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Sub-MeV dark matter detection with bilayer graphene
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The light dark matter mass regime has emerged as the next frontier in the direct detection experiment due
to the lack of any detection signal in the higher mass range. In this paper, we propose a new detector
material, a bilayer stack of graphene to detect sub-MeV dark matter. Its voltage-tunable low energy sub-eV
electronic band gap makes it an excellent choice for the detector material of a light dark matter search
experiment. We compute its dielectric function using the random phase approximation and estimate the
projected sensitivity for sub-MeV dark matter-electron scattering and sub-eV dark matter absorption.
We show that a bilayer graphene dark matter detector can have competitive sensitivity as other candidate
target materials, like a superconductor, but with a tunable threshold energy in this mass regime. The
dark matter scattering rate in bilayer graphene is also characterized by a daily modulation from the
rotation of the Earth which may help us mitigate the backgrounds in a future experiment. We also
outline a detector design concept and provide noise estimates that can be followed to set up an

experiment in the future.
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I. INTRODUCTION

The search for sub-MeV particle dark matter (DM) has
become the next frontier in the direct detection experi-
ments. Most of the direct detection experiments in the last
few decades have been concentrated in the heavier DM
regime above a GeV, but have failed to yield any conclusive
signal yet. On the other hand, the lack of experiments in the
lighter mass regime have left a vast parameter space
unexplored to date. However, particle DM with sub-
MeV mass can be produced with the observed relic
abundance in several theoretical scenarios, such
as strongly interacting DM [1], freeze-in or freeze-out
DM [2-6], and other nonstandard DM scenarios [7]. The
direct detection experiments looking for heavier DM use
nuclear and electronic recoils or excitations in the detector
from DM scattering, and have a larger energy threshold
typically above O(10) eV. However, DM being nonrelativ-
istic with a typical velocity of 240 kms~! in the Milky Way
halo, its kinetic energy is about 6 orders of magnitude smaller
than its mass. As a result, those experiments lose sensitivity
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for lighter sub-MeV DM scattering as the energy transfer
<O(few) eV falls short of their threshold.

Therefore new ideas are needed for a light DM search. In
the past few years, several target materials and experimental
techniques have been suggested for a light DM search using
electronic excitations of lower energy some of which have
already been realized in experiments. A few examples are
athermal phonon sensors made of semiconductors [8—13],
single charge detectors [14-16], quantum defects in
diamond and silicon carbide [17,18], superfluid helium
[19-21], magnetic microcalorimeters [22], superconduct-
ing devices [23-29], Migdal effect in semiconductor [30],
doped semiconductor [31], three-dimensional Dirac
materials [32-34], quantum dots [35], etc. We encourage
the reader to refer to Ref. [36] for a detailed compilation
of such ideas. While these studies have broadened the
future outlook of the light DM search, each detection
technology comes with its unique signal readout and
background challenges that need to be overcome. Also,
some of the experiments have been seeing a background
signal in the lower energy channels below a few 100 eV
that is limiting the progress toward achieving a lower
energy threshold [37]. Hence, it is important to explore
various novel materials to optimize the future sensitivity
in an experiment.

Apart from the halo DM, low threshold devices are also
needed to probe the Earth-bound thermalized DM pop-
ulation near the surface of the Earth. Such a population of
DM is predicted in a class of models where DM interacts
relatively strongly with the ordinary matter [38—43].

Published by the American Physical Society


https://orcid.org/0000-0002-7880-9454
https://orcid.org/0000-0002-0687-891X
https://ror.org/04h9pn542
https://ror.org/04h9pn542
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.043020&domain=pdf&date_stamp=2024-08-12
https://doi.org/10.1103/PhysRevD.110.043020
https://doi.org/10.1103/PhysRevD.110.043020
https://doi.org/10.1103/PhysRevD.110.043020
https://doi.org/10.1103/PhysRevD.110.043020
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ANIRBAN DAS, JIHO JANG, and HONGKI MIN

PHYS. REV. D 110, 043020 (2024)

In such a scenario, a fraction of the DM coming from the
Milky Way halo will scatter multiple times in the Earth’s
crust, lose energy, and get gravitationally captured. These
DM particles will thermalize with the local temperature
which is about 300 K near the Earth’s surface. This
translates to about 26 meV for the typical kinetic energy of
a DM particle. Therefore, detecting this thermalized DM
population asks for either detectors with an energy
threshold below <100 meV, or ways to boost them to
higher energy, or annihilation into Standard Model par-
ticles [27,44-49].

In this paper, we explore the possibility of using bilayer
graphene (BLG) as the target material to detect light DM.
Graphene is a two-dimensional one-atom thick hexagonal
lattice of carbon atoms with unique electronic properties
[50]. In monolayer graphene, the electrons have a linear
dispersion relation in the low energy regime. The valence
and conduction bands of an intrinsic monolayer graphene
touch each other at a single point in the Brillouin zone,
giving rise to its semimetallic properties with a pointlike
Fermi surface. Previously, monolayer graphene has been
suggested as a detector material for sub-GeV mass DM
search [51-55]. The two-dimensional nature of mono-
layer graphene was used in some of these studies to
achieve directional sensitivity of the DM scattering in the
detector which may be helpful in isolating the DM signal
from the background in a future experiment. Most of
them depend on the removal of an electron from the
graphene sheet, and a minimum energy of at least a few
eV is needed for a z-band electron ejection. However,
detecting sub-MeV DM requires a sub-eV energy thresh-
old target making monolayer graphene unsuitable for this
purpose. Moreover, the electronic bands in a monolayer
graphene do not have any energy gap which can be set as
a threshold. Having an energy gap E, is crucial to
suppress the thermal fluctuation noise in an experiment
which can be done by cooling down the setup below the
energy gap (kgT < E,). Therefore, achieving a sub-eV
threshold for sub-MeV DM requires us to venture beyond
monolayer graphene.

