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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
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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 N

A

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
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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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Threshold
❖ Sub-GeV DM: largely unexplored


• Limits up to 1010 weaker


• Can get competetive results with 
1010 smaller detector exposure!


❖ Nuclear recoils sensitive for mDM > 1 GeV


❖ Electron recoils can be sensitive down to mDM ~ 1 MeV
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Directionality To (One Day) Pierce Neutrino Floor
❖ Directionality: link a signal with region of the sky


• DM ‘wind’ expected to come from Cygnus constellation


❖ But also to be insensitive to neutrino floor


• Low mass neutrino floor mostly from solar neutrinos


• Cygnus never overlaps with Sun
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Directionality

e.g. C.J.G. O’Hare 1505.0806 
• position of Sun never coincides with Cygnus

solar 
neutrinos

WIMPs

Penetrating the neutrino floor  
Power of Directionality

Neil Spooner, IDM 2018

e.g. C.J.G. O’Hare 1505.0806 
• position of Sun never coincides with Cygnus
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Penetrating the neutrino floor  
Power of Directionality

Neil Spooner, IDM 2018

O’Hare et al, Phys. Rev. D 92, 063518 (2015)
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❖ Back of the envelope calculation:  
KDM = 5-50 eV (for mDM = 10-100 MeV)


• Assuming vDM ~ 300 km/s


❖ Enough to extract an electron from carbon


• Φe ~ 4.3 eV, so Ke ~ 1-50 eV


• Extremely short range in matter!


❖ 2D materials: electrons ejected directly into vacuum


• Graphene and carbon nanotubes

Graphene

Single-wall 
nanotube

Multi-wall 
nanotube
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Sharing R&D on Graphene with PTOLEMY
❖ PTOLEMY aims to measure Cosmic Neutrino Background


• See talk by M. Messina later today


• Tritiated graphene target (up to 0.5 kg, ~100 m2)


• R&D on graphene also aimed towards DM


❖ Graphene arranged in Graphene-FETs (G-FET)


• Source and drain connected by graphene nanoribbons 


• Quasi-1D material, width W < 50 nm


• Electrical properties depend on W
6

Tritiated graphene 

Single atomic layer weakly bound in sp-3 configuration (2D structure) 
 
Single-sided (loaded on substrate) and planar (uniform bond length) 
 
Binding Energy < 3 eV (exact value to be measured) 
 
Source strength with surface densities of ~1 Ci/cm2 (100 µg/cm2) 
 
Semiconductor (Voltage Reference) 
 
Polarized tritium (directionality?) 

RAPID COMMUNICATIONS

PUJARI, GUSAROV, BRETT, AND KOVALENKO PHYSICAL REVIEW B 84, 041402(R) (2011)

the energy self-consistency and 0.005 eV/Å for the forces.
Further, to maintain the accuracy, integration over the Brillouin
zone was performed on regular 26 ! 26 ! 1 Monkhorst-Pack
grids. The band structure was plotted on the lines joining the
M , !, K , and M points, and the individual line segments
were sampled using 50 grid points each. The corresponding
precision was also maintained for the cell optimization carried
out using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-Newton algorithm. The convergence threshold on the
pressure was kept at 0.1 kBar. The computational unit cell
consisted of two carbons and two hydrogens. A vacuum space
of 12 Å was kept normal to the SSHGraphene plane to avoid
any interactions between the adjacent sheets.

It is worthwhile to review some properties of graphene
and graphane before we discuss SSHGraphene. Graphene is
a one-atom-thick sheet of sp2-bonded carbon atoms that are
densely packed in a bipartite crystal lattice. It has two atoms
per unit cell, which has the lattice parameter of 2.46 Å, with
a carbon-carbon bond length of 1.42 Å. Although graphane
is bipartite and hexagonal, its unit cell has four atoms (two
carbons and two hydrogens) and has a larger lattice parameter,
namely, 2.51 Å.13 In graphane every alternate carbon atom is
attached to a hydrogen atom from alternate sides of the plane.
In response to the addition of hydrogens, the carbon atoms are
displaced out of the plane toward hydrogen atoms. In short,
the carbon atoms in graphane are no longer planar.

