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18 26. Dark Matter

sections, and Figure 26.1 shows the best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

Figure 26.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

26.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈ A
f = c

fl2
DM

m2
DM

È‡vÍNA
f , (26.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and NA

f is the
number of final state particles f produced in one individual annihilation event. The constant c
depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈ D
f = flDM

mDM

1
·DM

ND
f , (26.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
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Figure 1: Exclusion limits at 90% confidence level on the DM-nucleon cross section as a function of <DM.
Different experiments are shown in different colors, and the cross section of neutrino-nucleon scattering is
shown as a light blue shade. Figure taken from [1].

The most stringent limits on the Dark Matter (DM) interaction cross section are set by direct
detection experiments based on multi-ton noble-liquid targets. The cross section exclusion limits
depend on the mass of the hypothetical DM particle (<DM), and are most stringent for <DM >

10 GeV, where the XENON1T collaboration [2] has recently excluded down to f > 4.1 ·10−47 cm2,
as shown in Figure 1. Experiments such as XENON1T typically base their sensitivity on DM-
nucleus recoils, so rapidly lose sensitivity for <DM . 1 GeV, because the momentum transferred to
the nucleus becomes too small to be detected.

In order to extend the sensitivity to the <DM < 1 GeV region, detectors sensitive to DM-
electron scattering are needed. In the 1 MeV < <DM < 1 GeV region (“light DM”), cross-section
exclusion limits are up to 1010 times weaker. Therefore detectors with much lighter targets would
be able to produce competitive results.

Another crucial feature of detectors for direct DM detection is directionality, ie. the capability
of linking a signal with a specific area of the sky. The DM ‘wind’ is expected to come from the
direction of the Cygnus constellation, so in the event of observing a significant signal it will be
important to verify that it comes from that direction to corroborate the claim. Directionality can
also help contrast some sources of background, which either do not have a preferred direction (such
as environmental radiation), or which come from directions different from Cygnus (such as solar
neutrinos).

Assuming an average velocity of ≈ 300 km/s, DM particles composing the ‘wind’ have a
kinetic energy of about 5−50 eV (for 10 < <DM < 100 MeV). Considering a detector with a carbon
target, this is enough energy to extract an electron from the lattice, as the work function of carbon in
its graphitic form is about 4.6 eV. The ejected electrons would have a kinetic energy of ≈ 1− 50 eV.
Electrons with such low energy have extremely low range in matter, and are therefore prone to being
re-absorbed in the target before they can be extracted to produce a measurable signal. A possible
approach to contrast this problem is to use targets made of 2D materials, such as graphene and
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Figure 2: Conductance of a graphene nanoribbon (, = 35 nm) as a function of the gate voltage, for different
operating temperatures.

carbon nanotubes.
Substantial RD on graphene has been carried out in Princeton University within the framework

of the PTOLEMY project [3, 4]. Graphene can be engineered into ‘nanoribbons’, which are quasi-
1D materials with a width of, = 50 nm or less, and distinctive electrical properties which depend
on , . This allows for the creation of graphene Field Effect Transistors (G-FETs), in which the
source and drain potentials are connected by a graphene nanoribbon [5]. As shown in Figure 2,
the conductance of a nanoribbon strongly depends on the gate voltage: at low (high) bias there is
a conductance region dominated by the movement of holes (electrons), while in the intermediate
region there is a minimum, known as the charge neutrality point. As the temperature of the device
is lowered to cryogenic values, the minimum conductance approaches zero, so the nanoribbon
behaves as a semiconductor. It has been shown [6] that at the charge neutrality point, nanoribbons
are sensitive to unitary changes in the number of charge carriers: the ejection or absorption of single
electrons would result in measurable jumps in resistivity.
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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.

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 experi-
mental configuration described in Section IV below, for-
ward and backward electrons can be distinguished us-
ing a double-sided graphene pixel. Simulating the full 3-
dimensional DM velocity distribution g(v) in the SHM,
we find the rate in the forward direction is approximately
a factor of 2 larger than in the backward direction 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].