Bernal stacked (AB stacked) BLG consists of two
coupled monolayer graphene sheets, where half of the
carbon atoms in the first layer are positioned directly
above the hexagonal center of the second layer, while the
remaining carbon atoms align directly above the carbon
atoms in the second layer. The interlayer coupling
between the electrons from the two layers gives BLG
distinct electronic properties that are absent in monolayer
graphene [56—-58]. Most importantly, a tunable energy gap
can be opened up to ~300 meV between the valence and
conduction bands by externally applying a gate voltage
across the BLG surface [50,59-62]. Then electronic
excitation between the bands is possible for DM scattering
with sufficient energy deposition. We compute the dielec-
tric function of BLG from the model Hamiltonian in the

low-energy continuum limit, and use it to compute the
DM scattering and absorption rates for two example
values of sub-eV energy gap: 50 and 100 meV [63-65].
The excited electrons can be detected using an external
circuit. We show that BLG can have good sensitivity for a
DM-electron scattering cross section and for a dark
photon DM mixing parameter, even with a relatively
small exposure. Moreover, the intrinsic 2D nature of
BLG makes it a suitable material to measure the daily
modulation of the DM signal expected due to Earth’s
rotation about its axis. This modulation can also poten-
tially help us reject the background sources that do not
share the same time variation. Finally, we provide a future
detector design, and discuss possible sources of back-
ground noise.

This paper is organized as follows. In Sec. II, we give an
introduction to the electronic properties of BLG and the
effects of applying a gate voltage. Then in Sec. III, we
compute its dielectric function in the isotropic limit and
compute the sensitivity of a BLG detector for a DM-
electron scattering cross section and vector DM absorption.
We show sensitivity projections and discuss the results in
Sec. IV. Finally, we describe a possible detector design and
discuss background noise in Sec. V, and conclude in
Sec. VI. We use the natural units 7 = ¢ = ¢y = 1 through-
out this paper.

II. ELECTRONIC PROPERTIES OF BILAYER
GRAPHENE

BLG is a two-dimensional material consisting of two
stacked layers of graphene, each being a single layer of
carbon atoms arranged in a hexagonal lattice. BLG can be
stacked in various ways, including AA stacked graphene
[66,67], twisted BLG [68-71], and so on. Among these, we
investigate a prominent type known as Bernal stacked (AB
stacked) BLG [57,72] for a dark matter detector. From now
on, unless otherwise specified, referring to BLG will mean
Bernal stacked (AB stacked) bilayer graphene. Figure 1
shows the structure of monolayer and bilayer graphene in
both real space and reciprocal lattice space. In both cases,
the lattice structure is described by the primitive lattice

vectors
_ (1 V3 _ (1 V3 (1)
al =da 29 2 ) a2 =da 2’ 2 )

where a = 2.46 A is the lattice constant. The distance
between adjacent carbon atoms is acc = a/v/3 = 1.42 A.
Each layer of monolayer graphene has two inequivalent
sublattices, labeled by A (red) and B (blue) in Fig. 1.
Therefore, in the case of bilayer graphene, there are four
sublattices in the unit cell. The corresponding reciprocal
lattice vectors b and b, satisfy the conditiona; - b; = 275;;
and are given as
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FIG. 1.

Left: crystal structure of bilayer graphene. The unit cell is highlighted in gray and contains four sublattices: A1, B1, A2, and

B2. The numbers 1 and 2 represent the layer indices for the top (empty circles) and bottom (filled circles) layers, respectively. Center: a
schematic illustration of the stacking sequence for bilayer graphene with the hoppings represented by y, and y,. The B sites of the top
layer (B1) are aligned with the A sites of the bottom layer (A2). Right: the reciprocal lattice with the reciprocal lattice vectors, and high-

symmetry points I', K, K’, and M are indicated with black dots.

E(d) n-E()

The low-energy band structure of the monolayer gra-
phene is characterized by a two-dimensional massless
Dirac equation with linear dispersion at two inequivalent
hexagonal corners (often referred to as the valley) in the
Brillouin zone, namely the K and K’ points. For a
quantitative understanding of the low-energy band structure
of bilayer graphene, we introduce the continuum model
Hamiltonian that describes the low-energy band structure
near the valley (K or K’) with the basis of four atomic sites
in the unit cell (Al, B1, A2, B2):

where 7 = £k, + ik, is the momentum measured from the
K (£ = 1) or K’ (£ = —1) points, and v = v/3ay,/2 (73 x
1073 for large k within the continuum model) is the
effective velocity, and y, and y; are the intralayer and
interlayer coupling between the nearest neighbors, respec-
tively, as described in Fig. 1. The diagonal terms €,,, €g;,
€an, €po are the on site energies of the four atomic sites in
the unit cell. Bilayer graphene consists of two stacked
monolayer graphene. Thus, at the K and K’ points, there
exist two copies of the Dirac Hamiltonian, originating from
the top and bottom monolayer graphene sheets, which
correspond to the upper-left and lower-right 2 x 2 blocks of
H in Eq. (3). Owing to the interlayer coupling y, these two
Dirac Hamiltonians are coupled. This results in a pair of
bands with quadratic dispersion at the Fermi energy
and another pair of bands that is split away of the order
of y; from the Fermi energy, as shown in Fig. 2. For the

