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85% of the Matter of the Universe Unaccounted For

❖ Overwhelming evidence for large mass of non-baryonic matter
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The Rise of the ΛCDM Model
❖ In ΛCDM, dark matter is:


• Massive


• Electrically neutral


• Not self-interacting (‘cold’)


• Gravitationally interacting with ordinary matter


❖ Primordial fluctuations in DM density → virial wells


• ‘Seeds’ for galaxies


❖ On Earth: DM ‘wind’ from Cygnus constellation


• Non-relativistic speed (vDM ~ 10-3 c)
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The WIMP and Its ‘Miracle’

❖ For correct relic abundance Ωd ~ 0.12 after ‘freeze-out’, one needs: ⟨σv⟩ ~ 1 pb


• Which is exactly what one gets for a 100 GeV particle with electroweak couplings


❖ In WIMP paradigm dark matter is:


• Massive (M ~ 100 GeV)


• Electrically neutral


• Not self-interacting (‘cold’)


• Gravitationally interacting with ordinary matter


✓Weakly interacting with ordinary matter
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… Yet We Didn’t Find the WIMP
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15 27. Dark Matter

Backgrounds, including neutrinos: Early direct detection experiments employing low-
background Ge spectrometers featured background levels around 2 events/(kg d keV), while the
latest generation of liquid Xe experiments reduced this noise by almost five orders of magnitude, to
4◊10≠5 events/(kg d keV). In liquid xenon detectors, the measured ER spectra at low energies are
for the first time dominated by solar pp neutrino interactions, second-order weak decays, as well as
214Pb —-decays from radon mixed with the xenon. Other backgrounds are due to the radioactivity
of detector components, followed by cosmic muons and their secondaries such as fast neutrons. The
cosmic and environmental radiation are suppressed by going deep underground and surrounding the
experiments with appropriate shielding structures (mainly large water Cherenkov detectors for the
current and next-generation detectors). Activation of materials via cosmic-ray interactions produce
long-lived radio-nuclides (e.g., 39Ar, 60Co, 68Ge, 32Si, etc), while long-lived, human-made isotopes
(85Kr, 137Cs, etc) can mix with detector materials or generate surface backgrounds. For details, we
refer to Section 36.6 of this Review.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

The final backgrounds are due to the irreducible neutrino flux from the Sun, the atmosphere and
the di�use supernovae background [150]. Solar pp-neutrinos start dominating the electronic recoil
background due to elastic neutrino-electron scatters, at a level of ≥ (10 ≠ 25) events/(t y) below
energies of ≥100 keV, while coherent elastic neutrino-nucleus scatters (CE‹NS) from 8B solar neu-
trinos will induce up to ≥ 103 events/(t y) for high-A targets, at nuclear recoil energies below ≥few
keV. Nuclear recoils from atmospheric neutrinos and the di�use supernovae neutrino background
will yield event rates in the range (1 ≠ 5) events/(100 t y), depending on the detector material. In
general, 8B and atmospheric neutrinos will impact light (Æ 6 GeV) and heavy (100 GeV and above)
DM searches for cross sections on nucleons below ≥ 10≠45 cm2 and ≥ 10≠49 cm2, respectively. The
precise cross-sections where neutrinos constitute a dominant background strongly depend on the
systematic uncertainties on the neutrino flux normalisation for each source [151]. For very low
energy thresholds to nuclear recoils, e.g. 10-30 eV in Ge and Si detectors, CE‹NS due to the 7Be
neutrino flux become relevant for exposures of ≥50 kg y [152]. For DM searches with electron re-

1st December, 2023
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Problems with ΛCDM at Sub-Galactic Scale

❖ ΛCDM extremely successful in describing Universe at large scales


• From horizon (15000 Mpc) to inter-galaxy distance (1 Mpc)


❖ Problems arise when describing structures at sub-galactic scale (<1 Mpc)


• Cusp/core


• Missing satellites


• Too-Big-to-Fail

6
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Figure 7

The Missing Satellites Problem: Predicted ⇤CDM substructure (left) vs. known Milky Way
satellites (right). The image on the left shows the ⇤CDM dark matter distribution within a sphere
of radius 250 kpc around the center of a Milky-Way size dark matter halo (simulation by V.
Robles and T. Kelley in collaboration with the authors). The image on the right (by M. Pawlowski
in collaboration with the authors) shows the current census of Milky Way satellite galaxies, with
galaxies discovered since 2015 in red. The Galactic disk is represented by a circle of radius 15 kpc
at the center and the outer sphere has a radius of 250 kpc. The 11 brightest (classical) Milky Way
satellites are labeled by name. Sizes of the symbols are not to scale but are rather proportional to
the log of each satellite galaxy’s stellar mass. Currently, there are ⇠ 50 satellite galaxies of the
Milky Way compared to thousands of predicted subhalos with Mpeak & 107 M�.

see, e.g., Rees & Ostriker 1977). According to Figure 6, these physical e↵ects are likely to

become dominant in the regime of ultra-faint galaxies M? . 105M�.