IV. CONCEPTUAL EXPERIMENTAL DESIGN

We now outline a conceptual experimental design,
along with a discussion of single-electron backgrounds.
The experiment consists 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-e↵ect tran-
sistor (FET) [42–45]. To obtain su�cient 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 either towards another
FET within the detector volume, or towards a calorime-
ter at the boundary of the detector. The combination
of the position reconstruction of the electron and time-
of-flight is su�cient to reconstruct the (fully directional)
velocity of the ejected electron, with the energy measure-
ment in the calorimeter providing an additional check on

the kinematics.
The PTOLEMY experiment [33] can realize this pro-

posal 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.

A. Detector configuration

The primary benefit of using a 2D target is that the
scattered electron is ejected from the material into vac-
uum, at which point its trajectory can be manipulated by
electric fields. The particular choice of graphene as the
target is advantageous because the addition or removal
of single electrons can cause measurable changes in the
conductivity of graphene [42–45]. For example, the ad-
hesion or desorption of molecules from graphene at room
temperature causes single-electron changes in the local
carrier density that manifests as a measurable change in
resistivity [42]. At cryogenic 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, car-
bon nanotube FETs can detect changes due to single elec-
trons in their vicinity, again through changes in their con-
ductivity [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
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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.

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 experi-
mental configuration described in Section IV below, for-
ward and backward electrons can be distinguished us-
ing a double-sided graphene pixel. Simulating the full 3-
dimensional DM velocity distribution g(v) in the SHM,
we find the rate in the forward direction is approximately
a factor of 2 larger than in the backward direction 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].

IV. CONCEPTUAL EXPERIMENTAL DESIGN

We now outline a conceptual experimental design,
along with a discussion of single-electron backgrounds.
The experiment consists 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-e↵ect tran-
sistor (FET) [42–45]. To obtain su�cient 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 either towards another
FET within the detector volume, or towards a calorime-
ter at the boundary of the detector. The combination
of the position reconstruction of the electron and time-
of-flight is su�cient to reconstruct the (fully directional)
velocity of the ejected electron, with the energy measure-
ment in the calorimeter providing an additional check on

the kinematics.
The PTOLEMY experiment [33] can realize this pro-

posal 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.

A. Detector configuration

The primary benefit of using a 2D target is that the
scattered electron is ejected from the material into vac-
uum, at which point its trajectory can be manipulated by
electric fields. The particular choice of graphene as the
target is advantageous because the addition or removal
of single electrons can cause measurable changes in the
conductivity of graphene [42–45]. For example, the ad-
hesion or desorption of molecules from graphene at room
temperature causes single-electron changes in the local
carrier density that manifests as a measurable change in
resistivity [42]. At cryogenic 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, car-
bon nanotube FETs can detect changes due to single elec-
trons in their vicinity, again through changes in their con-
ductivity [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

❖ Double-sided G-FET geometry, between two electrodes (V = -100 V) 


• To accelerate ejected electrons back towards graphene


❖ DM event: coincidence of two cells (departure and arrival)


• Aligning towards Cygnus: excess of top vs bottom events
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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).

ample, in a configuration with purely normal E-field,
the vertical velocity vz can be determined from solving
�z = � 1

2me
eE(�t)2 + vz�t, where we require �z = 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 ballistically in x and y, time-of-flight gives
vx = �x/�t and vy = �y/�t. The electron energy can
be recovered from the initial velocity vector, depending
on the relative uncertainties of the three velocity compo-
nents; 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 measurement from the calorimeter replacing
the time-of-flight measurement. We expect to be able to
achieve ⇠ 1 eV energy resolution by scaling up existing
measurements for single-IR photon counting [48], which
has demonstrated resolutions of 0.29 eV for a 0.8 eV sin-
gle 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 elec-
tron, the whole experiment must be in a high-vacuum
environment. A pressure of 2⇥ 10�7 torr corresponds to
a mean free path for electrons of roughly 500 m, which is
more than su�cient for a ⇠10 m⇥10 m⇥10 m target vol-
ume where electron trajectories are expected to be ⇠cm
in length. We expect this vacuum level to be techni-
cally feasible during the assembly of the target volume,
as KATRIN has already achieved 10�11 torr in a 1042 m3

volume [49]. Each FET plane will be vacuum sealed on
top and bottom during assembly, similar to the method
described in Ref. [50]. The large vacuum volume is rel-
evant 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 vac-
uum 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 su�cient to operate the experiment
for prolonged exposure periods without having to reopen
the target.

