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We propose two-dimensional materials as targets for direct detection of dark matter. Using graphene as
an example, we focus on the case where dark matter scattering deposits sufficient energy on a valence-
band electron to eject it from the target. We show that the sensitivity of graphene to dark matter of MeV
to GeV mass can be comparable, for similar exposure and background levels, to that of semiconductor
targets such as silicon and germanium. Moreover, a two-dimensional target is an excellent directional

detector, as the ejected electron retains information about the angular dependence of the incident dark
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matter particle. This proposal can be implemented by the PTOLEMY experiment, presenting for the first
time an opportunity for directional detection of sub-GeV dark matter.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The Weakly Interacting Massive Particle (WIMP) is currently
the dominant theoretical paradigm for dark matter (DM), and has
guided experimental search efforts in recent decades. Direct de-
tection experiments, which search for DM-nucleus collisions, are
currently targeting the WIMP parameter space [1-7]. However, null
results from these searches motivate renewed consideration for a
broader range of DM models. One possibility involves DM particles
below the ~GeV scale, which arise in a variety of theory scenar-
ios [8-21]. Current direct detection experiments lose sensitivity to
sub-GeV DM because the nuclear recoil energy is too small to be
detected. However, DM with mass below a target nucleus deposits
a greater fraction of its kinetic energy on an electron than a nu-
cleus, making electrons a favorable target for light DM detection.

Consider the case of MeV-scale DM, which carries about an eV
of kinetic energy, enough to excite atomic electrons after scatter-
ing [22]. The first limits on such processes have been set using
data from the Xenon10 experiment [23], with recent work extend-
ing this analysis to Xenon100 [24]. The energy gap for electronic
excitations in noble gases is ~10 eV, which places a lower bound
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on the DM mass that can be probed with these methods. How-
ever, a smaller energy deposit can up-scatter valence electrons in
semiconductors with band gaps ~1 eV [22,25]. As a result, semi-
conductor targets are more sensitive to DM in the 1-10 MeV mass
range [26,27]. Superconducting targets with ~meV energy gaps are
capable of reaching ~keV masses [28,29].

This Letter proposes an alternative approach using two-di-
mensional (2D) materials as targets. In this setup, an incident DM
particle can deposit sufficient energy on a valence electron to eject
it from the target. The energy and direction of the recoiling elec-
tron is then directly measured with a combination of position
measurements, time-of-flight, and energy deposition in a calorime-
ter. This is in contrast to scattering in bulk targets, where the scat-
tered particle (nucleus or electron) produces secondary excitations
before measurement [2,30,26,27], erasing the initial directional in-
formation in the scattering. Using 2D targets, DM masses down to
the MeV scale can be probed if the energy required to eject the
electron is a few eV.

Most importantly, 2D targets allow one to measure the direc-
tion of the incoming DM because the differential cross section for
the outgoing electron is peaked in the forward direction. The lat-
tice structure of the target can even yield diffraction patterns in
the electron angular distribution for certain kinematics. Directional
detection has long been recognized as a powerful tool in the study
of DM, both as a discriminator against background sources and
also because it leads to a daily modulation of the signal rate [31].

0370-2693/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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There are currently no feasible proposals for directional detection
of sub-GeV DM [32], making the use of 2D targets a powerful
tool in pushing sensitivities to lower DM masses. We will describe
a potential experimental realization using the PTOLEMY experi-
ment [33].

2. Dark matter scattering in graphene

As a concrete example of a 2D target, we focus on monolayer
graphene, which is especially convenient because analytic solutions
for the electron wavefunctions in the tight-binding approximation
are tractable due to the symmetries of the lattice [34]. We com-
pute the DM scattering rate here, and in Section 3 we show that
the direction of the scattered electron retains a strong directional
correlation with the DM direction.