The question then becomes: can we simply adopt the abundance-matching relation

derived from field galaxies to “solve” the Missing Satellites Problem down to the scale of

the classical MW satellites (i.e., Mvir ' 1010M� $ M? ' 106M�)? Figure 8 (modified from

Garrison-Kimmel et al. 2017a) shows that the answer is likely “yes.” Shown in magenta is

the cumulative count of Milky Way satellite galaxies within 300 kpc of the Galaxy plotted

down to the stellar mass completeness limit within that volume. The shaded band shows the

68% range predicted stellar mass functions from the dark-matter-only ELVIS simulations

(Garrison-Kimmel et al. 2014) combined with the AM relation shown in Figure 6 with zero

scatter. The agreement is not perfect, but there is no over-prediction. The dashed lines show

how the predicted satellite stellar mass functions would change for di↵erent assumed (field

galaxy) faint-end slopes in the calculating the AM relation. An important avenue going

forward will be to push these comparisons down to the ultra-faint regime, where strong

baryonic feedback e↵ects are expected to begin shutting down galaxy formation altogether.

2.2. Cusp, Cores, and Excess Mass

As discussed in Section 1, ⇤CDM simulations that include only dark matter predict that

dark matter halos should have density profiles that rise steeply at small radius ⇢(r) / r
�� ,

with � ' 0.8� 1.4 over the radii of interest for small galaxies (Navarro et al. 2010). This is

20 Bullock • Boylan-Kolchin

Figure 10

The Too-Big-to-Fail Problem. Left: Data points show the circular velocities of classical Milky
Way satellite galaxies with M? ' 105�7M� measured at their half-light radii r1/2. The magenta
lines show the circular velocity curves of subhalos from one of the (dark matter only) Aquarius
simulations. These are specifically the subhalos of a Milky Way-size host that have peak
maximum circular velocities Vmax > 30 km s�1 at some point in their histories. Halos that are this
massive are likely resistant to strong star formation suppression by reionization and thus naively
too big to have failed to form stars (modified from Boylan-Kolchin, Bullock & Kaplinghat 2012).
The existence of a large population of such satellites with greater central masses than any of the
Milky Way’s dwarf spheroidals is the original Too-Big-to-Fail problem. Right: The same problem
– a mismatch between central masses of simulated dark matter systems and observed galaxies –
persists for field dwarfs (magenta points), indicating it is not a satellite-specific process (modified
from Papastergis & Ponomareva 2017). The field galaxies shown all have stellar masses in the
range 5.75  log10(M?/M�)  7.5. The gray curves are predictions for ⇤CDM halos from the
fully self-consistent hydrodynamic simulations of Fitts et al. (2016) that span the same stellar
mass range in the simulations as the observed galaxies.

While there are subhalos with central masses comparable to the Milky Way satellites, these

subhalos were never among the ⇠ 10 most massive (Figure 10). Why would galaxies fail

to form in the most massive subhalos, yet form in dark matter satellites of lower mass?

The most massive satellites should be “too big to fail” at forming galaxies if the lower-mass

satellites are capable of doing so (thus the origin of the name of this problem). In short,

while the number of massive subhalos in dark-matter-only simulations matches the number

of classical dwarfs observed (see Figure 8), the central densities of these simulated dwarfs

are higher than the central densities observed in the real galaxies (see Figure 10).

While too-big-to-fail was originally identified for satellites of the Milky Way, it was

subsequently found to exist in Andromeda (Tollerud, Boylan-Kolchin & Bullock 2014) and

field galaxies in the Local Group (those outside the virial radius of the Milky Way and

M31; Kirby et al. 2014). Similar discrepancies were also pointed out for more isolated low-

mass galaxies, first based on HI rotation curve data (Ferrero et al. 2012) and subsequently

using velocity width measurements (Papastergis et al. 2015; Papastergis & Shankar 2016).

