graphene is comprised of two triangular carbon sub-lattices, which are illustrated by the open and solid circles.
The lattice vectors a1,2 are indicated by the red arrows, and the nearest-neighbor vectors R1,2,3 are shown in purple. The gray
diamond depicts the unit cell. The nearest-neighbor distance is a = 0.142 nm. (right) The valence-band diagram for graphene,
as determined from the procedure outlined in the Appendix. The Brillouin zone is shown in the inset, with the high-symmetry
points �, K, and M labeled.

and p
y

orbitals, such that the energy eigenstates (called �
bonds) are linear combinations of 2s, 2p

x

, and 2p
y

. The
out-of-plane p

z

orbitals remain unhybridized and form
covalent bonds, called ⇡. We outline the important fea-
tures of the unhybridized ⇡ electron wavefunction here,
relegating further details and a discussion of the � elec-
trons to the Appendix.

Within the tight-binding model, we approximate the
wavefunction by a sum over nearest neighbors, corre-
sponding to four lattice sites. The Bloch function for
a ⇡ electron is given by
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) 2 BZ in the Brillouin
zone (inset of Fig. 1, right). Here, N` is a normalization
constant, R
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are the nearest-neighbor vectors, and '` is
an `-dependent phase. We take a hydrogenic orbital for
the 2p
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wavefunction of carbon,
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where a0 is the Bohr radius and N is the normalization.
The e↵ective nuclear charge Ze↵ ' 4.03 is chosen to fit
the numerical solution for the overlap between adjacent
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orbitals. The Fourier transform of Eq. (1) is
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with normalization eN . Note that the electron wavefunc-
tion has Fourier components at all k values, as it is an
energy eigenstate but not a momentum eigenstate.

Analytic forms for the � electron wavefunctions are
also possible to derive, but are more complicated than
their ⇡ counterparts because the coe�cients of the basis
orbitals must be computed by diagonalizing a 6⇥6 Hamil-
tonian, as discussed in the Appendix. The ⇡ (�1) elec-
trons have binding energies ⇠0–6 (13–18) eV, as shown
in Fig. 1 (right).
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where �E
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(`) is the band energy, m
e

is the electron mass,
k

f

is the final electron momentum, q is the momen-
tum transfer, and µ

e�

is the DM-electron reduced mass.
� ' 4.3 eV is the work function of graphene [34], de-
fined as the energy di↵erence between the Fermi surface

The Bloch wavefunction for the π electron is given by
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FIG. 1: (left) Graphene is comprised of two triangular carbon sub-lattices, which are illustrated by the open and solid circles.
The lattice vectors a1,2 are indicated by the red arrows, and the nearest-neighbor vectors R1,2,3 are shown in purple. The gray
diamond depicts the unit cell. The nearest-neighbor distance is a = 0.142 nm. (right) The valence-band diagram for graphene,
as determined from the procedure outlined in the Appendix. The Brillouin zone is shown in the inset, with the high-symmetry
points �, K, and M labeled.
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FIG. 1: (left) Graphene is comprised of two triangular carbon sub-lattices, which are illustrated by the open and solid circles.
The lattice vectors a1,2 are indicated by the red arrows, and the nearest-neighbor vectors R1,2,3 are shown in purple. The gray
diamond depicts the unit cell. The nearest-neighbor distance is a = 0.142 nm. (right) The valence-band diagram for graphene,
as determined from the procedure outlined in the Appendix. The Brillouin zone is shown in the inset, with the high-symmetry
points �, K, and M labeled.
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Phase factors from 
nearest neighbors

Atomic wavefunctions

` = lattice momentum

Kinematically-allowed scattering is localized  
to only a few lattice sites:

qmin . 2⇡

a
⇠ 9 keV

Wavefunctions for σ electrons are still tractable, though more complicated

Interference from different lattice sites can  
lead to diffraction patterns in observed signal



Scattering Rate
Electrons from both the π and σ bands contribute to the total scattering rate

For a given electron energy, the binding energy and associated momentum 
spread of the electron wavefunction sets its contribution to the rate
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FIG. 1: (left) Graphene is comprised of two triangular carbon sub-lattices, which are illustrated by the open and solid circles.
The lattice vectors a1,2 are indicated by the red arrows, and the nearest-neighbor vectors R1,2,3 are shown in purple. The gray
diamond depicts the unit cell. The nearest-neighbor distance is a = 0.142 nm. (right) The valence-band diagram for graphene,
as determined from the procedure outlined in the Appendix. The Brillouin zone is shown in the inset, with the high-symmetry
points �, K, and M labeled.

and p
y

orbitals, such that the energy eigenstates (called �
bonds) are linear combinations of 2s, 2p

x

, and 2p
y

. The
out-of-plane p

z

orbitals remain unhybridized and form
covalent bonds, called ⇡. We outline the important fea-
tures of the unhybridized ⇡ electron wavefunction here,
relegating further details and a discussion of the � elec-
trons to the Appendix.