Monolayer graphene consists of carbon atoms arranged in a
two-dimensional honeycomb lattice. The distance between neigh-
boring carbon atoms is a = 0.142 nm. The lattice is built from
two distinct triangular sub-lattices. Four out of the six electrons
of a carbon atom are valence electrons, occupying (2s)(2p)? or-
bitals." The 2s orbital becomes ‘hybridized’ with the in-plane py
and py orbitals, such that the energy eigenstates (called o bonds)
are linear combinations of 2s, 2py, and 2py. The out-of-plane p,
orbitals remain unhybridized and form covalent bonds, called .
We outline the important features of the unhybridized 7 electron
wavefunction here, relegating further details and a discussion of
the o electrons to the Supplementary Material.

Within the tight-binding model, we approximate the wavefunc-
tion by a sum over nearest neighbors, corresponding to four lattice
sites. The Bloch function for a 7 electron is given by

3
Wr (8,1) X N | dp, (1) + €90 Y el gy (r —Ry) (1)
j=1

for lattice momentum £ = (€, £y) € BZ in the Brillouin zone. Here,
N¢ is a normalization constant, R; are the nearest-neighbor vec-
tors, and ¢y is an £-dependent phase. We take a hydrogenic orbital
for the 2p, wavefunction of carbon,

3 T
$2p, (1) =N a, 3/2 . e~ ZeffT/200 o5 2)

where ag is the Bohr radius and A is the normalization. The ef-
fective nuclear charge Z.g >~ 4.03 is chosen to fit the numerical
solution for the overlap between adjacent 2p, orbitals. The Fourier
transform of Eq. (1) is

T, (0. K) =N, (1 el f e+ k)) Bop, (K). (3)

where k is the momentum conjugate to r, f(£ + k) =
Z?:] e/@+t0R; js 3 sum of phase factors, and the Fourier trans-
form of the atomic orbital is well-approximated by

~ ~ apk
e
(a§ 1K1 + (Zefi/2)?)

(4)

with normalization A/

Analytic forms for the o electron wavefunctions are also possi-
ble to derive, but are more complicated than their 7 counterparts
because the coefficients of the basis orbitals must be computed by
diagonalizing a 6 x 6 Hamiltonian. The 7 (o7) electrons have bind-
ing energies ~0-6 (13-18) eV.

1 The core 1s electrons have binding energies of several hundred eV and con-
tribute negligibly to the scattering rate.

If the scattered electron is ejected from the material after scat-
tering, then its final-state wavefunction is well-modeled by a plane
wave [35]. The initial-state wavefunction corresponds to an elec-
tron in any of graphene’s four valence bands. The cross section for
a DM particle of mass m, and initial velocity v to scatter off an
electron in band i =, 01, 03, 03 with lattice momentum £ is then

Oe ks d3q

() = | —L_ 1 F 2 |\, L, q—k 2
voi({) ng @7)? 4 |Fom(q)| | i, q f)|
k} e
X 8 +E@O+P+——-q-V], (5)
2m, 2my

where —E;(¢€) is the band energy, m. is the electron mass, Ky is
the final electron momentum, q is the momentum transfer (i.e.,
the outgoing DM has momentum m, Vv — q), and fley is the DM-
electron reduced mass. Note that q and Ky are independent scat-
tering variables since the initial bound-state wavefunction is an
energy eigenstate but not a momentum eigenstate, with Fourier
components at all k values. For the same reason, Eq. (5) con-
tains only a single delta function enforcing energy conservation,
with no corresponding delta function for momentum conservation.
® ~ 4.3 eV is the work function of graphene [35], defined as the
energy difference between the Fermi surface and the vacuum.? Fol-
lowing Ref. [22], we define

2
— Mex
Op =

T, a2
- 16wm? mg [Mex @]

(6)

;
P=a?m;

with }Mex (q)|2 the spin-averaged amplitude, to be the scatter-
ing cross section for DM off a free electron with ¢ = ame. The
momentum dependence of the matrix element is then absorbed
into the DM form factor Fpm(q) = |Mey (@)|/| Mey (@me)|. We do
not include the so-called Fermi factor, which enhances 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 reasons: 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 £ € BZ and all incoming DM veloci-
ties, then sum the contributions from the four valence bands:

2
R=2 Y p—XNcAuc/d—z2d3vg(v)vai(€), )
. my (2m)
1=7,01,23
where g(v) is the lab-frame DM velocity distribution, Ay =
34/3a%/2 is the area of the unit cell, Nc ~5 x 102> kg~! is the
density of carbon atoms in graphene, and p, ~ 0.4 GeV/cm? is
the local DM density [37]. The factor of two in Eq. (7) 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 electron of momentum
k¢ from the target via a momentum transfer q:

Eer +Ei()) + @ I q
q 2my

vi (ks q) = : (8)

where E¢r = k?/Zme. We assume the Standard Halo Model (SHM)
[38] for g(v), with vg ~220 km/s [39] and Vvesc =~ 550 km/s [40]

2 The work function is not an intrinsic property of graphene, and can be manip-
ulated with a suitable choice of substrate; see e.g., Ref. [36].
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Fig. 1. (left) Differential rate for a 100 MeV DM particle scattering off an electron in graphene with &, = 1037 cm
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2 and Fpm(q) = 1. The solid black line denotes the total

rate, while the dashed lines show the contributions for electrons in the individual 7 and o bands. For comparison, the differential rate for germanium, taken from Ref. [26],
is shown in gray; the band denotes the variation due to scattering off 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 [26] with 1-electron (solid purple) and 5-electron (dashed purple) thresholds
including the variation due to 4s/4p bands, and exclusions from Xenon10 and Xenon100 [24] (shaded gray). We consider both heavy-mediator exchange, which leads to
Fpm(q) =1, and light-mediator exchange, Fpm(q) = (@me/q)? (inset). (For interpretation of the references to color in this figure, the reader is referred to the web version of

this article.)

(relative to the Galactic frame). For an electron at the Fermi sur-
face with E;(¢) =0, the minimum ¢ needed for v, = 782 km/s,
the largest possible lab-frame DM velocity in the SHM, is qmin =~
1.6 keV. Comparing this with the inverse atomic spacing 2 /a >~
8.7 keV, we see that all kinematically allowed scattering is local-
ized to only a few unit cells, with most confined to a single one.
We have verified numerically for the m band that the nearest-
neighbor approximation made in Eq. (1) is sufficient.

Approximating the SHM velocity distribution as isotropic,
g(v) = g(v), Fig. 1 (left) shows the differential scattering rate for a
100 MeV DM particle. The total rate (solid black line) is compara-
ble to that for a germanium target (gray band). The contributions
from the individual 7 and o electrons are indicated by the dashed
lines. Although electrons in the lowest two ¢ bands contribute the
least at low recoil energies, they dominate at higher recoil ener-
gies. This is because the o1, bands are mostly 2s and therefore
have a larger spread in momentum.

In the right panel of Fig. 1, we show the 95% one-sided Pois-
son 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 media-
tors, Fpm(q) =1 and Fpm(q) = (o me/q)z, respectively. For compar-
ison, we show the expected sensitivity of a germanium target [26]
(with silicon performing similarly [27]). As is evident, graphene
can be competitive with the reach of semiconductor targets over
the ~MeV-GeV DM mass range, depending on the threshold en-

ergy.
3. Directional detection

In a 2D material, DM can scatter electrons directly into the
vacuum without additional interactions. The electrons retain in-
formation about the initial direction of the DM, making 2D tar-
gets especially suitable for directional detection. In particular, the
structure of the atomic orbitals implies that the outgoing electron
is preferentially emitted in the direction of the incident DM. In Eq. (5),
the momentum-space orbital is evaluated at k =q — k¢, and the
appearance of |k|? in the denominator of Eq. (4) means the rate
is maximized when q is as small as is kinematically allowed and
Ky is parallel to q.% Solving the §-function in Eq. (5) then enforces

3 Note that |ks| < |q| for typical kinematics [25], so the maximum and mini-
mum values of |q — K| are typically the same order of magnitude, leading to O(1)
differences in the forward versus backward rates.

that k¢ is parallel to v for these kinematics. Identical arguments
hold for the wavefunctions in the other bands.