This version of too-big-to-fail in the field is also manifested in the velocity function of

field galaxies4 (Zavala et al. 2009; Klypin et al. 2015; Trujillo-Gomez et al. 2016; Schneider

4We note that the mismatch between the observed and predicted velocity function can also be

www.annualreviews.org • Challenges to the ⇤CDM Paradigm 23

Not covering these two, 
for comprehensive review 

 see arXiv:1707.04256
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The Cusp/Core Problem

❖ Cold DM creates halos with high central density


• Density profile predicted to be ‘cuspy’:  
increases steadily at smaller radii (ρ ~ 1/r)

7
Figure 9

The Cusp-Core problem. The dashed line shows the naive ⇤CDM expectation (NFW, from
dark-matter-only simulations) for a typical rotation curve of a Vmax ⇡ 40 km s�1 galaxy. This
rotation curve rises quickly, reflecting a central density profile that rises as a cusp with ⇢ / 1/r.
The data points show the rotation curves of two example galaxies of this size from the LITTLE
THINGS survey (Oh et al. 2015)), which are more slowly rising and better fit by a density profile
with a constant density core (Burkert 1995, cyan line).

prediction.

2.3. Too-Big-To-Fail

As discussed above, a straightforward and natural solution to the missing satellites problem

within ⇤CDM is to assign the known Milky Way satellites to the largest dark matter

subhalos (where largest is in terms of either present-day mass or peak mass) and attribute

the lack of observed galaxies in in the remaining smaller subhalos to galaxy formation

physics. As pointed out by Boylan-Kolchin, Bullock & Kaplinghat (2011), this solution

makes a testable prediction: the inferred central masses of Milky Way satellites should be

consistent with the central masses of the most massive subhalos in ⇤CDM simulations of

Milky Way-mass halos. Their comparison of observed central masses to ⇤CDM predictions

from the Aquarius (Springel et al. 2008) and Via Lactea II (Diemand et al. 2008) simulations

revealed that the most massive ⇤CDM subhalos were systematically too centrally dense to

host the bright Milky Way satellites (Boylan-Kolchin, Bullock & Kaplinghat 2011, 2012).

22 Bullock • Boylan-Kolchin

Rotation curves in spiral galaxies

Tulin & Yu (in prep); Data from Oh et al [LITTLE THINGS] (2015)

Mass deficit problem: NFW profile fit to Vcir at 
large radii predicts too-large Vcir at small radii

Circular velocity (DM + stars + gas): Unknowns: 

Stellar mass-to-light ratio

SIDM profile

NFW profile

❖ Fails to describe rotation curves at low r


• Data supports flatter DM density profile (‘core’)
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The SIMP Paradigm (in a Nutshell)
❖ Strongly Interacting Massive Particles (SIMP)


• Self-interacting DM through 3 → 2 process


❖ Self-interaction heats up DM → lowers density


• Solves cusp/core  (and too-big-to-fail)


❖ SIMP predicts sub-GeV DM


• mDM ~ αeff (T2 MPl)1/3       (eg αeff = 1 → mDM = 100 MeV)


• αeff constraints: not too small (wouldn’t solve cusp/core)  
nor too large (wouldn’t explain Bullet cluster)
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1 MeV < mDM < 1 GeV

Hochberg et al., PRL 113 (2014) 171301
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15 27. Dark Matter

Backgrounds, including neutrinos: Early direct detection experiments employing low-
background Ge spectrometers featured background levels around 2 events/(kg d keV), while the
latest generation of liquid Xe experiments reduced this noise by almost five orders of magnitude, to
4◊10≠5 events/(kg d keV). In liquid xenon detectors, the measured ER spectra at low energies are
for the first time dominated by solar pp neutrino interactions, second-order weak decays, as well as
214Pb —-decays from radon mixed with the xenon. Other backgrounds are due to the radioactivity
of detector components, followed by cosmic muons and their secondaries such as fast neutrons. The
cosmic and environmental radiation are suppressed by going deep underground and surrounding the
experiments with appropriate shielding structures (mainly large water Cherenkov detectors for the
current and next-generation detectors). Activation of materials via cosmic-ray interactions produce
long-lived radio-nuclides (e.g., 39Ar, 60Co, 68Ge, 32Si, etc), while long-lived, human-made isotopes
(85Kr, 137Cs, etc) can mix with detector materials or generate surface backgrounds. For details, we
refer to Section 36.6 of this Review.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

The final backgrounds are due to the irreducible neutrino flux from the Sun, the atmosphere and
the di�use supernovae background [150]. Solar pp-neutrinos start dominating the electronic recoil
background due to elastic neutrino-electron scatters, at a level of ≥ (10 ≠ 25) events/(t y) below
energies of ≥100 keV, while coherent elastic neutrino-nucleus scatters (CE‹NS) from 8B solar neu-
trinos will induce up to ≥ 103 events/(t y) for high-A targets, at nuclear recoil energies below ≥few
keV. Nuclear recoils from atmospheric neutrinos and the di�use supernovae neutrino background
will yield event rates in the range (1 ≠ 5) events/(100 t y), depending on the detector material. In
general, 8B and atmospheric neutrinos will impact light (Æ 6 GeV) and heavy (100 GeV and above)
DM searches for cross sections on nucleons below ≥ 10≠45 cm2 and ≥ 10≠49 cm2, respectively. The
precise cross-sections where neutrinos constitute a dominant background strongly depend on the
systematic uncertainties on the neutrino flux normalisation for each source [151]. For very low
energy thresholds to nuclear recoils, e.g. 10-30 eV in Ge and Si detectors, CE‹NS due to the 7Be
neutrino flux become relevant for exposures of ≥50 kg y [152]. For DM searches with electron re-