Within the tight-binding model, we approximate the
wavefunction by a sum over nearest neighbors, corre-
sponding to four lattice sites. The Bloch function for
a ⇡ electron is given by
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for lattice momentum ` = (`

x

, `
y

) 2 BZ in the Brillouin
zone (inset of Fig. 1, right). Here, N` is a normalization
constant, R

j

are the nearest-neighbor vectors, and '` is
an `-dependent phase. We take a hydrogenic orbital for
the 2p

z

wavefunction of carbon,

�2p
z

(r) = N a
�3/2
0

r

a0
e�Zeffr/2a0 cos ✓ , (2)

where a0 is the Bohr radius and N is the normalization.
The e↵ective nuclear charge Ze↵ ' 4.03 is chosen to fit
the numerical solution for the overlap between adjacent
2p

z

orbitals. The Fourier transform of Eq. (1) is

e 
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(`,k) = N`

�
1 + ei'` f (` + k)

� e�2p
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where k is the momentum conjugate to r, f(` + k)
is a sum of phase factors (defined in the Appendix),

and the Fourier transform of the atomic orbital is well-
approximated by
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3/2
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0 |k|2 + (Ze↵/2)2

⌘3 (4)

with normalization eN . Note that the electron wavefunc-
tion has Fourier components at all k values, as it is an
energy eigenstate but not a momentum eigenstate.

Analytic forms for the � electron wavefunctions are
also possible to derive, but are more complicated than
their ⇡ counterparts because the coe�cients of the basis
orbitals must be computed by diagonalizing a 6⇥6 Hamil-
tonian, as discussed in the Appendix. The ⇡ (�1) elec-
trons have binding energies ⇠0–6 (13–18) eV, as shown
in Fig. 1 (right).

The cross section for a DM particle of mass m
�

and
initial velocity v to scatter o↵ an electron in band i =
⇡, �1, �2, �3 with lattice momentum ` is
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, (5)

where �E
i

(`) is the band energy, m
e

is the electron mass,
k

f

is the final electron momentum, q is the momen-
tum transfer, and µ

e�

is the DM-electron reduced mass.
� ' 4.3 eV is the work function of graphene [34], de-
fined as the energy di↵erence between the Fermi surface
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FIG. 2: (left) Di↵erential rate for a 100 MeV DM particle scattering o↵ an electron in graphene with �̄e = 10�37 cm2 and
FDM(q) = 1. The solid black line denotes the total rate, while the dashed lines show the contributions for electrons in the
individual ⇡ and � bands. For comparison, the di↵erential rate for germanium, taken from Ref. [25], is shown in gray; the band
denotes the variation due to scattering o↵ the 4s or 4p valence electron. (right) Expected background-free 95% C.L. sensitivity
for a graphene target with a 1-kg-year exposure (black). Also plotted are the analogous curves for germanium [25] with 1-
electron (solid purple) and 5-electron (dashed purple) thresholds including the variation due to 4s/4p bands, and exclusions
from Xenon10 [23] (shaded gray). We consider both heavy-mediator exchange, which leads to FDM(q) = 1, and light-mediator
exchange, FDM(q) = (↵me/q)

2 (inset).

and the vacuum.2 Following Ref. [22], we define �̄
e
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µ
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16⇡m2
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|M
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(q)|2
���
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2
e

, with |M
e�

(q)|2 the spin-

averaged amplitude, to be the scattering cross section for
DM o↵ a free electron with q = ↵ m

e

. The momentum
dependence of the matrix element is then absorbed into
the DM form factor FDM(q) = |M

e�

(q)|/|M
e�

(↵ m
e

)| .
We do not include the so-called Fermi factor, which en-
hances the rate at low recoil energies due to the distortion
of the outgoing electron wavefunction by the Coulomb
field of the nucleus. This factor is significant for bulk
materials, but negligible for a 2D material for two rea-
sons: the ionized electron energy must be high enough
to overcome the work function, and the ionized electron
travels single-atom distances and thus spends little time
in the vicinity of the nucleus.