The unit cell of SSHGraphene also contains four atoms, two
carbons and two hydrogens. We carried out full optimization
of the unit cell, including both the unit cell geometry and the
atomic positions. The optimized geometry of SSHGraphene
is shown in Figure 1. As seen from the figure, the cell is
similar to that of graphene, except that the lattice parameter
for SSHGraphene is now enlarged to 2.82 Å, which is larger
than graphane (2.51 Å) as well. Notice that the enhancement is
necessary in order to accommodate the hydrogen atoms, as the
unoptimized unit cell of graphene does not favor the complete
hydrogenation. The increase in the lattice parameter is due to
the increase in the carbon-carbon bonds, which is increased
from 1.42 (in graphene) to 1.63 Å. The increase in the bond
length upon hydrogenation is not surprising, as the same effect

1.09

1.63

Å

Å

FIG. 1. (Color online) Hexagonal structure SSHGraphene with
carbon and hydrogen atoms shown in darker and lighter shade,
respectively. The structure has the symmetry of graphene and the
carbon atoms are in a single plane (unlike graphane).

TABLE I. A comparison of graphene and SSHGraphene vs
graphone and graphane as reported in the literature.12,13 a is the
lattice parameter, and "E is the binding energy (eV).

SSHGraphene

Graphene Graphone12 Graphane13 HSE PBE

a (Å) 2.46 – 2.51 2.82 2.83
C-C (Å) 1.42 1.50 1.52 1.63 1.64
C-H (Å) – 1.16 1.11 1.09 1.08
"E/atom 9.56 – 6.56 5.90 5.54

is also seen in graphane. Similarly, as expected, upon single-
sided hydrogenation the carbon atoms remain in one plane with
the hydrogens forming another plane at 1.09 Å. This is a typical
bond length of C-H when bonded covalently. (In methane, for
example, the bond lengths are also 1.09 Å.) To summarize, a
comparison of (available) structural parameters of graphene,
graphone, graphane, and SSHGraphene are given in Table I. It
also shows the binding energy per atom, which is the signature
of energetic stability of the system. The binding energy for
SSHGraphene is calculated using the pseudoatomic energies of
carbon (EC) and hydrogen (EH) atoms and using "E = EC +
EH " ESSHGraphene, where ESSHGraphene is the total energy of
SSHGraphene. Thus, the higher the energy the more stable the
system. The binding energies for graphene and graphane are as
reported in the literature.13 The overall trend is quite straight-
forward. Graphene, having the smallest C-C bond, is the most
stable of all. Although not as stable as others, SSHGraphene is
still strongly bound. To put it in perspective, recall that benzene
has the binding energy 6.49 eV/atom while acetylene has 5.90
eV/atom,13 and both are among the most stable hydrocarbons.
Thus there is no doubt that SSHGraphene is indeed very stable.
Further, we studied the reaction pathway of the hydrogen
detachment using nudge-elastic-band method. Two cases were
considered: desorption of 50% H atoms (one H per primitive
cell) and desorption of effectively single H atom (one H from
2!2 unit cell). The potential energy landscapes obtained, see
Fig. 2, clearly depict one deep potential well at 1.08 Å. The
presence of the deep well and the absence of any other well
in the vicinity clearly favors the formation of SSHGraphene.
(More details in Supplemental Material.30) We would like to
mention that synthesis of the SSHGraphene may be similar to
graphane in which the hydrogen atoms are kinetically trapped
in the potential-energy minimum near the graphene plane.

It is well known that the graphene band structure is very
sensitive to deformations of any kind. As noted before, there
is a clear evidence that upon partial hydrogenation the band
gap of graphene is opened. It is thus easy to conjecture
that the SSHGraphene would be a semiconductor. However,
the most remarkable feature of SSHGraphene is that it is a
semiconductor with an indirect band gap. The band structure
of SSHGraphene shown in the upper part of Fig. 3 clearly
exhibits an indirect band gap. The value of the gap is 1.35 eV
for HSE and 1.89 eV for PBE functional. The qualitative nature
of band structure remains unchanged. This value of the band
gap is of interest as it lies in between the gapless graphene
and the rather wide band-gap graphane (3.5 eV by DFT and
5.4 eV by GW method31). Thus, SSHGraphene becomes a
preferred organic candidate for semiconductor based devices.
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Observing the Big Bang with Relic Neutrinos