1st December, 2023

Most Experiments Not Too Sensitive to Sub-GeV DM
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Sub-GeV DM 
(eg. SIMPs)

mDM ~ 10 GeV

mDM ~ 10 MeV

DM

Nucleus

DM
Nucleus

Nuclear  
recoil  

detectors

https://arxiv.org/abs/1402.5143
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For Light Dark Matter Better to Use Electron Recoils

❖ Much weaker limits (10-6)


❖ From ton-targets to gram-targets?


❖ mDM < 100 MeV: sensitivity drop for 
ionization detectors (reconstruction thresholds)
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FIG. 4. 90% CL constraints (cyan
solid line) on: DM- e� cross section,
�e, versus DM mass, m�, for two
DM form factors, FDM(q) = 1 (top
left) and FDM(q) = (↵me/q)

2 (top
right); DM-nucleus cross section, �n,
for a light mediator (bottom left);
and the kinetic-mixing parameter, ✏,
versus the dark-photon mass, mA0 , for
dark-photon-DM absorption (bottom
right). Constraints are shown on DM-
e� scattering also from the SENSEI
prototype [14, 15], XENON10/100 [19],
DarkSide-50 [20], EDELWEISS [21],
CDMS-HVeV [22], XENON1T [23],
DAMIC [24], solar reflection (assum-
ing DM couples only to e�) [25]; con-
straints on DM-nucleus scattering from
SENSEI, XENON10/100/1T [12] and
LUX [26]; and constraints on absorp-
tion from SENSEI [14, 15], DAMIC [24,
27], EDELWEISS [21], XENON10/100,
CDMSlite [9], and the Sun [9, 28, 29].
Orange regions are combined bench-
mark model regions for heavy [2, 5, 30–
34] and light [2, 5, 35, 36] mediators.

which corresponds to the Halo Mask (described below)
for any possible high-energy events occurring just out-
side of the quadrant.

• Bleeding Zone Mask. To avoid spurious events from
charge-transfer ine�ciencies, we mask 100 (50) pixels
upstream in the vertical and horizontal direction of any
pixel containing more than 100 e� for the 1 e� (�2 e�)
analyses. This distance is doubled for columns where
we observe a high bleeding rate.

• Bad Pixels and Bad Columns. We further limit the
impact of defects that cause charge leakage or charge-
transfer ine�ciencies by identifying and masking pixels
and columns that have a significant excess of charge.

• Halo Mask. Pixels with more than 100 e�, from high-
energy background events, correlate with an increased
rate of low-energy events in nearby pixels. We observe
a monotonic decrease in R1e� as a function of the radial
distance, R, from pixels with a large charge. We mask
pixels out to R = 60 pix (R = 20 pix) for the 1 e�

(�2 e�) analyses.

• Loose Cluster Mask. We find a correlation between
the number of 1 e� and 2 e� events in regions of size
⇠103 pix2. Since there is no reason for a 2 e� DM
event to be spatially correlated with an excess of 1 e�

events, we mask regions with an excess of 1 e� events.
We apply this mask only for the �2 e� analyses.

• Neighbor Mask. For the 1 e� and 2 e� DM analyses
only, we require the DM signal to be contained in a sin-
gle pixel and only select pixels whose eight neighboring
pixels are empty. We thus mask all pixels that have a
neighboring pixel with � 1 e�.