To obtain the total rate per unit time and detector
mass, we must integrate Eq. (5) over all ` 2 BZ and all
incoming DM velocities, then sum the contributions from
the four valence bands:

R = 2
X

i=⇡,�1,2,3

⇢
�

m
�

NC Auc

Z
d2`

(2⇡)2
d3v g(v) v �

i

(`) ,

(6)
where g(v) is the DM velocity distribution, Auc =

2
The work function is not an intrinsic property of graphene, and

can be manipulated with a suitable choice of substrate; see e.g.,
Ref. [35].

3
p

3a2/2 is the area of the unit cell, NC ' 5⇥ 1025 kg�1

is the density of carbon atoms in graphene, and ⇢
�

'
0.4 GeV/cm3 is the local DM density [36]. The factor of
two in Eq. (6) accounts for the degenerate spin states in
each band.

The kinematics of the scattering process dictate that
there is a minimal DM velocity required to eject an elec-
tron of momentum k

f

from the target via a momentum
transfer q:

vimin(`, k
f

, q) =
Eer + E

i

(`) + �

q
+

q

2m
�

, (7)

where Eer ⌘ k2
f

/2m
e

. For an electron at the Fermi
surface with E

i

(`) = 0, the minimum q needed for
vmin = vesc = 550 km/s is qmin ' 2 keV. Comparing
this with the inverse atomic spacing 2⇡/a ' 8.7 keV, we
see that all kinematically allowed scattering is localized
to only a few unit cells, with most confined to a single
one. We have verified numerically for the ⇡ band that
the nearest-neighbor approximation made in Eq. (1) is
su�cient.
Rate results. We assume an isotropic velocity distri-

bution g(v) = g(v) following the Standard Halo Model
[37], with v0 ' 220 km/s [38] and escape velocity vesc '
550 km/s [39]. Fig. 2 (left) shows the di↵erential scat-
tering rate for a 100 MeV DM particle. The total rate
(solid black line) is comparable to that for a germanium
target (gray band). The contributions from the individ-
ual ⇡ and � electrons are indicated by the dashed lines.
Although electrons in the lowest two � bands contribute

π, σ3 dominate: 
lower binding energies

σ1,2 dominate:  
momentum spread

m� = 100 MeV

�̄e = 10�37 cm2

FDM(q) = 1

Hochberg, Kahn, ML, Tully, and Zurek [1606.08849]



Projected Sensitivity
Graphene is competitive with semiconductor targets for MeV-GeV DM

Light A’

Heavy A’

Low-mass reach for graphene is set by the work function (ɸ = 4 eV), 
which can be engineered to be lower

Yuan et al. Nano Letters (2015). 3
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FIG. 2: (left) Di↵erential rate for a 100 MeV DM particle scattering o↵ an electron in graphene with �̄e = 10�37 cm2 and
FDM(q) = 1. The solid black line denotes the total rate, while the dashed lines show the contributions for electrons in the
individual ⇡ and � bands. For comparison, the di↵erential rate for germanium, taken from Ref. [25], is shown in gray; the band
denotes the variation due to scattering o↵ the 4s or 4p valence electron. (right) Expected background-free 95% C.L. sensitivity
for a graphene target with a 1-kg-year exposure (black). Also plotted are the analogous curves for germanium [25] with 1-
electron (solid purple) and 5-electron (dashed purple) thresholds including the variation due to 4s/4p bands, and exclusions
from Xenon10 [23] (shaded gray). We consider both heavy-mediator exchange, which leads to FDM(q) = 1, and light-mediator
exchange, FDM(q) = (↵me/q)

2 (inset).

and the vacuum.2 Following Ref. [22], we define �̄
e

⌘
µ

2
e�

16⇡m2
�

m

2
e

|M
e�

(q)|2
���
q

2=↵

2
m

2
e

, with |M
e�

(q)|2 the spin-
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DM o↵ a free electron with q = ↵ m
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. The momentum
dependence of the matrix element is then absorbed into
the DM form factor FDM(q) = |M
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(q)|/|M
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We do not include the so-called Fermi factor, which en-
hances the rate at low recoil energies due to the distortion
of the outgoing electron wavefunction by the Coulomb
field of the nucleus. This factor is significant for bulk
materials, but negligible for a 2D material for two rea-
sons: the ionized electron energy must be high enough
to overcome the work function, and the ionized electron
travels single-atom distances and thus spends little time
in the vicinity of the nucleus.