To illustrate this behavior, we consider the angular distri-
bution of the scattered electron in graphene for the case of
a dispersion-less DM stream with g(v) o & (V — Vstream) With
Vstream = 550 kmy/s, for streams normal and parallel to the
graphene plane. The intuition afforded by these examples applies
to generalized velocity distributions, which can always be broken
down into parallel and normal components. A large stream velocity
was chosen to make the azimuthal diffraction pattern more appar-
ent, but the presence of the forward scattering peak is completely
independent of the magnitude of the DM velocity.

The left panel of Fig. 2 shows the polar angular dependence of
the scattering cross section for a DM stream normal to the plane,
in the z direction. The curves are plotted for Ee; =1 eV for two
DM masses, 10 MeV and 10 GeV. As anticipated, the differential
rate is largest for forward scattering. Forward scattering is less fa-
vored for heavier DM because the minimum kinematically-allowed
q is smaller and the numerator of the = wavefunction ¢~’2pz (q—Kky)
is suppressed when q ~ ks (see e.g,, Eq. (4)). This may allow some
rudimentary form of mass discrimination based on the ratio of for-
ward to backward scattering rates.

The right panel of Fig. 2 shows the azimuthal dependence of
the scattering cross section for a DM stream oriented parallel to
the graphene plane, pointing in the y direction (¢ = 77 /2). Again,
the electrons are preferentially emitted in the same direction as
the stream, for both 10 GeV and 10 MeV DM masses. The heav-
ier DM curve is plotted for ky = 2w /a ~ 8.7 keV (Eer = 74 eV).
A diffraction pattern is discernible in the angular distribution, aris-
ing from the interference between wavefunctions of neighboring
carbon atoms. The diffraction pattern is washed out if the velocity
dispersion of the stream is greater than ~25 km/s, but the scatter-
ing remains peaked in the forward direction. For the lighter DM,
ks ~ 27 /a cannot be achieved at an appreciable rate, so the dif-
ferential distribution is shown for kf =1 keV (Eer = 1 eV). While
no diffraction pattern emerges for recoil momenta small compared
to the inverse lattice spacing, a broad forward-scattering peak per-
sists. For streams in different in-plane directions, the shapes of the
forward-scattering peak and the secondary peaks change, but the
general features remain the same.

We emphasize that, for the directional information of the
ejected electron to persist, the electrons must exit the monolayer
without significant rescattering. Thus, a DM stream in the plane
of the material should eject electrons at a sufficiently large angle
from the plane, restricting the phase space for directional detec-
tion. For 50 eV electrons emitted at greater than 10° from the
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Fig. 2. Example angular distributions for DM masses 10 MeV (dashed) and 10 GeV (solid) in a DM stream with Vsteam = 550 km/s in the lab frame. (left) Polar distribution
of the final-state electron when the stream is oriented perpendicular to the graphene plane and points in the Z direction of cosé =1, for Eer = 1 eV. (right) Azimuthal
distribution of the final-state electron when the stream is oriented parallel to the graphene plane and points in the y direction of ¢ = /2. The results are shown for

electron recoil of Eer =1 (74) eV for the 10 MeV (10 GeV) masses.

plane, we estimate the angular spread due to rescattering to be
oy ~ 10°, with o, decreasing for higher energy electrons. This is
comparable to the width of the secondary diffraction peaks, but
well below the width of the central forward-scattering peak, so
we expect some diffraction structure to remain visible if there is a
significant DM stream component.

Two-dimensional targets naturally allow for forward-backward
discrimination of the DM direction, leading to a daily modulation
in the event rate. In particular, the experiment can be oriented
such that the DM wind is nearly normal to the graphene planes
twice a day, once parallel and once antiparallel. In the proposed
experimental configuration described in Section 4 below, forward
and backward electrons can be distinguished using a double-sided
graphene pixel. Simulating the full 3-dimensional DM velocity dis-
tribution g(v) in the SHM, we find the rate in the forward direction
is approximately a factor of 2 larger than in the backward direc-
tion for DM masses from 10 MeV to 10 GeV. A daily modulation
can be established at 95% confidence with only ~70 signal events,
assuming zero background [41].