C. Overburden

With an area per plane of 106 cm2, the overburden
of cosmic-ray muon flux is an important concern for
dead-time associated with a cosmic-ray veto. The instru-
mented 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
target volume will be highly sensitive to charged particles
entering the volume, and therefore the electric field re-
gions that control the conductivity of the graphene FETs,
including the regions between the vacuum-separated top
gate electrode and the graphene and underneath the
graphene with the insulator-separated bottom gate elec-
trode, will be active regions for cosmic-ray vetos. With
an overburden of roughly 3 km or greater, as would be
the case for an underground lab like Gran Sasso or SNO-
LAB, the total flux of muons across the entire graphene
target falls below 10�1 s�1 [51]. With a finite readout
time of the FET planes, this rate would introduce less
than 1% of dead-time depending to a lesser extent on
the size of the fiducialized volume used in the veto.

D. Single-electron backgrounds

Any incident particle with su�cient 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 ma-
terials of high radiopurity with specialized fabrication

DM Wind
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→ can fully reconstruct electron 
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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.

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 experi-
mental configuration described in Section IV below, for-
ward and backward electrons can be distinguished us-
ing a double-sided graphene pixel. Simulating the full 3-
dimensional DM velocity distribution g(v) in the SHM,
we find the rate in the forward direction is approximately
a factor of 2 larger than in the backward direction 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].

IV. CONCEPTUAL EXPERIMENTAL DESIGN

We now outline a conceptual experimental design,
along with a discussion of single-electron backgrounds.
The experiment consists 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-e↵ect tran-
sistor (FET) [42–45]. To obtain su�cient 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 either towards another
FET within the detector volume, or towards a calorime-
ter at the boundary of the detector. The combination
of the position reconstruction of the electron and time-
of-flight is su�cient to reconstruct the (fully directional)
velocity of the ejected electron, with the energy measure-
ment in the calorimeter providing an additional check on

the kinematics.
The PTOLEMY experiment [33] can realize this pro-

posal 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.

A. Detector configuration

The primary benefit of using a 2D target is that the
scattered electron is ejected from the material into vac-
uum, at which point its trajectory can be manipulated by
electric fields. The particular choice of graphene as the
target is advantageous because the addition or removal
of single electrons can cause measurable changes in the
conductivity of graphene [42–45]. For example, the ad-
hesion or desorption of molecules from graphene at room
temperature causes single-electron changes in the local
carrier density that manifests as a measurable change in
resistivity [42]. At cryogenic 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, car-
bon nanotube FETs can detect changes due to single elec-
trons in their vicinity, again through changes in their con-
ductivity [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
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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.

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 experi-
mental configuration described in Section IV below, for-
ward and backward electrons can be distinguished us-
ing a double-sided graphene pixel. Simulating the full 3-
dimensional DM velocity distribution g(v) in the SHM,
we find the rate in the forward direction is approximately
a factor of 2 larger than in the backward direction 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].

IV. CONCEPTUAL EXPERIMENTAL DESIGN

We now outline a conceptual experimental design,
along with a discussion of single-electron backgrounds.
The experiment consists 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-e↵ect tran-
sistor (FET) [42–45]. To obtain su�cient 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 either towards another
FET within the detector volume, or towards a calorime-
ter at the boundary of the detector. The combination
of the position reconstruction of the electron and time-
of-flight is su�cient to reconstruct the (fully directional)
velocity of the ejected electron, with the energy measure-
ment in the calorimeter providing an additional check on

the kinematics.
The PTOLEMY experiment [33] can realize this pro-

posal 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.