The e�ciencies of, and number of events passing, these
selection cuts are given in Table I, which also shows
the number of observed events and the inferred 90%
confidence-level (CL) upper limits on the rates. We as-
sume that a DM signal is uniformly distributed across
the CCD, so that a cut’s e�ciency on a DM signal is
proportional to the loss in exposure from that cut.
DARK MATTER RESULTS. The results for the four
analyses are:

• 1e�: From the observed R1e� of (3.363 ± 0.094) ⇥
10�4 e�/pix/day, we subtract the (exposure indepen-
dent) spurious charge contribution of (1.664±0.122)⇥
10�4 e�/pix, to arrive at a R1e� of (1.594 ± 0.160) ⇥
10�4 e�/pix/day, or (450 ± 45) events/g-day, where
the errors have been added in quadrature. For cal-
culating a DM limit below, we conservatively take the
1311.7 observed 1 e� events and subtract the 2� lower
limit on the number of expected spurious-charge events
(649 � 2 ⇥ 47.5 = 554 events), arriving at ⇠758 1 e�-
events. The known contributions to R1e� that we do
not subtract are environmental backgrounds and dark
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Solid State Targets: The Advantage of 2D Materials

11

❖ 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 ~ 4.7 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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❖ State-of-the-art nanotube facility in Rome Sapienza


• Thanks to ATTRACT funding


• Growing nanotubes with Chemical Vapor Deposition


• Up to 400 µm in length, on different substrates

Growing Aligned Carbon Nanotubes in TITAN Lab

12

Typical growth 
(April 2022)

h = 360 µm

Installing the 
CVD chamber 
(Summer 2020)

Before After

4 
cm
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C 1s core level at high integrated flux 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 fitting 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 fitting 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 fingerprint 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 Arþ at high integrated flux (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 fitting 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 figure can be viewed online.)

Fig. 3. Raman spectroscopy data of LAT (left) and TOP (right) ion-bombarded MWCNTs with 5 keV Arþ 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 figure 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

13

G. D’Acunto, et al., Carbon 139 (2018) 768

Lateral Longitudinal
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Directional sensitivity by design
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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  

15

DM Wind

recoil electron

Dark-PMT features: 
• Portable, cheap, and easy to produce 
• Unaffected by thermal noise (Φe = 4.7 eV) 
• Directional sensitivity
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Two Arrays of Dark-PMTs to Search for Dark Matter

16
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FIG. 2: Di↵erential rates of ejected electrons per year per kg, distributed in the recoil energy ER for M� = 5 MeV. We include
both sp2 and ⇡–orbital electrons. The three curves reported are relative to three di↵erent orientations of the DM wind main
direction with respect to the carbon nanotube parallel axes. The plot reported here is found with Eq. (23) and the addition of
the absorption probability at every hit with the CNT. ER corresponds to the kinetic energy of the electrons emitted from the
surface of the CNTs, having overcome the work function �wf .

We have to underscore here that in order to measure
a certain degree of asymmetry A, we do not need to pre-
cisely measure the electron recoil direction. We only need
to count the electrons reaching the detection region.

A compact apparatus. We consider an array of
single-wall metallic carbon nanotubes positioned in vac-
uum and in a uniform electric field directed parallel to
CNT axes. CNTs are held at a fixed negative poten-
tial. Field lines will concentrate on the open ends of this
CNT cathode, like on sharp edges, as described in Fig. 1
and commented in the Introduction. Electrons ejected
by collisions with DM particles will travel in vacuum re-
gions among (or within) CNTs and will eventually reach
the region where the electric field is intense. Once there,
electrons will be further accelerated in an electric field of
several kV/cm towards the anode where a silicon diode
is located, as in a hybrid light sensor (HPD or HAPD).

The signal produced by a collision with a single DM
particle is expected to be represented by single electron
count. Therefore, the detector has to be devised to dis-
criminate between single and multi-electron signals. This
might be obtained with HPD-type sensors, having an in-
trinsically low gain fluctuation, when coupled to a very
low electronic noise amplification stage. Notice that in
this configuration, given the very low rate of interaction,
neither fast nor highly segmented sensors are required.

On the other hand, we expect photons from radioac-
tivity to convert into the CNT target array. This would

generally produce electrons with keV or higher ener-
gies. These events are expected to extract several elec-
trons from the CNT cathode. Therefore the signal-to-
background discrimination, at this level, is that between
single-electron and multi-electron counts.

The detection element can be replicated to reach the
required target mass. Eventually, two arrays of elements
can be installed on a system that is tracking the Cygnus
apparent position. Two CNT arrays can be installed in
a back to back configuration: in one the open ends are
in the direction of the Cygnus (where the DM wind is
expected to come from). A di↵erent counting rate is
then expected on the two arrays, maximally exploiting
the anysotropy of the detection apparatus. More sophis-
ticated schemes might require the use of magnetic and
electric fields, such as the one sketched in [2].

We conclude that the anisotropic response studied in
this note allows to use existing technology with the sub-
stitution of the photocathode element only, and making
them blind to light. This makes our proposal easy to
test experimentally and scalable to a large target mass.
For the sake of illustration, assume a 1 ⇥ 1 cm2 sub-
strate coupled to a single photo-diode channels. On
this substrate a number of 1012, 10 nm diameter CNTs
can be grown. Since the surface density of a graphene
sheet is 1/1315 gr/m2, a single-wall CNT weights about
50 ⇥ 10�16 grams. This is equivalent to ⇠ 10 mg on a
single substrate. In the case of HPD, O(104) units per

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

mDM = 5 MeV

In principle sensitive  
to eV electrons!