To obtain the total rate per unit time and detector
mass, we must integrate Eq. (5) over all ` 2 BZ and all
incoming DM velocities, then sum the contributions from
the four valence bands:
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where g(v) is the DM velocity distribution, Auc =
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The work function is not an intrinsic property of graphene, and

can be manipulated with a suitable choice of substrate; see e.g.,
Ref. [35].
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3a2/2 is the area of the unit cell, NC ' 5⇥ 1025 kg�1

is the density of carbon atoms in graphene, and ⇢
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0.4 GeV/cm3 is the local DM density [36]. The factor of
two in Eq. (6) accounts for the degenerate spin states in
each band.

The kinematics of the scattering process dictate that
there is a minimal DM velocity required to eject an elec-
tron of momentum k
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from the target via a momentum
transfer q:
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where Eer ⌘ k2
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. For an electron at the Fermi
surface with E
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(`) = 0, the minimum q needed for
vmin = vesc = 550 km/s is qmin ' 2 keV. Comparing
this with the inverse atomic spacing 2⇡/a ' 8.7 keV, we
see that all kinematically allowed scattering is localized
to only a few unit cells, with most confined to a single
one. We have verified numerically for the ⇡ band that
the nearest-neighbor approximation made in Eq. (1) is
su�cient.
Rate results. We assume an isotropic velocity distri-

bution g(v) = g(v) following the Standard Halo Model
[37], with v0 ' 220 km/s [38] and escape velocity vesc '
550 km/s [39]. Fig. 2 (left) shows the di↵erential scat-
tering rate for a 100 MeV DM particle. The total rate
(solid black line) is comparable to that for a germanium
target (gray band). The contributions from the individ-
ual ⇡ and � electrons are indicated by the dashed lines.
Although electrons in the lowest two � bands contribute
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FIG. 3: (left) Azimuthal distribution of the final-state electron after scattering with a dispersionless DM stream with v = vesc
that is oriented parallel to the graphene plane and points in the ŷ direction of � = ⇡/2. The results are shown for 10 MeV
(10 GeV) DM assuming an electron recoil of Eer = 1 (74) eV, indicated by the dashed (solid) line. (right) Polar distribution of
the final-state electron, when the DM stream is perpendicular to the graphene plane and points in the ẑ direction of cos ✓ = 1.
In this case, Eer = 1 eV for both mass examples.

the least at low recoil energies, they dominate at higher
recoil energies. This is because the �1,2 bands are mostly
2s and therefore have a larger spread in momentum.

In the right panel of Fig. 2, we show the 95% one-
sided Poisson C.L. expected reach (3.0 events) after 1-
kg-year exposure of a graphene target, assuming a zero-
background experiment. The reach is plotted for form
factors of both heavy and light mediators, FDM(q) = 1
and FDM(q) = (↵ m

e

/q)2, respectively. For comparison,
we show the expected sensitivity of a germanium tar-
get [25] (with silicon performing similarly [26]). As is
evident, graphene can be competitive with the reach of
semiconductor targets over the ⇠MeV–GeV DM mass
range, depending on the threshold energy.

Directional detection. In a 2D material, DM can
scatter electrons directly into the vacuum without addi-
tional interactions. Since scattering is primarily in the
forward direction, the electrons retain information about
the initial direction of the DM. This makes 2D targets
especially suitable for directional detection. To illustrate
this behavior, we consider the angular distribution of the
scattered electron in graphene for the case of a dispersion-
less DM stream at the escape velocity, g(v) / � (v � vesc),
for streams parallel and normal to the graphene plane.
The intuition a↵orded by these examples applies to gen-
eralized velocity distributions, which can always be bro-
ken down into parallel and normal components.

The left panel of Fig. 3 shows the azimuthal depen-
dence of the scattering cross section for a DM stream ori-
ented parallel to the graphene plane, pointing in the ŷ di-
rection (� = ⇡/2). The electrons are preferentially emit-
ted in the same direction as the stream, for both 10 GeV

and 10 MeV DM masses. The heavier DM curve is plot-
ted for k

f

= 2⇡/a ' 8.7 keV (Eer ' 74 eV). A di↵raction
pattern is discernible in the angular distribution, arising
from the interference between wavefunctions of neighbor-
ing carbon atoms. The di↵raction pattern is washed out
if the velocity dispersion of the stream is greater than
⇠25 km/s, but the scattering remains peaked in the for-
ward direction. For the lighter DM, k

f

⇠ 2⇡/a cannot
be achieved at an appreciable rate, so the di↵erential dis-
tribution is shown for k

f

= 1 keV (Eer ' 1 eV). While
no di↵raction pattern emerges for recoil momenta small
compared to the inverse lattice spacing, a broad forward-
scattering peak persists. For streams in di↵erent in-plane
directions, the shapes of the forward-scattering peak and
the secondary peaks change, but the general features re-
main the same.