A. Detector configuration

The primary benefit of using a 2D target is that the
scattered electron is ejected from the material into vac-
uum, at which point its trajectory can be manipulated by
electric fields. The particular choice of graphene as the
target is advantageous because the addition or removal
of single electrons can cause measurable changes in the
conductivity of graphene [42–45]. For example, the ad-
hesion or desorption of molecules from graphene at room
temperature causes single-electron changes in the local
carrier density that manifests as a measurable change in
resistivity [42]. At cryogenic 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, car-
bon nanotube FETs can detect changes due to single elec-
trons in their vicinity, again through changes in their con-
ductivity [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

❖ Double-sided G-FET geometry, between two electrodes (V = -100 V) 


• To accelerate ejected electrons back towards graphene


❖ DM event: coincidence of two cells (departure and arrival)


• Aligning towards Cygnus: excess of top vs bottom events
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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).

ample, in a configuration with purely normal E-field,
the vertical velocity vz can be determined from solving
�z = � 1

2me
eE(�t)2 + vz�t, where we require �z = 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 ballistically in x and y, time-of-flight gives
vx = �x/�t and vy = �y/�t. The electron energy can
be recovered from the initial velocity vector, depending
on the relative uncertainties of the three velocity compo-
nents; 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 measurement from the calorimeter replacing
the time-of-flight measurement. We expect to be able to
achieve ⇠ 1 eV energy resolution by scaling up existing
measurements for single-IR photon counting [48], which
has demonstrated resolutions of 0.29 eV for a 0.8 eV sin-
gle 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 elec-
tron, the whole experiment must be in a high-vacuum
environment. A pressure of 2⇥ 10�7 torr corresponds to
a mean free path for electrons of roughly 500 m, which is
more than su�cient for a ⇠10 m⇥10 m⇥10 m target vol-
ume where electron trajectories are expected to be ⇠cm
in length. We expect this vacuum level to be techni-
cally feasible during the assembly of the target volume,
as KATRIN has already achieved 10�11 torr in a 1042 m3

volume [49]. Each FET plane will be vacuum sealed on
top and bottom during assembly, similar to the method
described in Ref. [50]. The large vacuum volume is rel-
evant 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 vac-
uum 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 su�cient to operate the experiment
for prolonged exposure periods without having to reopen
the target.

C. Overburden

With an area per plane of 106 cm2, the overburden
of cosmic-ray muon flux is an important concern for
dead-time associated with a cosmic-ray veto. The instru-
mented 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
target volume will be highly sensitive to charged particles
entering the volume, and therefore the electric field re-
gions that control the conductivity of the graphene FETs,
including the regions between the vacuum-separated top
gate electrode and the graphene and underneath the
graphene with the insulator-separated bottom gate elec-
trode, will be active regions for cosmic-ray vetos. With
an overburden of roughly 3 km or greater, as would be
the case for an underground lab like Gran Sasso or SNO-
LAB, the total flux of muons across the entire graphene
target falls below 10�1 s�1 [51]. With a finite readout
time of the FET planes, this rate would introduce less
than 1% of dead-time depending to a lesser extent on
the size of the fiducialized volume used in the veto.

D. Single-electron backgrounds

Any incident particle with su�cient 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 ma-
terials of high radiopurity with specialized fabrication

DM Wind

∆x
❖ Ballistic drift: knowing E, ∆x and ∆t  
→ can fully reconstruct electron 


•  correlated to DM wind direction


• Directionality

⃗ve

⃗ve

TOF
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Figure 3: Left: sketch of the top view of a G-FET. Right: side view of the double-sided G-FET geometry,
surrounded by electrodes.
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Figure 4: SEM images of successful CVD growths of carbon nanotubes achieved in 2019 at Elettra
laboratories (Trieste). Left: silicon substrate. Right: fused silica substrate. The typical length of the
nanotubes is reported on the figures.

A detector composed of arrays of G-FETs could achieve directional sensitivity to light DM. The
G-FETs would be arranged in a double-sided geometry, surrounded by electrodes set at+ = −100V,
as sketched in Figure 3. In this way, a DM-electron scattering event would eject an electron from
the nanoribbon of a G-FET, which would then be re-accelerated by the electrodes back towards
the G-FET array. A DM event would therefore correspond to the coincidence of a signal in two
different G-FETs (departure and arrival). As the drift is ballistic, by adding time-of-flight sensitivity
to the detector one would be able to fully reconstruct the electron velocity, whose initial direction
is correlated to the direction of the DM wind. In this way the detector would have directional
sensitivity.