4. Conceptual experimental design

We now outline a conceptual experimental design, along with
a discussion of single-electron backgrounds. The experiment con-
sists of pixelated graphene sheets, each grown onto a substrate,
that are monitored for the ejection of an electron by virtue of the
graphene/substrate system acting as a field-effect transistor (FET)
[42-45]. To obtain sufficient target mass in a compact volume,
the graphene sheets are stacked and separated by vacuum. When
an electron is ejected from a pixel, an electric field drifts it ei-
ther towards another FET within the detector volume, or towards
a calorimeter at the boundary of the detector. The combination
of the position reconstruction of the electron and time-of-flight
is sufficient to reconstruct the (fully directional) velocity of the
ejected electron, with the energy measurement in the calorime-
ter providing an additional check on the kinematics.

The PTOLEMY experiment [33] can realize this proposal with up
to 0.5 kg of monolayer graphene, yielding competitive sensitivity to
semiconductor targets. The primary goal of PTOLEMY is to detect
electrons emitted from a tritium-loaded graphene surface after the
capture of cosmic relic neutrinos. If instead of holding tritium, the
experiment is run using bare graphene surfaces, it is also sensitive
to electrons ejected by DM scattering.

4.1. Detector configuration

The primary benefit of using a 2D target is that the scattered
electron is ejected from the material into vacuum, at which point

its trajectory can be manipulated by electric fields. The particular
choice of graphene as the target is advantageous because the addi-
tion or removal of single electrons can cause measurable changes
in the conductivity of graphene [42-45]. For example, the adhe-
sion or desorption of molecules from graphene at room temper-
ature causes single-electron changes in the local carrier density
that manifests as a measurable change in resistivity [42]. At cryo-
genic temperatures, the resistivity change increases by an order
of magnitude compared to room temperature, with even greater
resistivity change possible by engineering the graphene-substrate
system to open up a meV band gap [46]. As another example,
carbon nanotube FETs can detect changes due to single electrons
in their vicinity, again through changes in their conductivity [45].
Therefore, we imagine that each graphene “pixel” is coupled to a
substrate in a FET configuration, so that the gate of the FET gets
toggled whenever an electron is ejected, allowing one to identify
that the pixel produced a hit. The same pixel FET may be used to
detect incoming as well as outgoing electrons, allowing a coinci-
dence measurement. We will require a coincidence measurement
in exactly two FETs (or one FET and the outer calorimeter) for sig-
nal candidates, which will mitigate backgrounds from single FETs
as well as from high-energy events which will trigger many FETs
at once.

An example of the graphene FET is shown in the left panel of
Fig. 3. Multiple FETs can be combined into a single pixel (Fig. 3,
center) with source and drain interdigitated to maximize the area
covered by graphene. A finite ~meV band gap in the graphene
will greatly increase the on/off current ratio of the FET. This can be
achieved via interactions with the substrate or with a ribbon struc-
ture. The FET is back-gated to the neutrality point at the center
of the band gap to minimize leakage across the source-drain. For
high purity graphene, the number of charge carriers in the channel
is highly suppressed at low temperatures. A single electron charge
on the finite electrical capacitance of the ribbon produces a voltage
step that increases the conductivity of the ribbon by many orders
of magnitude, causing a macroscopic amount of charge to flow be-
tween source and drain. The conduction across the source-drain,
configured as an interdigitated capacitor, is read out at regular in-
tervals and then reset. The only dead time in this setup is during
FET readout, though each individual pixel is single-fire until read-
out. Note that the dark count from source-drain leakage in such
a setup is negligible, as a slow voltage decay should easily be
distinguishable from the sharp drop resulting from a change in
conductivity. The work function of graphene also helps to suppress
dark count from ejected electrons.