We emphasize that, for the directional information to
persist, the electrons must exit the monolayer of the ma-
terial without re-scattering. Thus, a DM stream in the
plane of the material should eject electrons at a su�-
ciently large angle from the plane, restricting the phase
space for directional detection. For example, if the DM
exits at an angle greater than ⇡/4 from the graphene
plane, the rate corresponding to the 10 GeV di↵raction
distribution is reduced by a factor of 4.

The right panel of Fig. 3 shows the polar angular de-
pendence of the scattering cross section for a DM stream
normal to the plane, in the ẑ direction. The curves
are plotted for Eer = 1 eV for both the 10 MeV and
10 GeV examples. As in previous examples, the di↵eren-
tial rate is largest for forward scattering. Forward scat-
tering is less favored for heavier DM because the mini-

f(v) / �(v � vesc)

For DM stream parallel to graphene sheet, electrons are preferentially emitted in the plane

Diffraction patterns are visible if the final momentum of the electron satisfies

(Diffraction pattern washes out as the velocity dispersion of DM increases)

�

e
�er

~kf

kf =
2⇡

lattice spacing
' 9 keV



Considerations for Target Choice

Band gap

Lattice spacing

Material Property Why We Care

Minimum dark matter mass

Localization of scattering

Dimensionality Directionality



Directional Electrons

Can we retain directional information of scattered electron?

secondary 
electrons

phonons

�

�

Directional information is lost if  
secondaries of the interaction are 

being detected

ex: SuperCDMS

To directly measure the 
electron’s direction, it must be 

ejected from the target 

e

�

primary 
electron

Requires 2D target



Count Rate

Substrate
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E
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✓
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1 eV
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Low energies allow compact geometry, modest E-fields
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E
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=) v
x

Timing from conductivity measurements (?)

(preliminary)
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e

Substrate

Most electrons are ejected 
into vacuum and detected

Forward scattering is still preferred even when dark matter is 
incident normal to graphene sheet
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Most electrons are scattered 
into substrate and not detected

12 hours later…

Forward scattering is still preferred even when dark matter is 
incident normal to graphene sheet



Considerations for Target Choice

Band gap

Lattice spacing

Material Property Why We Care

Minimum dark matter mass

Localization of scattering

Dimensionality Directionality

Optical Response

Quasiparticle Lifetime Detectability of scattered electron

Suppression of scattering rate



Optical Response

Dark photon propagator is modified in the target medium

�

�

A0
e

e

h|M|2i / 1

(q2 �m2
A0)

2
(1 + �2/!2)

q = (!,q)

Hochberg, Pyle, Zhao, and Zurek [1512.04533]

Effective mass of dark photon is larger in materials with higher conductivity

Insulating targets with small band gaps are important in the push to 
lighter dark matter masses



Quasiparticle Lifetime

3

FIG. 1. Main stages of energy relaxation of photoexcited
carriers. In the first stage, the carriers cascade from energy
✏ = hf/2 down to low energies, losing energy via Auger pro-
cesses and phonon emission. These processes lead to fast ther-
malization over timescales on the order tens to hundreds of
femtoseconds, producing a relatively long-lived hot carrier dis-
tribution (middle panel). In the second stage, electron-lattice
cooling mediated by acoustic phonons takes place over longer
time scales (several to a hundred picoseconds) relaxing the
hot carrier distribution back to equilibrium (T = T

0

, right
panel).

electron temperature (the lattice specific heat can be
103 � 104 times larger than electron contribution, hence
the energy transferred directly to electron is much more
e↵ective in producing hot carriers). The rates for these
pathways analyzed in recent literature were found to be
quite fast (tens to hundreds of fs), lying in the same ball-
park for processes of type (i) and (ii).44 The competition
of these pathways determines the amount of energy that
the ambient distribution captures from the initially pho-
toexcited high-energy carriers.