Sensitive to  
DM signal

In-situ BG 
measurement

100 darkPMTs =  
1 g carbon target
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Background Minimization Will Be Essential

❖ Need < 1 BG event per year per Dark-PMT 


• To extend current limits


• With only 1g∙yr !

17
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FIG. 4. 90% CL constraints (cyan
solid line) on: DM- e� cross section,
�e, versus DM mass, m�, for two
DM form factors, FDM(q) = 1 (top
left) and FDM(q) = (↵me/q)

2 (top
right); DM-nucleus cross section, �n,
for a light mediator (bottom left);
and the kinetic-mixing parameter, ✏,
versus the dark-photon mass, mA0 , for
dark-photon-DM absorption (bottom
right). Constraints are shown on DM-
e� scattering also from the SENSEI
prototype [14, 15], XENON10/100 [19],
DarkSide-50 [20], EDELWEISS [21],
CDMS-HVeV [22], XENON1T [23],
DAMIC [24], solar reflection (assum-
ing DM couples only to e�) [25]; con-
straints on DM-nucleus scattering from
SENSEI, XENON10/100/1T [12] and
LUX [26]; and constraints on absorp-
tion from SENSEI [14, 15], DAMIC [24,
27], EDELWEISS [21], XENON10/100,
CDMSlite [9], and the Sun [9, 28, 29].
Orange regions are combined bench-
mark model regions for heavy [2, 5, 30–
34] and light [2, 5, 35, 36] mediators.

which corresponds to the Halo Mask (described below)
for any possible high-energy events occurring just out-
side of the quadrant.

• Bleeding Zone Mask. To avoid spurious events from
charge-transfer ine�ciencies, we mask 100 (50) pixels
upstream in the vertical and horizontal direction of any
pixel containing more than 100 e� for the 1 e� (�2 e�)
analyses. This distance is doubled for columns where
we observe a high bleeding rate.

• Bad Pixels and Bad Columns. We further limit the
impact of defects that cause charge leakage or charge-
transfer ine�ciencies by identifying and masking pixels
and columns that have a significant excess of charge.

• Halo Mask. Pixels with more than 100 e�, from high-
energy background events, correlate with an increased
rate of low-energy events in nearby pixels. We observe
a monotonic decrease in R1e� as a function of the radial
distance, R, from pixels with a large charge. We mask
pixels out to R = 60 pix (R = 20 pix) for the 1 e�

(�2 e�) analyses.

• Loose Cluster Mask. We find a correlation between
the number of 1 e� and 2 e� events in regions of size
⇠103 pix2. Since there is no reason for a 2 e� DM
event to be spatially correlated with an excess of 1 e�

events, we mask regions with an excess of 1 e� events.
We apply this mask only for the �2 e� analyses.

• Neighbor Mask. For the 1 e� and 2 e� DM analyses
only, we require the DM signal to be contained in a sin-
gle pixel and only select pixels whose eight neighboring
pixels are empty. We thus mask all pixels that have a
neighboring pixel with � 1 e�.

The e�ciencies of, and number of events passing, these
selection cuts are given in Table I, which also shows
the number of observed events and the inferred 90%
confidence-level (CL) upper limits on the rates. We as-
sume that a DM signal is uniformly distributed across
the CCD, so that a cut’s e�ciency on a DM signal is
proportional to the loss in exposure from that cut.
DARK MATTER RESULTS. The results for the four
analyses are:

• 1e�: From the observed R1e� of (3.363 ± 0.094) ⇥
10�4 e�/pix/day, we subtract the (exposure indepen-
dent) spurious charge contribution of (1.664±0.122)⇥
10�4 e�/pix, to arrive at a R1e� of (1.594 ± 0.160) ⇥
10�4 e�/pix/day, or (450 ± 45) events/g-day, where
the errors have been added in quadrature. For cal-
culating a DM limit below, we conservatively take the
1311.7 observed 1 e� events and subtract the 2� lower
limit on the number of expected spurious-charge events
(649 � 2 ⇥ 47.5 = 554 events), arriving at ⇠758 1 e�-
events. The known contributions to R1e� that we do
not subtract are environmental backgrounds and dark

0 BG

0.01 BG ev yr-1 darkPMT-1

1 BG ev yr-1 darkPMT-1

Projected Sensitivity  
(Exposure = 1 g∙yr) R. Catena will 

give a seminar 
in Rome on 26/5

(curves adapted from R.Catena, et al., arXiv:2303.15509)
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The ANDROMeDa Project

❖ Awarded PRIN2020 grant (1M€)


• 3-year project, started in May 2022


• 3 units:  INFN (FP, P.I.) 
             Sapienza (G. Cavoto) 
             Roma Tre (A. Ruocco)


❖ Main objective: have a working dark-PMT 
protoype by end of project


• Challenges on both sides of detector

18

DM Wind

recoil electron
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DM Wind

recoil electron

Ideal nanotubes for DM target?