Achieving a sufficient target volume of ~0.5 kg of graphene re-
quires 10'% cm? of surface area. To fit inside a compact volume,
the surface area should be divided into pixelated sheets (Fig. 3,
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Fig. 3. A graphene FET consists of a graphene ribbon grown on a substrate and connected to a source and drain (left). The FET plane will be double-sided, separated by
two insulating layers and a bottom gate electrode. Top gate electrodes will provide the ~ —100 V needed to accelerate ejected electrons away from the electrodes and back
towards the graphene planes. Multiple graphene FETs can be arranged into a single pixel (center) with interdigitated source and drain. The proposed experiment consists of
stacked arrays of graphene sheets, where each sheet (right) consists of many individual pixels and is supported at the corners as shown in the diagram.

stacked volume

Fig. 4. A conceptual design for graphene directional detection. The left panel illustrates a cut-out of the stacked volume of graphene sheets that form the detector. For
graphene sheets in the inner detector volume, scattered electrons follow a “FET-to-FET” trajectory (center panel). In this case, an electron in the center of the detector is
repelled from the layer above by a perpendicular E-field and drifts ballistically to a neighboring pixel (orange squares). For graphene sheets near the detector edges, electrons
follow a “FET-to-calorimeter” trajectory (right panel). In this case, an electron near the outside of the detector is drifted by a parallel E-field to a segmented calorimeter.
A full design of the experiment would combine the FET-to-FET and FET-to-calorimeter modalities in an optimal way. To reduce background contamination, one can only
consider scattering events from within a fiducialized volume (denoted by the black lines, left panel), ignoring events that originate on the outermost sheets in the detector
volume (gray lines). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

right) stacked in an array and supported at the corners with epoxy
or a similar material.* For pixel areas of 1 mm?, 10* pixels per
sheet (wafer), and vertical separations of ~mm in Z, the entire
target volume can fit inside a ~10°> m? space. In a preliminary
study, we have explored electric field configurations that allow for
efficient electron transport in this compact volume. We show a
conceptual design in Fig. 4 (left). In the innermost detector volume,
we impose an electric field which is mostly normal to the sheets to
repel electrons from the conducting planes and direct them back
into neighboring pixels in the same plane. A potential difference of
100 V, corresponding to a maximum E-field of 100 V/mm, is suffi-
cient to repel electrons of energy less than 100 eV. In the detector
volume closer to the boundary, we impose an electric field which
is mostly parallel to the sheets to direct electrons to a calorimeter
at the boundary. The calorimeter offers the additional advantage
of being able to measure the electron energy; a full design would
optimize between the two detection modalities to ensure that the
maximum kinematic information is kept for each event. The out-
ermost volume is fiducialized in order to reduce backgrounds. This
setup is reminiscent of a time-projection chamber (TPC), which is
the technology of choice for current directional detectors [32]. In
a TPC, secondaries of the scattering interaction are drifted through
a gas target towards a segmented anode, where they are detected.

4 A similar modular design has been used in the PANDA-X IIl experiment [47].

Our proposal is similar, however the primary electron is now de-
flected to the detection site through vacuum.

4.2. Directionality

In the setup we have described, a daily modulation of the count
rate is essentially automatic, with no spectral or velocity informa-
tion required. The reason for this is that in a double-sided pixel
FET, electrons scattered upward from the top FET will escape to
vacuum, while electrons scattered upward from the bottom FET
will hit the substrate and are vetoed due to lack of a coincident
hit in either another FET or the calorimeter. The reverse is true for
electrons scattered downwards. Over the course of a day, the di-
rection of the DM wind changes relative to the graphene sheet. If
the DM wind is oriented along the z-direction of the experiment
(the upward-pointing normal to the graphene planes), a coinci-
dence signal will primarily be seen from the top FET layers where
electrons can escape to vacuum. Twelve hours later when the ori-
entation is reversed, a coincidence signal will primarily be seen in
the bottom FET layer. The top and bottom layer are separated by a
grounded electrode and there should be no cross-talk between the
two layers. Thus, forward-backward discrimination of the electron
(or ‘head-tail’ discrimination [32]), a key feature of a DM signal, is
inherent in this design. As described in Section 3, we have simu-
lated this effect incorporating the full velocity distribution of the
SHM, and found that the forward rate is approximately twice as
large as the backward rate for DM masses from 10 MeV to 10 GeV.
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The ratio of top-layer FET rates to bottom-layer rates should track
this modulation.