hopping parameters, we used the values y, = 3.16 eV and
71 = 0.381 eV [57]. More distant hoppings have a minor
effect on the electronic structure, and thus exert only a
minor influence on the physics of interest in this study.
Hence, we only consider the two dominant hoppings, for
simplicity. As k moves away from the K (K’) point
(kZ 100 eV), the impact of y; on the band structure
diminishes. The bands start to show a linear dispersion
with a band velocity v, similar to the monolayer case. We
emphasize that the eigenenergies of the continuum model
Hamiltonian in Eq. (3) are isotropic with respect to the
direction of the momentum k. It is also important to note
that the continuum model is valid roughly within the
region where k < 1 keV. Beyond this limit, the system
becomes anisotropic, and a tight-binding model, which is
valid across the entire Brillouin zone, is required to
describe the accurate behavior of the band structure,
rather than a continuum model [73,74].

Intrinsic bilayer graphene does not have an energy gap
like monolayer graphene. However, an external potential
applied to bilayer graphene induces a gap [50,59,60].
Experimental studies have shown that, through doping or
electric gating, a gap of up to approximately 300 meV can
be achieved [61,62]. This effect can be directly modeled
from the Hamiltonian in Eq. (3). In the presence of an
external electric field perpendicular to the graphene
(Eoxllz), the same potential is applied within a single
layer, but the two layers experience different potentials.
Denoting the potential difference between the two layers
as U, the on site energies become €5, = eg; = U/2 and
exy = €y = —U/2. The band structures of BLG without
and with an external potential are depicted in Fig. 2.
The electric field opens a gap in the low-energy band
structure of bilayer graphene, creating a band with a
Mexican hat structure, where the band gap is given by

E, = |Uly\/+/7r% + U?. For small values of U, the differ-
ence between U and E, is small. For example, E, =
49.6 meV when U = 50 meV, and Eg = 96.7 meV when
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U =0 meV
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U = 100 meV
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FIG. 2. Band structure of bilayer graphene near the K or K’ points: without any external electric field (left) and with an external electric

field (right) inducing on site energy differences of U =

100 meV. The dashed line represents the Fermi energy. The band structure near

the Fermi energy is magnified on the right. Here, |U| indicates the energy difference between the two bands labeled by c1 and v1 at the K

or K’ point, and E, represents the band gap.

U = 100 meV. Thus, we will not distinguish between the
values of U and E, in the rest of the paper and often use
both interchangeably.

III. DARK MATTER-ELECTRON SCATTERING IN
BILAYER GRAPHENE

In this section, we describe the methods to calculate the
DM scattering and absorption rates using the energy loss
function of BLG.

A. Kinematics of dark matter

In any detector, the DM scattering rate per unit target
mass can be written as [75,76]

1 p)(/ / d%q no(q
Prm

Here, pr is the detector material density, p,, is the local DM
density that we take to be 0.4 GeV cm™ [77], m,, is the DM
mass, o(q) is the DM-electron scattering cross section, and
Hye is the DM-electron reduced mass. The dynamic
structure factor S(g, ) characterizes the response of the
detector material for a momentum ¢ and energy deposi-
tion .

The scattering cross section can be split into a constant
factor 6,, and a mediator form factor F.q(g) which is
momentum dependent, such that o(q) = 0,,Fnea(q)?,
where

_%(%%)2
Ope = 2 2 ]
V3 q0+m¢

Here, qo = am, is a reference momentum, my is the
mediator mass, and g,, g, are the couplings of the mediator

,o,1)S8(q, w). (4)

2 2
QO+mi
Fmed(q) =3 g . (5)
q- +my

with electron and DM, respectively. As mentioned in
Sec. II, we will compute the BLG response function
assuming the isotropic approximation which is not valid
for large ¢ and w. Hence in this paper, we will always
assume a massless mediator, i.e., g > my.

The function g(q, w, t) is the only time-varying quantity
in Eq. (4) and contains the directional information of the
scattering rate. It is obtained by integrating the DM velocity
distribution, which is assumed to be Maxwellian with a
mean velocity vy = 230 kms™! and cutoff at the local
Galactic escape velocity v... A minimum velocity v_ is
taken for a certain ¢ and w [75,76],

271'21}% |: ( v_(q, t)2> ( Ugsc):|
= exp(——>— | —exp|——F5 ]|,
qNy Vg Un

. w q A
_(q.1) = eser— +—— 4§ - v (1) P 6
vl =minfo 2o srgoos). @

9(q. o, 1)

Here N, is the normalization constant of the truncated
Maxwell distribution

20 v2
_ 3 2 3 UeSC esc esc
Ny =7/ vo[erf( Uo) —”l/zvoexp <— U(z) )], (7)

and vy, (1) is the time-dependent velocity of the laboratory
on the Earth in the Galactic frame,

sin @, sin ¢
sin@, cosO,(cosgp — 1) |, (8)

cos’0, + sin’6, cos ¢

v (1) = |vg|

with ¢ = 27z x (1/24 h), 0, = 42°, and |vg| = 240 kms™!.
All directional information of the DM flux is included
inv_(q,1).
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The dynamic structure factor S(g, @) can be computed in
terms of the dielectric function &(q,®) using the fluc-
tuation-dissipation theorem as long as the DM-electron
interaction is weak [63—65]. We describe this method in the
next section.