Carbon nanotubes can be thought of as graphene sheets wrapped into straws with an internal
diameter of a few nm, and are ‘single-walled’ when each nanotube is formed by a single graphene
layer, or ‘multi-walled’ ifmultiple graphene cylinders share the same axis. Vertically-aligned carbon
nanotubes can be grown through Chemical Vapor Deposition (CVD) on different substrates, with
lengths up to a few hundred `m [13, 14]: some example growths of vertically-aligned multi-walled
nanotubes we have performed with the CVD chamber present in the Elettra laboratories (Trieste)
are shown in Figure 4. A new CVD chamber has been installed in University of Rome ‘Sapienza’
in July 2020, which is capable of producing both multi-walled and single-walled nanotubes.

Vertically-aligned nanotubes have been shown to be a highly anisotropic material, with close
to vanishing density in the direction of the tube axes [7, 8]. Therefore, when a DM particle ejects
an eletron off of the carbon lattice, the electron will be able to escape the carbon-nanotubes (and
produce a signal) only if its momentum points in the direction of the nanotube axes. A detector
with a target made of aligned carbon nanotubes would therefore have directionality by design.

The development of a novel light DM detector (‘dark-PMT’, [9–12]) with directional sensitivity
is currently ongoing in Rome. The detector concept is shown in Figure 5 (left): the DMwind scatters
on an electron of the vertically-aligned carbon nanotube target; the ejected electron would escape
the target and be accelerated by an external electric field, reaching a kinetic energy  ≈ 1− 10 keV
before hitting a solid-state electron counter on the other side of the detector. By building two arrays
of detectors, one array pointing in the direction of the Cygnus constellation, and another pointing
in an orthogonal direction, directional sensitivity to light DM would be achieved, by searching for
a significant excess in the signals of the former array, relative to the latter.
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Dark-PMT Prototype ‘Hyperion’ Assembled in Rome
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Dark-PMT Prototype ‘Hyperion’ Assembled in Rome
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Figure 5: Left: the dark-PMT detector concept. Right: the dark-PMT prototype taking data in Rome.
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Similar Expected Performance for Two Detector Concepts
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100 g CNT are needed. In principle, the system is scal-
able at will, since the target mass does not need to be
concentrated in a small region.

Single electrons counts can be triggered by environ-
ment neutrons as well. This is a well known source
of background a✏icting all direct DM search experi-
ments and the screening techniques are the standard
ones. Thermal neutrons have scattering lengths of few
fermis with electrons in graphene, but they have not
enough energy to extract them e�ciently from the ma-
terial. A neutron moderation screen, as those currently
used in these kind of experiments, has to be included
when devising the apparatus. We assume that working
with compact units as HPDs, this kind of screening might
be achieved more easily than with other configurations.

Another source of single electron counts, which belongs
to similar configurations too, is the electron thermo-
emission. This can strongly be attenuated by cooling
the device down to cryogenic temperatures. However, as
noted in [21], the thermionic electron current from an ef-
fective surface of 1 m2 of graphene should definitely be
negligible at room temperatures being proportional to3

j ⇡ T 3 exp (��wf/kT ) (5)

This is essentially due to the fact that the work-function
�wf in graphene is almost three times as large than the
typical work-function of photocathodes.

As for the field emission, this has also been studied in
[18] where it is found that its starts being significant for
electric fields above 1V/nm, way larger than the ones we
consider, see (2).

Conclusions. We have shown that single wall car-
bon nanotube arrays might serve as directional detectors
also for sub-GeV DM particles, if an appropriate external
electric field is applied and electron recoils are studied.
An appreciable anisotropic response, as large as A ⇠ 0.4
in (3), is reached with a particular orientation orienta-
tion of the target with respect to the DM wind. Since
the proposed detection scheme does not require any pre-
cise determination of the electron ejection angle and re-
coil energy, the carbon nanotube array target could be
integrated and tested in a compact Hybrid Photodiode
system — a technology already available — made blind
to light. High target masses can be arranged within lim-
ited volumes with respect to configurations proposing to
use graphene planes.