Chris Tully
Princeton University

PTOLEMY GENERAL MEETING

NOT NAPLES, 1 JULY 2020

2015 Targeted Grant Award from the 

https://agenda.infn.it/event/23279

https://www.medrxiv.org/content/10.1101/2020.06.29.20141283v1

Graphene Targets for directional DM detection 
Two Concepts 

Sub-GeV Dark Matter Detection with  
Electron Recoils in Carbon Nanotubes

G.Cavoto, F.Luchetta, A.D.Polosa 
(Sapienza - INFN Roma)

CARBON NANOTUBES FOR  
    DARK MATTER DIRECTIONAL SEARCHES

WIMP

Electron 

Self-instrumented with G-FETs Anisotropy of aligned CNTs 
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drain

Energy Gaps in Etched Graphene Nanoribbons

C. Stampfer, J. Güttinger, S. Hellmüller, F. Molitor, K. Ensslin, and T. Ihn
Solid State Physics Laboratory, ETH Zurich, 8093 Zurich, Switzerland

(Received 5 November 2008; published 3 February 2009)

Transport measurements on an etched graphene nanoribbon are presented. It is shown that two distinct

voltage scales can be experimentally extracted that characterize the parameter region of suppressed

conductance at low charge density in the ribbon. One of them is related to the charging energy of localized

states, the other to the strength of the disorder potential. The lever arms of gates vary by up to 30% for

different localized states which must therefore be spread in position along the ribbon. A single-electron

transistor is used to prove the addition of individual electrons to the localized states. In our sample the

characteristic charging energy is of the order of 10 meV, the characteristic strength of the disorder

potential of the order of 100 meV.

DOI: 10.1103/PhysRevLett.102.056403 PACS numbers: 71.10.Pm, 73.21.!b, 81.05.Uw, 81.07.Ta

Graphene nanoribbons [1–8] display unique electronic
properties based on truly two-dimensional (2D) graphene
[9] with potential applications in nanoelectronics [10,11].
Quasi-1D graphene nanoribbons are of interest due to the
presence of an effective energy gap, overcoming the gap-
less band structure of graphene and leading to overall
semiconducting behavior, most promising for the fabrica-
tion of graphene transistors [5], tunnel barriers, and quan-
tum dots [6–8]. Zone-folding approximations [12],
!-orbital tight-binding models [13,14], and first principle
calculations [15,16] predict an energy gap Eg scaling as
Eg " "=W with the nanoribbon width W, where " ranges
between 0:2–1:5 eV nm, depending on the model and the
crystallographic orientation [4]. These theoretical esti-
mates can neither explain the experimentally observed
energy gaps of etched nanoribbons of widths beyond
20 nm, which turn out to be larger than predicted, nor do
they explain the large number of resonances found inside
the gap [1,2,8]. This has led to the suggestion that localized
states due to edge roughness, bond contractions at the
edges [16] and disorder may dominate the transport gap.
Several mechanisms have been proposed to describe the
observed gap, including renormalized lateral confinement
[2], quasi-1DAnderson localization [17], percolation mod-
els [18] and many-body effects (including quantum dots)
[19], where substantial edge disorder is required. Moderate
amounts of edge roughness can substantially suppress the
linear conductance near the charge neutrality point [20],
giving rise to localized states relevant for both single
particle and many-body descriptions. Here we show ex-
perimental evidence that the transport gap in an etched
graphene nanoribbon [see schematic in Fig. 1(a)] is pri-
marily formed by local resonances and quantum dots along
the ribbon. We employ lateral graphene gates to show that
size and location of individual charged islands in the
ribbon vary as a function of the Fermi energy. In addition,
we use a graphene single-electron transistor (SET) to
detect individual charging events inside the ribbon.