Type (i) processes, which are key for various graphene-
based energy harvesting proposals, have recently received
a lot of attention.13,30,35,38,44 Microscopically, they can
be understood as Auger type processes in which carrier-
carrier scattering between photoexcited high energy car-
riers scatter with low energy ambient carriers, see Fig. 2.
The technological promise of graphene energy harvest-
ing largely relies on the high e↵ectiveness of these pro-
cesses in passing energy among the high- and low-energy
carriers. To avoid confusion, we di↵erentiate the Auger
processes into two distinct classes namely: a) intra-
band carrier-carrier scattering (also called Impact Ex-
citation, Auger Heating, see Fig. 2a) and b) inter-
band carrier-carrier scattering (also called Impact Ion-
ization, Carrier Multiplication, see Fig. 2b). Importantly,
while intra-band carrier-carrier scattering (Fig. 2a) con-
serves the number of carriers in each band, inter-band
carrier-carrier scattering (Fig. 2b) does not. However,
as discussed below, inter-band carrier-carrier scattering
is blocked by kinematic constraints arising due to en-
ergy and momentum conservation, rendering intra-band
scattering the dominant mechanism for hot carrier pro-
duction (Fig. 1 middle panel). In addition to scattering
processes a) and b), there also exist electron-hole recom-

bination processes arising from carrier-carrier scattering
(Auger recombination). These processes were analyzed
in Refs. 30, 35, 38, and 42; here we will concentrate on
a) and b).
We begin with the Hamiltonian for graphene N = 4

species of massless Dirac carriers,

H =
X

k,i

 †
k,iH0

 k,i +H
el�el

+H
el�ph

+H
ph

, (1)

H
el�el

=
1

2

X

q,k,k0,i,j

V (q) †
k+q,i 

†
k0�q,j k0,j k,i.

Here  k,i  †
k,i describe two-component (pseudo)spin

states, i, j = 1...N label valley and spin degrees of free-
dom. The term H

0

= v� · k describes graphene’s Dirac
spectrum, V (q) = 2⇡e2/|q| is the Coulomb interaction,
and  is the bare dielectric constant. The terms H

ph

and
H

el�ph

describing phonons in graphene and the electron
phonon interaction will be specified below. In the above
Hamiltonian, Eq.(1), we ignored several e↵ects some of
which are small and some of which will be introduced
later as needed. The small e↵ects are intervalley scatter-
ing terms in the carrier-carrier interaction and Umklapp
scattering. The former is small because it originates from
short range Hubbard-type interactions, which are smaller
than the long range V (q) interaction. Umklapp scat-
tering in graphene can only occur due to three-particle
collisions. This is so because, due to graphene lattice
symmetry, vectors K, K0 and K�K0 are 3 times smaller
than the reciprocal lattice vectors. In the single-particle
Hamiltonian H

0

we ignored e↵ects such as coupling to
disorder and trigonal warping of the linear Dirac spec-
trum. Each of these e↵ects will be discussed in due time.

A. Carrier-Carrier Scattering: Kinematic
Constraints

We first consider Auger-type processes depicted in
Fig. 2. Both these processes involves a photo-excited
carrier with high energy and momentum, ✏k1 � µ,
|k

1

| � k
F

, which is scattered to a lower energy state
of momentum k0

1

with recoil momentum q = k1 � k0
1

passed to an electron in the Fermi sea. Here k
F

is the
Fermi wavevector. The latter particle-hole pair excita-
tion process is depicted by a transition from k2 to k0

2

in
Fig. 2. The transition rate for this process, evaluated by
the Golden Rule approach, takes the form44,45

Wk0
1,k1

=
2⇡N

h̄

X

q,k2,k0
2

fk2(1� fk0
2
)Fk2,k0

2
0 |Ṽq|2 (2)

⇥�k0
1,k1+q�k0

2,k2�q�(✏k0
1
� ✏k1 + ✏k0

2
� ✏k2).

Here fk is a Fermi function, and Fk,k0 = |hk0s0|ksi|2 is
the coherence factor (s, s0 = ± label states in the electron
and hole Dirac cones). The e↵ective Coulomb interaction
Ṽ which mediates scattering between the photo-excited

Song and Levitov [1410.5426]

Quasiparticles can lose energy by scattering off of other electrons, 
phonons, or impurities in the lattice

To detect excited quasiparticles, energy loss should not be too rapid 
relative to the time it takes to probe the signal
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