Best detector for keV electrons?
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Requirements on Detecting keV Electrons
❖ Electron energy = ∆Ve (initial energy negligible)


• ∆V ~ 5 keV


❖ DM signal: single electron with E = ∆Ve


• Ionizing backgrounds: multiple electrons


❖ Electron detector requirements:


• High (>95%) efficiency


• Energy resolution: good enough  
to separate 1e- vs 2e- @ 5σ

19

signal:

background:

e-

DM

e-µ

∆V
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APDs: Not Enough Resolution

20

42

Chapter 5

Avalanche Photodiodes for

Electron Detection

I n this Chapter, the response of the windowless avalanche photodiode to single keV
electron signals is analysed and evaluated in the framework of the ANDROMeDa

project.
As stated in Chapter 2, it is imperative for the project’s success discriminate

with high precision a background event from a signal event. Therefore at least 5 ‡
between one-electron signals and two-electrons signals are required.

To detect single electron signals, a data-taking campaign was carried out in
Milano Bicocca University, where a custom electron gun is present. This custom
gun exploits the photoelectric e�ect to eject electrons from an aluminium cathode.
These electrons are then accelerated by a tunable electric field to the anode where
the beam is collimated by a small hole. Being the cathode set to -V and the anode
to 0 V, once expelled from the hole the electrons are in free flight. A sketch of the
electron gun is shown in Figure 5.1 left panel.

The outgoing electron beam results suitable for our purposes being almost
energetically monochromatic in the relevant range (0-20 keV), has a beam spot of
around 1 mm totally contained in the APD active area (1 cm2), it’s easy to move
and has a beam current as low as few fA, so it can be used to probe the single
electron regime.

Figure 5.1. On the left side a sketch of the customised electron gun at Milano Bicocca
University, on the right side a picture of the setup used for electron measurements.

2023 Data Taking @ Milano Bicocca e-Gun (M. Biassoni)
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Figure 5.6. Resolution ‡
µ computed from values obtained by a Gaussian fit of amplitude

distributions for electrons with an energy between 8 and 17 keV.

Figure 5.7. Gaussian distribution obtained using 10 keV values from measurements and
supposed 20 keV values: they represent respectively single-electron and double-electron
events amplitude distributions.

Then we can compute the distance between 10 and 20 keV maximum amplitudes
in terms of standard deviation as defined by the following formula:

d(‡) = |µ1 ≠ µ2|
Ò

‡2
1 + ‡2

2
(5.1)

A distance in terms of standard deviation of 2.8 ‡ between single-electron and
double-electron signals is obtained.

Electron  
energy 
resolution
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Figure 5.7. Gaussian distribution obtained using 10 keV values from measurements and
supposed 20 keV values: they represent respectively single-electron and double-electron
events amplitude distributions.

Then we can compute the distance between 10 and 20 keV maximum amplitudes
in terms of standard deviation as defined by the following formula:

d(‡) = |µ1 ≠ µ2|
Ò

‡2
1 + ‡2

2
(5.1)

A distance in terms of standard deviation of 2.8 ‡ between single-electron and
double-electron signals is obtained.

~3σ separation 
between  
10 keV (data) 
and 20 keV 
(simulated)

Not enough

10 mm

Hamamatsu 
windowless APD

A. Apponi, et al., JINST 15 (2020) P11015

http://10.1088/1748-0221/15/11/P11015
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Chosen Technology: Silicon Drift Detectors

21

Fe55 Kα peak (5.9 keV) 
FWHM ~ 170 eV

12 mm

8 mm

SDD produced by FBK

SDD gain 
stage 
(G=3)

Holder and electronics 
by PoliMi

~7× better 
resolution 
than APDs

currently assembling in Milano...
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Aiming for Ultimate Parallelism at the Nanoscale
❖ Parallel at microscale, waviness at nanoscale


• Can hinder electron transmission


❖ Two strategies to straighten nanotubes


• Add electric field during growth


• Optimize catalyst seeds
23
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Fig.B1-3 Sketch of the ANDROMeDa @ LNGS search for DM. 
 