B. Calculation of the dynamic structure factor

Equation (4) above needs to be modified appropriately
as we are going to use BLG in this study, which is a 2D
material. The dynamic structure factor encodes the
information of the correlation of the density fluctuations
in a system at a momentum ¢ and energy . It can be
expressed using the electron density operator as the
Fourier transform of the density-density correlation
function [78,79], i.e.,

Stg.0) =, [ dieilq.0i(-0.0). O

Here, 7i(q, t) is the electron density operator at a momen-
tum ¢ and time ¢:

ii(g.1) = / BreaTi(r, 1), (10)

where 7i(r, t) is the electron density operator in real space.
For 2D materials like BLG, the electron density is
confined to the 2D space (near r, = 0). We can assume
that 7i(r, ) can be separated into the material’s in-plane
(ry, ry) and out-of-plane (r,) components. Then the
electron density operator can be written as

Al = () [F0G02 I

Here, we make the assumption that the electron
density remains constant between the two layers of
BLG, defined within the range —d/2 < r, < d/2, where
d = 3.35 A represents the interlayer distance. The spatial
coordinates in the in-plane direction are denoted as
ry = (ry,ry), and O(x) represents the Heaviside step
function.

Note that we have assumed a step functionlike profile
for the real-space electron density, as such an assumption
does not significantly impact the results. Given that the
DM mass is on the sub-MeV regime, the order of
magnitude for ¢ is roughly in the sub-keV range, implying
qd < 1. This implies that the length scale of the interlayer
separation in bilayer graphene is much smaller than the
inverse of the typical momentum transfer ~1/¢, rendering
the detailed structure of the real-space density profile less
crucial for our considerations. Plugging Eq. (11) into
Eq. (10), we get

Alg.1) = / & re=a(r, 1)

— [ / d2r||e_iq""2D(r’t)]

X {/ drze_"%’12®(d/2— |rz|)]

= fap(q)» 1) <M>

.42 (12)

Using this, we can rewrite Eq. (9) in terms of the electron
density operator in 2D as

S(q. w) = ‘1// dte’ (i(q, t)i(—q,0))
= é (1}‘/dteia)t(nzD(q”,t)nZD(—ql,()»)

» (sin qzd/Z) 2
q-d/2

1 sing.d/2\?
—dszD(‘I’@( 4.d)2 )

where V = Ad is the 3D volume, with A being the 2D
volume or surface area. Here, SZD(qH,w) denotes the
dynamic structure factor of the 2D material, and the
following square of the sinc function contains the varia-
tion in the g, direction. Combining the aforementioned
information, the detector component # S(q, w) in the DM-

(13)

electron scattering rate in Eq. (4) transforms as

1 1 sing,d/2\?
—S(q, —S , —2 14
©-S(ava) = - Swlao) (ET2) (4

where 67 = 1.53 x 1077 g/cm? is the surface density of
BLG. From here on, unless otherwise specified, the
dynamic structure factor will refer to S,p. Specifically,
the dynamic structure factor can be written as the
imaginary (dissipative) part of the 2D density-density
response function y,p (g, @) derived from the fluctuation-
dissipation theorem [78,79]:

(15)

2
ﬁlmb(zD(‘IHaw)]’
—e

S (g @) = 1

where ff = 1/(kgT). The 2D density-density response
function in the frequency-momentum space is the
Fourier transform of the 2D retarded density correlation
function given by

Xop(q), @) = —é/dt@(f)eiw%[ﬁm@n’f)ﬁzn(—q,0)]>.

(16)
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Note that the expectation value (- - -) refers to the thermal
average over many-body states, taking into account the
Coulomb interaction between the electrons. It is often
practical to introduce the dielectric function of the
detector. The dielectric function, in the frequency-
momentum space, is defined as the ratio of the screened
potential to the bare potential in a material. The 2D
version of the dielectric function is given by

1
e(q), )

=1+ vc(q))xp(q). @) (17)

_ eZ . . .
where vc(q) = 5 is the 2D Coulomb interaction. Here,
g, is the dielectric constant of the medium which we
assume to be a vacuum. At zero temperature, the dynamic

structure factor in Eq. (15) becomes

Sop(q), @) = =20 (w)Imy,p (g, @) = )W(‘IHW),

Wig,o) =tm |- L. (18)

e(q), )

This implies a direct connection between the dynamic
structure factor and the imaginary part of the inverse
dielectric function, termed the energy loss function (ELF)
W(q,®). The ELF represents electronic energy loss in
materials and is thus related to an experimentally meas-
urable quantity. The information about the response to a
small density perturbation is contained in the dielectric
function.