We focus on an all-graphene setup, as shown in
Fig. 1(b), where a nanoribbon (highlighted by dashed lines)
withW # 45 nm is placed at a distance of#60 nm from a
graphene SET with an island diameter of #200 nm. The
back gate (BG) allows us to tune the overall Fermi level
and the lateral graphene gates [21], plunger gate (PG) and
side gates (SG1 and SG2) are used to locally tune the
potential of the ribbon and the SET. A detailed description
of the sample fabrication is found in Refs. [6,21–23]. The
same process has also been used to pattern graphene Hall
bars with mobilities on the order of 5000 cm2 V!1 s!1

[21]. The device is measured in two-terminal geometry

FIG. 1 (color online). (a) Schematic illustration of an etched
nanoribbon with width W, highlighting local charge islands
along the ribbon. (b) Scanning force microscope image of an
etched graphene nanoribbon (GNR) with a nearby single-
electron transistor (SET) and lateral gates (PG, SG1 and SG2).
(c) Low bias (Vb " 300 #V) back-gate characteristics of the
GNR showing that the regimes of hole and electron transport are
separated by the transport gap, indicated by the vertical arrows.
(d) High resolution close-up inside the gap displaying a large
number of sharp resonances within the gap region. (e) Close-up
of a single resonance [see arrow in panel (d)].

PRL 102, 056403 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
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Figure 3 Single-molecule detection. a, Examples of changes in Hall resistivity observed near the neutrality point (|n|< 1011 cm!2) during adsorption of strongly diluted NO2

(blue curve) and its desorption in vacuum at 50 "C (red curve). The green curve is a reference—the same device thoroughly annealed and then exposed to pure He. The
curves are for a three-layer device in B= 10 T. The grid lines correspond to changes in !xy caused by adding one electron charge, e (!R# 2.5"), as calibrated in
independent measurements by varying Vg. For the blue curve, the device was exposed to 1 p.p.m. of NO2 leaking at a rate of #10!3 mbar l s!1. b,c, Statistical distribution of
step heights, !R, in this device without its exposure to NO2 (in helium) (b) and during a slow desorption of NO2 (c). For this analysis, all changes in !xy larger than 0.5" and
quicker than 10 s (lock-in time constant was 1 s making the response time of #6 s) were recorded as individual steps. The dotted curves in textbfc are automated gaussian
fits (see the Supplementary Information).

can be seen. Their slopes away from the neutrality point provide
a measure of impurity scattering (so-called field-e!ect mobility,
µ= #!/#ne = #!/e"#Vg). The chemical doping only shifted
the curves as a whole, without any significant changes in their
shape, except for the fact that the curves became broader around the
neutrality point (the latter e!ect is discussed in the Supplementary
Information). The parallel shift unambiguously proves that the
chemical doping did not a!ect scattering rates. Complementary
measurements in magnetic field showed that the Hall-e!ect
mobility, µ = #xy/#xxB, was also una!ected by the doping
and exhibited values very close to those determined from the
electric-field e!ect. Further analysis yields that chemically induced
ionized impurities in graphene in concentrations >1012 cm!2 (that
is, less than 10 nm apart) should not be a limiting factor for µ until
it reaches values of the order of 105 cm2 V!1 s!1, which translates
into a mean free path as large as #1 µm (see the Supplementary
Information). This is in striking contrast with conventional
two-dimensional systems, in which such high densities of charged
impurities are detrimental for ballistic transport, and also disagrees
by a factor of >10 with recent theoretical estimates for the
case of graphene11–13. Our observations clearly raise doubts about
charged impurities being the scatterers that currently limit µ in
graphene11–13. In the Supplementary Information, we show that a
few-nanometre-thick layer of absorbed water provides su"cient
dielectric screening to explain the suppressed scattering on charged
impurities. We also suggest there that microscopic corrugations of
a graphene sheet14,15 could be dominant scatterers.

The detection limit for solid-state gas sensors is usually defined
as the minimal concentration that causes a signal exceeding
the sensors’ intrinsic noise1–4. In this respect, a typical noise
level in our devices, ##/# # 10!4 (see Fig. 1b), translates into
the detection limit of the order of 1 p.p.b. This already puts
graphene on par with other materials used for most sensitive gas
sensors1–4. Furthermore, to demonstrate the fundamental limit
for the sensitivity of graphene-based gas sensors, we optimized
our devices and measurements as described in the Supplementary
Information. In brief, we used high driving currents to suppress the
Johnson noise, annealed devices close to the neutrality point, where
relative changes in n were largest for the same amount of chemical