A more refined determination of the DM'’s direction can be
achieved if the pixel FET response is fast enough compared to the
electron drift time to obtain time-of-flight information. The elec-
trons are nonrelativistic, with speeds on the order of 106-107 m/s,
corresponding to drift times of ~ns, which are feasible to achieve
with graphene FETs. Information on the directionality of the sig-
nal provides a powerful discriminant against backgrounds, and also
opens the possibility of mapping the local DM phase space directly.
For electrons in the inner volume, full 3-dimensional reconstruc-
tion of the initial velocity can be obtained by knowing the coordi-
nates of the starting and ending pixels (Fig. 4, center), as well as
the time of flight At. As a simple example, in a configuration with
purely normal E-field, the vertical velocity v, can be determined
from solving Az = —ﬁeE(At)2 + v, At, where we require Az=0
for the electron to start and end on the same layer, as shown in the
sample trajectory in Fig. 4 (left). Since the electron drifts ballisti-
cally in x and y, time-of-flight gives vy = Ax/At and vy, = Ay/At.
The electron energy can be recovered from the initial velocity vec-
tor, depending on the relative uncertainties of the three velocity
components; a full analysis of the velocity and energy resolution
requires a dedicated simulation.

For electrons in the outer volume (Fig. 4, right), 3-dimensional
velocity reconstruction is also possible, with the energy measure-
ment from the calorimeter replacing the time-of-flight measure-
ment. We expect to be able to achieve ~ 1 eV energy resolution
by scaling up existing measurements for single-IR photon count-
ing [48], which has demonstrated resolutions of 0.29 eV for a
0.8 eV single photon. Alternatively, lower calorimeter resolution
with a pixelated FET array instrumented on top of a low dark-
current cryogenic CCD array may be acceptable if combined with
the higher resolution information from the FET-to-FET time-of-
flight.

In order to prevent rescattering of the primary electron, the
whole experiment must be in a high-vacuum environment. A pres-
sure of 2 x 10~7 torr corresponds to a mean free path for elec-
trons of roughly 500 m, which is more than sufficient for a
~10 mx10 mx10 m target volume where electron trajectories
are expected to be ~cm in length. We expect this vacuum level
to be technically feasible during the assembly of the target vol-
ume, as KATRIN has already achieved 10~!! torr in a 1042 m?
volume [49]. Each FET plane will be vacuum sealed on top and bot-
tom during assembly, similar to the method described in Ref. [50].
The large vacuum volume is relevant for the regions outside of the
sealed planes at the boundaries of the target volume. The target
will be kept at cryogenic temperatures and have no line-of-sight
vacuum trajectories from the outer vacuum region to the sealed
FET planes. Residual gas backgrounds will be cryopumped to the
outer boundaries of the fiducialized volume. We expect the quality
of the vacuum inside the target volume to be sufficient to operate
the experiment for prolonged exposure periods without having to
reopen the target.

4.3. Overburden

With an area per plane of 10% cm?2, the overburden of cosmic-
ray muon flux is an important concern for dead-time associated
with a cosmic-ray veto. The instrumented target is designed to
have no more than a percent-level fill factor of support material,
mostly epoxy or a similar material to support the graphene sheets
at the corners as shown in Fig. 3 (right). The remainder of the tar-
get volume will be highly sensitive to charged particles entering
the volume, and therefore the electric field regions that control

the conductivity of the graphene FETs, including the regions be-
tween the vacuum-separated top gate electrode and the graphene
and underneath the graphene with the insulator-separated bottom
gate electrode, will be active regions for cosmic-ray vetos. With an
overburden of roughly 3 km w.e. or greater, as would be the case
for an underground lab like Gran Sasso or SNOLAB, the total flux of
muons across the entire graphene target falls below 107! s~1 [51].
With a finite readout time of the FET planes, this rate would in-
troduce less than 1% of dead-time depending to a lesser extent on
the size of the fiducialized volume used in the veto.