To calculate the ELF, we can use the random phase
approximation (RPA) to compute the expectation value in
Eq. (16). Diagrammatically, the RPA corresponds to an
infinite series of the noninteracting polarization function
connected by the Coulomb interaction lines, neglecting
other higher-order terms [78-81]:

O o
)(2D(‘I||»w) :%,
(g @) =1- UC<qH>)(g(I)))(q||vw)7 (19)

where the response function in Eq. (16) and the dielectric
function in Eq. (17) are expressed in terms of the non-

interacting polarization function ;(g]))) (g, w) using the RPA.
This approach is known to be valid in the weak coupling
(typically high density) limit or in the large fermion flavor

limit. 7\%)(g. ) is given by [78]

2 —
(0) o d“k fk.n fk+qH.m
XZD(q”’w) - g;/ (27[)20) + gk,n _ 8k+qH’m + l']
X |<k,n\k+qH,rn>|2, (20)

where g, and fy,, = 1/[1 + e/®+7#)] are the eigenenergy
and the Fermi-Dirac distribution for the wave vector k and
band index n, respectively, g = 4 is the spin-valley degen-
eracy factor for graphene, and y is the chemical potential, 7
is a phenomenological broadening parameter proportional
to the inverse lifetime (or decay width) of quasiparticles
which takes # — 0 for the clean limit. For numerical
calculations, we set 7 = 1 meV, which is the typical order
of magnitude for BLG [82-84]. We note that variations in 7
have a negligible impact on the overall results.

In this work, we will also consider DM absorption in
BLG. To this end, we will show the results for a dark
photon model where the DM mixes with the Standard
Model (SM) photon through a small mixing parameter ,

LD KkF, F*, (21)

where F* and F'* are the field strengths of the SM photon
and the dark photon, respectively. Because of the mixing
between the dark photon DM and the Standard Model
photon, the DM absorption rate is again related to the ELF
of the material rescaled by the mixing parameter x as
follows [85]:

Ryps = sz;( —I

e

with @ =m, and g =m,v. Because ¢ <w for DM
absorption, it is more convenient to calculate the dielectric
function in 2D using the following expression [81,86]:

L9 s(w). (23)

0,w) =1
elg—0.0)=1+5-7

Here ¢, denotes the dielectric constant of the medium
which we assume to be vacuum, and the optical conduc-
tivity o(w) of BLG is calculated using the Kubo formula
[80]. We will show the projection of constraint on the
mixing parameter .

IV. RESULTS

We now have all the tools needed to calculate the ELF of
BLG, and the DM scattering and absorption rates. In this
section, we will show and explain our main results.

A. Dielectric properties of bilayer graphene

The ELF of BLG in the presence of a potential,
calculated through Egs. (18)—(20), is shown as a color
plot in the g-® plane in Fig. 3. Since the low-energy band
structure described by the continuum model Hamiltonian in
Eq. (3) is isotropic, the ELF depends only on the magnitude
of ¢ and not its direction.

The magnitude of the ELF is related to the electronic
energy loss at the momentum transfer ¢ and energy
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The color plot of the ELF for BLG with U = 50 meV (left) and 100 meV (right), represented in the g-@ plane. The black

dashed line indicates the boundary of the electron-hole continuum, with the more intensely colored region above signifying the
continuum itself. The kinematically allowed boundaries for DM with mass m,, = 20, 100, and 1000 keV are depicted by the red solid
lines. The inset in the right panel figure shows the different electronic transitions that give rise to the features of the ELF. See Sec. IVA

for more details.

transfer . Especially when there is a gap and the
Fermi energy lies within it, the origin of the ELF is the
interband transitions of electrons. This represents cases
where momentum transfer by ¢ and energy transfer by
are possible from an occupied band to an empty band, and
this region is referred to as the electron-hole continuum
[78]. For example, in the region where w < E,, the ELF is
close to zero, which means the absence of available
states for excitation below the gap. The boundary of
the electron-hole continuum is indicated by a dashed line
in Fig. 3. Additionally, for g = 100 keV, the boundary
of the electron-hole continuum in g-w plane shows
a linear dispersion with the velocity v in Eq. (3). We
note that since the Fermi energy lies within the gap,
implying no states exist at that energy, contributions from
intraband transitions or plasmons to the ELF are absent in
this case.

The red curves indicate the kinematic phase space of DM
of mass m,. Here, the mean DM velocity is assumed to be
vy = 230 kms~!. In the phase space where there is an
overlap between this kinematically allowed region and the
dark areas of the BLG’s ELF, DM-electron scattering
occurs. If there is no overlap, the scattering rate vanishes.
For example, in the case where m, = 20 keV, the Kine-
matically allowed region exists outside the electron-hole
continuum, leading to no DM-electron scattering. This
means that the U applied to the BLG determines the
minimum detectable mass threshold for DM. The con-
tinuum model we employed is valid for ranges approx-
imately ¢ <1 keV and w <2 eV. For DM with a mass
m, =1 MeV, the kinematically allowed boundary
extends into regions with ¢ > 1 keV. However, the region
contributing to the DM-electron scattering rate, that is, the
area overlapping with the electron-hole continuum, is

approximately ¢ < 0.6 keV. Therefore, the description
using the continuum model Hamiltonian remains valid.
Consequently, our results are relevant for DM mass range
up to approximately m, <1 MeV.

For larger values of m,, a tight-binding model that is
valid across the entire Brillouin zone is required, rather
than a continuum model. Then the band structure no
longer remains isotropic in the momentum space, leading
to the loss function developing a directional dependence
on ¢g. Additionally, when the magnitude of the g exceeds
the size of the Brillouin zone, considerations like the local
field effects [78,87] become necessary in the determina-
tion of the dielectric function. On the low mass end, we are
limited by the finite value of U. Energy deposition below
U is not possible which will help reduce low energy
thermal fluctuations.