doping, and used few-layer graphene (typically, 3–5 layers), which
allowed a contact resistance of#100", much lower than for single-
layer graphene. We also used the Hall geometry that provided the
largest response to small changes in n near the neutrality point
(see Fig. 1a, lower inset). In addition, this measurement geometry
minimizes the sensitive area to the central region of the Hall cross
(#1 µm2 in size) and allows changes in #xy to be calibrated directly
in terms of charge transfer by comparing the chemically induced
signal with the known response to Vg. The latter is important for
the low-concentration region, where the response of #xy to changes
in n is steepest, but there is no simple relation between #xy and n.

Figure 3 shows changes in #xy caused by adsorption and
desorption of individual gas molecules. In these experiments, we
first annealed our devices close to the pristine state and then
exposed them to a small leak of strongly diluted NO2, which was
adjusted so that #xy remained nearly constant over several minutes
(that is, we tuned the system close to thermal equilibrium where
the number of adsorption and desorption events within the Hall
cross area was reasonably small). In this regime, the chemically
induced changes in #xy were no longer smooth but occurred in
a step-like manner as shown in Fig. 3a (blue curve). If we closed
the leak and started to evacuate the sample space, similar steps
occurred but predominantly in the opposite direction (red curve).
For finer control of the adsorption/desorption rates, we found it
useful to slightly adjust the temperature while keeping the same
leak rate. The characteristic size, !R, of the observed steps in
terms of ohms depended on B, the number of graphene layers
and, also, varied strongly from one device to another, reflecting the
fact that the steepness of the #xy curves near the neutrality point
(see Fig. 1a, lower inset) could be di!erent for di!erent devices6–9.
However, when the steps were recalibrated in terms of equivalent
changes in Vg, we found that to achieve the typical value of !R
it always required exactly the same voltage changes, #1.5mV, for
all of our 1 µm devices and independently of B. The latter value
corresponds to #n # 108 cm!2 and translates into one electron
charge, e, removed from or added to the area of 1$ 1 µm2 of
the Hall cross (note that changes in #xy as a function of Vg were
smooth, that is, no charge quantization in the devices’ transport
characteristics occurred—as expected). As a reference, we repeated
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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

Graphene-FETs as Directional Dark Matter Detectors
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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

Hochberg, et al., PLB 772 (2017) 239
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Growing Vertically Aligned Carbon Nanotubes in the Lab

9

CVD growth

❖ Vertically-aligned nanotubes grown through Chemical Vapor Deposition (CVD)


• Internal diameter ~20 nm, length up to 300 µm


• Single- or multi-wall depending on growth technique


• Can be grown on different substrates


❖ New CVD chamber installed in Rome Sapienza


• Thanks to ATTRACT funding


• Commissioning ended last week


• New growths expected this week
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Some Recent Aligned Nanotubes We’ve Grown

1010

H = 200 µm

Silicon substrate

(Longest CNTs ever grown on fused silica?)

Growths done in Elettra (Trieste) CVD chamber

H = 157 µm

Fused silica substrate
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C 1s core level at high integrated !ux in the two bombarding ge-
ometries (LAT and TOP). In Fig. 4 we report the C 1s core levels,
together with the results of the "tting analysis in different com-
ponents, and an histogram of the relative intensity of each
component.

Upon ion bombardment, the sp2 component representative of
the perfect planar C bonding is reduced, as also the p-p*-excitation.
The sp3-like peak associated to bond deformation increases for
both geometries (LAT and TOP), as reported in Fig. 4 (bottom panel)
where the percentage of the different components of the C 1s core
level peaks as obtained through the "tting procedure are reported.