4.4. Single-electron backgrounds

Any incident particle with sufficient energy to eject a valence
electron can in principle pose a background. One of the primary
backgrounds for such an experiment comes from environmental
radioactivity, which can be mitigated by shielding, cryopumping,
and the use of materials of high radiopurity with specialized fab-
rication techniques [47,52]. In particular, the substrate can be a
source of radioactive backgrounds, but this can be minimized by
using an atomically thin substrate with atomic-layer depositions of
aluminum oxide, or a thicker substrate with fewer radioisotopes.
Many of the standard techniques used to control such backgrounds
in current direct detection experiments will be efficient here as
well, because the experimental design acts as an effective three-
dimensional volume. For example, highly energetic products from
radioactive decays may traverse multiple graphene layers, knocking
out several electrons. This would be recorded as a multiple-scatter
event, which can be vetoed. A background event ejecting only a
single secondary electron in the outermost layers of the target vol-
ume would be more difficult to distinguish from signal. However,
fiducialization of the volume can aid in reducing such contribu-
tions.

We expect the main irreducible background to be 4C decay in
the graphene. The landmark work on isotope enrichment used in
1991 for the Borexino experiment to assess the content of 4C in
methane in natural gas achieved levels of < 1.6 x 10718, relative
to 12C [53]. Accelerator mass spectroscopy during the fabrication
process may be able to reduce the '#C fraction from the 10~18
achieved by Borexino to 10~2! [54]. Graphene grown with cold
plasma techniques developed at the Princeton Plasma Physics Lab-
oratory with < 1072! levels of #C will leave ~ 10* atoms of 14C
in the 0.5 kg of graphene, with a half-life of 5700 years. This trans-
lates into roughly 1-2 events per year assuming no veto, which is
already at a negligible level. However, further reduction is expected
with veto power, which may be necessary should the required ra-
diopurity be difficult to achieve.

To understand the expected veto efficiency, we have completed
a GEANT4 [55,56] simulation of the interaction of the #C beta
with a 0.34 nm thick graphene sheet. We find that outgoing be-
tas emitted at angles above ~ 10° from the plane of the graphene
deposit less than 2-10 eV independent of the beta energy, which
could result in a secondary electron with kinetic energy below
5 eV being emitted. We estimate the veto efficiency as a func-
tion of the #C beta energy to be highly efficient above 1 keV,
and therefore, the background is suppressed by ~ 102 from the
veto, which further reduces the contribution from #C. This could
also be combined with a cut on the electron energy to veto these
low-energy secondaries. However, betas emitted nearly coplanar
with the sheets may deposit significant amounts of energy, and
will likely pose an irreducible background, highlighting the need
to achieve radiopurity of 10721,

The general arguments presented here are meant to demon-
strate the feasibility of our experimental proposal. A more detailed
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design is currently under development, along with a careful con-
sideration of single-electron backgrounds.

5. Conclusions

This Letter presents a proposal for directional DM detection
with 2D targets. If sufficient energy is deposited by the DM scat-
tering, the electron can be ejected from the target and detected on
another graphene sheet or in a calorimeter. The electron retains
information about its recoil direction, which is in turn correlated
with the incoming DM direction. For a graphene target, this setup,
which can be implemented by PTOLEMY, can probe DM down to
MeV masses. The reach is comparable to that for semiconductor
targets, with the added benefit of directionality. Further improve-
ment can be made by lowering the graphene work function. Other
2D materials, such as monolayer gold [57], could be similarly pow-
erful.

Advantageously, the same experiment can also be used to de-
tect nuclear recoils, similar to proposals that have been made for
the ejection of carbon ions from nanotubes [58,59]. Only ~20 eV
of energy is needed to eject a carbon atom from the graphene
sheet (and slightly more to eject an ion) [60]. The ion can either
be detected calorimetrically or by monitoring the conductivity of
the graphene (see e.g., [43,44]). This would enable the same ex-
perimental setup to probe nuclear scattering down to ~GeV DM
masses.

Lastly, 2D materials with a small band gap, such as graphene,
may be sensitive to DM as light as the warm DM limit of ~keV
masses. While small energy gaps and large target electron veloc-
ities have already been shown to allow superconductors to probe
keV DM [28,29], this target also exhibits a large optical response.
Superconductors are thus limited in their sensitivity to scattering
processes mediated by dark photons [29]. As a result, a material
like graphene, with a weaker optical response, can be highly com-
plementary to a superconducting target. We leave a detailed study
of 2D targets for detection of keV-MeV DM for future work.
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