Having discussed the properties of the ELF of bilayer
graphene, we now compute the DM scattering rate follow-
ing Eq. (4). We show the scattering rate as a function of
energy in Fig. 4 for m, = 100, 200, and 300 keV for two

values of U =50,100 meV and the cross section
6, = 107% cm®. These thresholds are marked with a

vertical gray line. As mentioned before, we will only show
results for the massless mediator case. From Fig. 4, we can
see that the rates are maximum near the thresholds and
decreases toward higher energies. This maximum rate
comes from the electronic transitions from the valence to
the conduction bands »; — ¢; as shown in the inset in the
right panel of Fig. 3 (green arrows). Moreover, the overall
rate increases for heavier DM. This is understandable from
the overlap between the DM kinematic phase space and the
ELF of BLG in the g-w plane in Fig. 3. For low mass DM,
the overlap region is small and limited toward the low
energy corner of the plane; hence the scattering rate is
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FIG. 4. Energy spectrum of DM scattering rate in bilayer graphene with two band gaps U = 50 meV (left) and 100 meV (right) for
m, = 100 (violet), 200 (pink), and 300 keV (sky blue). A massless mediator and o, = 10738 cm? are assumed in all cases. The energy
thresholds are marked with a vertical gray line. The gray-shaded below-threshold regions are not taken into account in our results.

maximum around E,. For heavier mass, the overlap region
is extended to higher energies and has support from the
additional v; - ¢, and v, — ¢; electronic transitions
marked with the orange arrows in the inset of Fig. 3.
This broadens the spectrum toward higher energy for
heavier mass DM as can be seen in Fig. 4. Finally, we
note that the rates are higher for the case £, = 50 meV
because the ELF in this case peaks at a relatively lower
energy (v; — ¢ transition) yielding a greater overlap with
the DM kinematic phase space. This is also evident from
Fig. 3, indicating that the sensitivity could further improve
for smaller E,. However, a smaller value of £, will also be
subject to the technical challenge of maintaining the same
gate voltage over a large volume of the target. The optimal
value of E, will thus depend on the details of the
experimental design.

Before ending this section, we want to comment on the
additional below-threshold peaks that appear in the gray-
shaded region in Fig. 4. These are due to the small but
nonzero value of the ELF in the w < E, energy regime
which, in turn, is a result of our assumption of a nonzero
decay width 7 of the excited electron-hole pairs in Eq. (20).
This small value of the ELF, combined with the diverging
nature of the form factor F,.q(q) o 1/¢* at small g, gives
rise to these additional peaks. However, we note that if #
were zero, the ELF would completely vanish below
w < E,, resulting in a zero value of dR/dw in this energy
range. In our calculation, we do not include the energy
range below w < E, = Ey,, and assume the thresholds to be
the same as the band gap in each case.

B. Projected sensitivity and daily modulation

In this section, we will explore the future projections
with bilayer graphene as the detector to search for DM. We
envisage an experimental setup similar to the ones devel-
oped for photon detectors with monolayer and bilayer
graphene [88-93]. In Sec. V, we will outline a detector

design. To estimate the future sensitivity in this section, we
assume an exposure of 10 mg-yr.

We show the projected sensitivity for DM-electron
scattering in the left panel for the case of a massless
mediator, and DM absorption in the right panel of Fig. 5.
As mentioned before, we show the results for two values of
U =50 meV (orange) and 100 meV (teal) assuming a
cutoff of three events for an exposure of 10 mg-yr for both
cases with no background. We lose sensitivity below m,, ~
20 and 35 keV, respectively, for the two band gaps which
can be understood from their respective energy thresholds.
For comparison, we also show the projection for super-
conducting aluminum as a gray, dotted line [94]. The left
panel of Fig. 5 shows that BLG performs better than
superconducting aluminum for DM scattering in the
10 keV-MeV mass range for the same amount of exposure.
With the assumed three events per 10 mg-yr exposure
limit, BLG sensitivity can reach o, ~ 107 cm* for
m, =~ 60 keV, and hence, the band of the benchmark
freeze-in model marked in blue in Fig. 5. We limit our
calculation to below m, = 1 MeV because of the use of
the continuum limit, and also because electron ionization
may become important for DM masses above 1 MeV.

In the case of DM absorption, we show our sensitivity
projections on the mixing parameter x of dark photon DM
in the mass range 0.01 <m, <1V as the whole DM
mass energy is absorbed (w = m,). It is computed using
Eq. (22) and the same limit: three events per 10 mg-yr
exposure with no background. We see that the sensitivity
can reach x ~ 1072 as shown in the right panel of Fig. 5.
The dips in the DM absorption sensitivity curve are coming
from the opening up of electronic transitions between
different bands, such as v; — ¢;, vy = ¢y, Oor v, — ¢y,
in the ELF as was discussed in Sec. IV A. The gray-shaded
regions are excluded by existing laboratory and astrophysi-
cal constraints [10,14,95-99]. We computed the sensitivity
of BLG for pseudoscalar DM absorption too which is also
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Projected sensitivities on DM-electron scattering cross section o, (left) and DM mixing parameter k for absorption (right) in

bilayer graphene with two energy thresholds Ey;, = 50 and 100 meV assuming three events in 10 mg-yr exposure with no background.
We use a scattering rate averaged over a 24 hour period. The blue band marked with ‘Freeze-in’ in the left panel is the region of
theoretical interest. For comparison, we also show the projection for superconducting aluminum as a gray, dotted line [94]. Bilayer
graphene is superior to superconducting aluminum for DM scattering in the 20 keV-MeV mass range. The dips appearing for the DM
absorption sensitivity curve in the right panel are due to the opening up of different band transitions of electrons. The gray-shaded
regions are excluded by other laboratory and astrophysical constraints [10,14,95-102].