We notice that the variations with respect to the pristine C 1s signal
is higher for the TOP than for the LAT geometry, in agreement with
the observed anisotropic channelling. Furthermore, a new peak at
284.1 eV BE appears after bombardment, reachingmore than 20% of
the total signal in the case of TOP bombardment, and about 5% in
the LAT geometry. The lower binding energy with respect to the sp2

peak suggests the presence of vacancies with unsaturated dangling
bonds [43,44]. Thus, the XPS C 1s core level is a good "ngerprint of
the produced defects after the ion bombardment, characterised by
the presence of a high percentage of distorted C bonds and also of
vacancies; they produce dangling bonds when the honeycomb

Fig. 2. SEM and Raman spectroscopy of ion-bombarded MWCNTs with 5 keV Ar! at high integrated !ux (1.5" 1017 ions/cm2), with different geometries: lateral bombardment (left
panels), top bombardment (right panels). SEM images, top view (b,c) and lateral view (f,g). Raman spectra focused on the sample top (a, green, and d, blue) and on the side (e,
orange, and h, violet); the Raman "tting components are reported as gray curves superimposed over the experimental data. Raman data of the clean pristine sample are shown for
comparison in all panels, as gray spectra. (A colour version of this "gure can be viewed online.)

Fig. 3. Raman spectroscopy data of LAT (left) and TOP (right) ion-bombarded MWCNTs with 5 keV Ar! at saturation (1.5" 1017 ions/cm2) measured from the sample side, at
different depths into the sample. Raman data from the side (0 mm) to 15 mm depth after lateral bombardment (left panel), and on the lateral side from the top to the bottom (180 mm
depth) of the CNT brush after top bombardment (right panel). (A colour version of this "gure can be viewed online.)

G. D'Acunto et al. / Carbon 139 (2018) 768e775 771

Aligned Nanotubes: a Highly Anisotropic Target
❖ Raman analysis after Ar+ bombardment


• Lateral penetration < 15 µm


• Longitudinal damage along full length 
(180 µm)


• Highly anisotropic density


❖ As DM target: recoil electron escapes 
only if velocity in direction of tubes


• Most likely when tubes // DM wind


• Directionality by design
12
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Nanotube Detector Concept: the ‘dark-PMT’

❖ ‘Dark-photocathode’ of aligned nanotubes


• Ejected e- accelerated by electric field


• Detected by solid state e- counter  

❖ Two sets of detectors: pointing towards 
Cygnus, and in orthogonal direction


• Search variable: N1-N2

13

DM Wind
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Similar Expected Performance for Two Detector Concepts

14

5

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

Nanotubes 
(Dark-PMT)

Graphene 
(G-FET)

Exposure = 1 kg · 1 year

Cavoto, et al., PLB 776 (2018) 338
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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
fl

2

DM

m
2

DM

È‡vÍN
A

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 N

A

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

N
D

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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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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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
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particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
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≈
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È‡vÍN
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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 N

A

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

N
D

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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Silicon Detectors for keV Electrons

❖ Benchmark: Avalanche Photo-Diodes


• Simple, cost-effective


• Hamamatsu windowless APD


❖ Possible upgrade: Silicon Drift Detectors


• Ultimate resolution


• FBK (SDD) + PoliMi (electronics)
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DM Wind

Challenge: detect keV electrons  
(with high efficiency)
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Characterizing Silicon Detectors with the Roma Tre e- Gun

16

❖ State-of-the-art e- gun at University Roma Tre


• Electron energy: 90 < E < 1000 eV


• Energy uncertainty < 0.05 eV


❖ Gun current as low as a few fA


• i.e. electrons at ~10 kHz (not bunched)


❖ Beam profile ~ 0.5 mm


• Completely contained on APD (⌀ = 3 mm) e- source

Faraday Cup

APD

e- AnalyserUV lamp

The experimental chamber
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APD Calibration with 900 eV Electrons

❖ Reading APD bias current when shooting gun on it


• Vapd = 0: electronic ‘image’ of APD


• Vapd = 350 V: Iapd proportional to Igun
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Dark-PMT Prototype ‘Hyperion’ Assembled in Rome
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DM Wind

First test run will start soon

Nanotubes

APD

Vacuum 
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Conclusions

❖ Carbon nanostructures: exciting new possibilities for light dark matter searches


• 2D materials: recoiling electrons ejected directly into vacuum


❖ Two detector concepts, both with directional sensitivity


• ‘G-FET’: made of graphene nanoribbons


• ‘Dark-PMT’: made of aligned carbon nanotubes


❖ Lots of exciting R&D ongoing both in Princeton and Rome!


• New CVD chamber in Rome expected to start growing nanotubes soon


• Dark-PMT prototype ready for first tests
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