The results presented are obtained starting from the
conclusions reached by Hochberg et al. [2] on DM scatter-
ing on graphene planes and adapted to the wrapped con-
figuration of single wall carbon nanotubes. The fact that

3 with a coe�cient � = 115.8 A/m2 K�3.

carbon nanotubes, and interstices among them in the ar-
ray, almost behave as empty channels is still an essential
feature to obtain the results of the calculations described
here. The mean free paths attainable in these configura-
tions are definitely higher if compared to dense targets
as graphite or any crystal. We also observe that, in the
detection scheme proposed, di↵erently from [1], small ir-
regularities in the geometry of nanotubes are inessential.

For comparison with previous work, we present the
exclusion plot, see Fig. 3, which can be obtained with
the detection configuration here proposed. We perform
a full calculation including ⇡ and sp2� electrons. The

FIG. 3: We compare our results with those obtained by
Hochberg et al. [2]. Calculations are done including both
electrons from ⇡�orbitals and from sp2�hybridized orbitals.
The exposure of 1 kg⇥year is used.

latter figure summarizes the potentialities of the scheme
proposed. They result to be very much comparable to
what found in [2], although with rather di↵erent appara-
tus and practical realization. To conclude, we notice that
the device here described might be used alternatively as
a detector of heavier DM particles. Just by changing the
direction of the electric field, one could count positive
carbon ions recoiled out of and channeled by the carbon
nanotubes (or within the interstices among them), as in
the original proposal [1] [3].
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Appendix: DM-electron scattering. In this Ap-
pendix we report the essential formulae we have used to
obtain the results in the text. We have adapted the ex-
pressions in [2] to the configuration with CNTs.

The M� DM mass needed to eject electrons from
graphene is about 3 MeV at the galactic escape velocity.
In the �e� scattering process, part of the momentum is
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Figure 6: Left: Expected 90% cross section exclusion with an exposure of 1 kg × 1 year for the G-FET
concept (black) and the dark-PMT concept (blue dashed). Right: APD characterization carried out in LASEC
laboratories in University of Roma Tre: APD current (�0?3) as a function of the electron gun current (�6D=).

A comparison between the expected performance of the dark-PMT concept (blue dotted line)
and that of the aforementionedG-FET concept (black line) is shown in Figure 6 (left). The plot shows
the expected 90% exclusion on the DM-electron cross section, for an exposure of 1 kg×1 year, as a
function of the DM particle mass. As can be seen, the two detector concepts have similar expected
performance, and they both have best sensitivity for a DM mass of about 20 MeV.

In the dark-PMT detector concept, the electrons ejected from the carbon reach a kinetic energy
of about 1 keV before hitting the electron counter. The detection of keV electrons with a compact
apparatus is not a trivial task. For this purpose we have explored two different technologies: silicon
avalanche photo-diodes (APDs) and silicon drift detectors (SDDs). Silicon APDs constitute our
benchmark technology, as they are simple and cost-effective, while SDDs are a possible upgrade,
and are capable of providing ultimate single-electron resolution.

The characterization of silicon detectors with low-energy electrons has been carried out at
the LASEC laboratories of University of Roma Tre. The experimental apparatus consists of a
ultra-high vacuum (UHV) chamber with a hot-filament electron gun capable of producing mono-
energetic electron beams with energy between 90 and 900 eV [15]. The gun was directed onto
the sensitive area of a Hamamatsu S11625-30N windowless APD, and the APD current �0?3 was
measured as a function of the gun current �6D=, for different electron energies �4 [16]. The results
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for �4 = 900 eV are summarized in Figure 6 (right): as can be seen �0?3 is found to be proportional
to �6D=.

Finally, a dark-PMT prototype has been constructed in Rome, and will be commissioned in
the upcoming weeks. The detector is shown in Figure 5 (right), and will be initially equipped with
an SDD detector produced by Fondazione Bruno Kessler, read out by an electronics module which
was designed and constructed by Politecnico di Milano specifically for this detector.
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