related to the conductivity [85]. However, we do not show it
here as it does not reach a coupling strength that is not
already constrained by other astrophysical observations.
Another important feature of the BLG detector is the
daily modulation of the DM scattering rate. This arises
from the change in the direction of the incoming DM wind
due to the rotation of the Earth about its axis. The two-
dimensional nature of BLG facilitates the daily modulation
even more as it makes the detector response S(q,®)
inherently anisotropic. The time modulation information
in the scattering rate is included in the g(q, w, t) factor in
Eq. (4). In Fig. 6, we show the daily modulation of the

25F T T T T T T T T L
\ Daily Modulation 25 keV |
40 keV
2.0 60 keV |
B 80 keV
T 15f 100 keV'
~ ! -
N
T 1.0 e\ s i — -
0.5F -
= E;=50meV -
0.0 L 1 L 1 L 1 L 1 L
0 5 10 15 20

t [hr]

scattering rate normalized by the average, R(¢)/(R) over a
24 hr period for a few DM masses in BLG with
E, = 50,100 meV. The rate varies by more than double
for m, < 30 keV and by a smaller amount for heavier mass
in the 50 meV case. The amount of modulation is more for
a lighter DM mass. This is understandable as the typical
energy transfer is closer to the threshold for lighter DM and
a small change in the relative velocity of DM can affect the
scattering rate significantly. Such daily modulation of the
DM scattering rate can be leveraged to isolate the DM
signal in a future experiment from various background
scattering events from cosmic rays, radioactivity, or any

25F ! I T T T T T T —
R Daily Modulation 60 keV |
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Nad
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FIG. 6. Daily modulation of the scattering rate in bilayer graphene for a few DM masses with £, = 50 (left) and 100 meV (right). The
modulation is more pronounced for lighter DM as the typical energy transfer is closer to the threshold, and it is milder for lower
threshold 50 meV compared to 100 meV for a fixed DM mass due to the same reason.
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internal systematic noise that does not share such time
variation. The difference in the phase of the modulation
between the left and right panels of Fig. 6 is due to the
different DM phase space-BLG response function overlap
regions in the g-@ plane. We note that on top of the daily
modulation, there is also an annual modulation expected
from the rotation of the Earth around the sun resulting in
slightly different relative velocities of the DM wind
throughout the year. We do not calculate it in this work.

In passing, we want to point out that the DM in the
Milky Way halo may have a kinematic substructure in the
solar neighborhood with a different density and velocity
distribution. In such a case, the sensitivity projections and
the daily modulation may get affected because of the
substructure [103-105].

V. EXPERIMENTAL DESIGN

In this section, we will provide a design proposal of a
conceptual detector using BLG, and briefly discuss the
possible sources of background.

A. Detector configuration

We envisage a modular way of building a detector with
BLG as the target material. A plausible way is to prepare
sheets of BLG on a semiconductor substrate and connect
with metallic electrodes to form a single module. Then
multiples of such modules can be assembled to scale up the
target mass and achieve a large exposure. A schematic
design of such a module is shown in the left panel of Fig. 7.
The BLG will be placed between substrates, such as SiO,,
and connected to two metallic electrodes at the opposite
ends. The gating voltage V5 and V5 can be applied at the
top and bottom of the substrate as shown in Fig. 7 with a
metal layer covering the whole substrate to make sure of a
uniform electric field throughout the BLG sheet.

We can realistically assume each BLG sheet will have a
500 pm x 500 pm surface area. Note that this is still a
conservative choice given that a ~cm size single crystal
BLG growth technique is already available [106,107].
A target mass of 10 mg will require in total about a

Vra
Top gate — '_
Top gate dielectric V DS
IHO- S B —
Sio,
Bottom gate —l |
Via

Single BLG Module

FIG. 7.

6 x 10* cm? surface area. The advantage of the modular
design presented above is that the target mass can be scaled
up relatively easily when needed. In the initial pilot phase,
the experiment can begin with a smaller, e.g., ~O(10 pg)
target mass. Afterward, it can be scaled up in a phased
manner. In the last few years, graphene sheet manipulation
and stacking have improved manyfold. It is now possible to
transfer graphene from one substrate to another and even
precisely control the stacking angle between the layers, if
needed, at large scale [108]. Moreover, the sensitivity of a
BLG detector can be further enhanced by the use of
photonic crystals and Fabry-Pérot microcavities [109-111].
Especially, such devices can be tuned to enhance the
DM absorption rate in certain mass ranges. Lastly, we
want to emphasize that graphene and other 2D materials
form an active area of research with new applications being
developed in photonics and twistronics. It is not too
ambitious to imagine a scenario where some of these
applications can be used to improve the detector design
presented here.

B. Detector noise background

The noise in such a device can be characterized by the
noise equivalent power (NEP) [112—114]. The dark current
from thermal excitation of the electrons from the valence to
the conduction band may form a part of the noise. It can be
estimated by calculating the overlap between the valence
band electron distribution function at a temperature 7" and
the density of state in the conduction band. Notably, the
BLG we propose offers the advantage of a tunable band
gap, which can be adjusted, significantly reducing the dark
current, as the dark current is proportional to e~:/%7, By
operating the device at a low temperature, this noise can be
mitigated. Another component of the noise may come from
the read-out circuit which will depend on the detailed
design of the setup. As an example, we note that Ref. [114]
reported NEP ~ 10~'® WHz /2 of a dual-gated BLG
single photon detector operated at a much higher temper-
ature of 100 K. This value is on par with the existing
superconductor-based photon detectors.

Detector Setup

A schematic design of a DM detector with BLG as the target material. Left: a single module of the detector with the BLG (red)

on an insulator substrate SiO, (gray). The voltages Vg, Vpg, and Vs are applied to the top gate, drain source, and bottom gate,
respectively, to control the electronic properties of the BLG. Right: the scaled up detector setup made up of an array of modules. The
modular design of the detector will help scale up the exposure as needed.

043020-10



SUB-MEV DARK MATTER DETECTION WITH BILAYER ...

PHYS. REV. D 110, 043020 (2024)

Apart from the internal noise, there can be additional
environmental background sources of noise. Radioactive
decays in the surroundings and the detector itself may be a
source of background events similar to various other
ongoing direct detection experiments. Such sources outside
of the detector can be mitigated by proper shielding and
creating a radio-pure environment. A central volume inside
the detector can also be fiducialized to further remove the
background events from outside. Another important source
of background events is the cosmic ray muons. The
experiment can be placed in an underground laboratory
to alleviate the cosmic ray-induced high energy background
event rate. Optionally, an active veto can be implemented
outside the detector (or integrated to the shielding box
itself) to weed out the events originating from outside.

In this regard, we want to mention an upcoming experi-
ment called PTOLEMY that is planning to use tritium
adsorbed onto a graphene substrate to detect low energy
cosmic neutrinos [115-118]. The technical design of a BLG-
based DM detector will get help from PTOLEMY’s proto-
type detector design and background study as their goal is
also to achieve a large exposure (~100 g-yr for tritium,
which implies an even larger mass for graphene). Especially,
the techniques that will be developed to navigate the
challenges associated with scaling up graphene production,
assembly, and subsequent processing will be directly helpful
in developing a BLG-based detector.

VI. CONCLUSIONS AND OUTLOOK

In this paper, we proposed BLG as a target material for a
DM direct detection experiment and studied its sensitivity
to probe DM-electron interaction. BLG is a 2D material
consisting of two honeycomb lattices of carbon atoms
stacked together. The electrons in a BLG exhibit a tunable
band gap that can be adjusted with a gate voltage applied
across the material. This band gap can be used as the energy
threshold in the experiment giving us a convenient control
on the thermal noise background. We computed the
dielectric function of BLG using the random phase
approximation and used it to compute the DM scattering
and absorption rates. We then showed projections for limits
on the DM-electron scattering cross section o,, for a
massless mediator, and on the kinetic mixing parameter
k between dark photon DM and ordinary photon. Our
results show that a 10 mg-yr experimental exposure with no
background will allow us to probe 6, 2 107* ¢cm? around
m, =~ 100 keV, and reach the freeze-in benchmark models
in the DM-electron scattering parameter space. Thanks to
the small value of the band gap, BLG will be able to detect
~20 keV mass DM, and potentially even reach below
10 keV if a lower energy threshold is achieved. Such a
small energy threshold may also allow us to probe the very
low energy Earth-bound thermalized DM population pre-
dicted by some models. In the context of a dark photon

model, DM absorption in BLG can probe x > 107'? in the
sub-eV mass range. We also computed the expected daily
modulation in the DM scattering rate due to the rotation of
the Earth about its axis. We found that the scattering rate
can vary by more than double of the average value for
lighter DM. This modulation can help us distinguish the
DM signal from other constant background sources.

The promising results from this study motivate us to ask
next: how to build a DM detector using BLG? In this paper,
we outlined a possible design of a detector inspired by
some novel state-of-the-art techniques already achieved in
graphene research. We found encouraging noise estimates
for BLG that are competitive with conventional super-
conductor-based sensors. Going forward, we plan to pursue
a dedicated experimental design study in a future work in
collaboration with field experts. To this end, we also pointed
out the PTOLEMY experiment which will offer technical
help for scaling up the detector. In the projection calculation
of this paper, we did not assume any background. However,
in reality one should expect various sources of external
backgrounds, such as cosmic rays, radioactive sources, etc.
The muons and gamma rays from the cosmic rays can be
mitigated by doing the experiment in an underground
laboratory. Appropriate shielding of the experimental setup
and careful modeling of the radioactive sources will be
needed. Additionally, there could be hardware-specific
systematics that one might need to pay attention to [37].

Both direct detection of sub-MeV DM and graphene are
relatively new areas of research with many novel ideas being
developed today. Hence, there are plenty of scopes to
improve the idea presented in this paper. For example,
Fig. 3 clearly shows us that the sensitivity of bilayer
graphene as a DM target can be further improved by
matching its band velocity v with the DM velocity, or by
extending the overlap between the detector response and
DM phase space using flatter bands. Twisted bilayer [68—71]
or multilayer (> 2) graphene [119-121] could be useful for
this purpose. Recent research has seen significant progress
in studying flat band materials, where the bands near the
Fermi level exhibit flat characteristics, offering improve-
ment in the sensitivity of DM detectors [122]. Various flat
band materials, such as the kagome lattice, have been
discovered [123,124]. We want to pursue these possibilities
in the future.
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