The first aim of ANDROMeDa is to design, build and operate a 
dark-PMT prototype, and use it to achieve the proof of concept. 
The second aim is to perform a light DM search in the underground 
area of INFN National Laboratories at Gran Sasso (LNGS). The 
search would be composed of two arrays of 100 dark-PMTs each, 
hosted on a moving platform (as shown in Fig.B1-3, left): one array 
would point towards the Cygnus constellation, and be sensitive to the 
DM wind, while the other would point in an orthogonal direction, and 
be dedicated to measuring the backgrounds. A DM signal would 
appear as a significant excess of counts of the signal array, compared 
to the background array.  

Each array would have a total mass of at least 1 g of carbon 
nanotubes. Using a conservative estimate on nanotube mass density of 1 mg cm-2, this can be achieved with 
100 dark-PMTs operating with cathodes with an area of 10 cm2. This search is expected to achieve, already 
after only one year of data-taking, world-leading sensitivity in the mass range below 30 MeV, as shown in 
Fig.B1-1. It should noted that the performance shown in Fig.B1-1 is obtained in the zero background 
hypothesis: it will be therefore crucial to keep the sources of background as low as possible. We expect the 
main background contribution in the LNGS cavern to come from environmental radioactivity, and we plan to 
contrast it by enveloping the detector in a water-based radiation shielding. Other sources of noise include the 
presence of radioactively-decaying 14C isotopes in the nanotubes: the 14C/12C ratio has been measured in 
nanotubes synthesized with commercial acetylene gas, and found to be < 10-13. If this value is found to be too 
large, we will investigate the possibility of employing as precursor gas CO2 extracted from deep mines. 

 
The development of the dark-PMT demonstrator is subdivided in two work packages: 
1. The development of a superior carbon-nanotube synthesis technique, to achieve a target with the 

necessary properties for the detection of DM-electron scattering. 
2. The development of an efficient detection scheme for electrons in the 10 keV energy range. 

 
 
 
 
 
Fig.B1-4 Left: the INFN 
CVD chamber. Right: SEM 
image of a typical synthesis 
of vertically-aligned carbon 
nanotubes; the inset shows a 
detailed view of the side. 
 
 
 
 
 

 
a3. Vertically-aligned carbon nanotubes 
 

The project will rely on the carbon nanotube growing facility already present at INFN Rome, visible in 
Fig.B1-4 (left). This facility is operative since August 2020, and has been used to successfully grow vertically-
aligned carbon nanotubes, over 100 µm in length, on various substrates. The synthesis technique is known as 
Chemical Vapor Deposition (CVD) [cv,ti], and consists of three main steps: (1) a metallic nanolayer is 
deposited on the substrate; (2) through annealing at high temperature, the nanolayer forms nanoparticles 
which will act as catalyst seeds during the synthesis; (3) a carbon precursor gas is oriented on the 
nanoparticles at high temperature, and the nanotubes are formed. 

A SEM image of a typical growth is shown in Fig.B1-4 (right): as can be seen, while the tubes have a strong 
linearity at the micrometer scale, they present a significant ‘waviness’ at the nanometer scale. Conversely, the 
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Plasma-Enhanced Growth Straightens Nanotubes
❖ September 2022: added RF  

to CVD chamber


• ‘Thermal’ CVD: high 
temperature breaks C2H2


• ‘Plasma-Enhanced’ CVD:  
RF electric field does the job


❖ Nanotubes grown with plasma: 
significantly straighter 

• Straightness defined from 
image gradient (R. Yadav)

24
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Thermal CVD
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R. Yadav, et al., NIMA 1060 (2024) 169081

https://www.sciencedirect.com/science/article/pii/S016890022400007X
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Results Confirmed by UV Photoemission
❖ Shooting UV photons on nanotubes


• Eγ = 5 eV > φcnt = 4.7 eV


• More electrons extracted from straighter tubes

25

Dark-PMT prototype Hyperion-II

DM Wind
UV

Straightness

El
ec

tr
on

 y
ie

ld

Thermal CVD

PE-CVD

R. Yadav
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New Evaporation Chamber (Finally) Operational

26

Evaporation 
A nanolayer of iron deposited on substrate

Annealing at 720 ℃ 
Nanoparticles are formed

CVD Synthesis 
Nanoparticles function as catalyst seeds

New evaporation chamber  
@ TITAN Lab

First successful evaporation on January 16th!

Previously done by 
PoliFab (Milano)
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Optimizing Nanoparticles for Nanotube Straightness
❖ Nanoparticle size and uniformity strongly 

influence nanotube straightness 

• Non-uniform seeds → different growth 
rates → wavy nanotubes 

• Nanoparticle size depends on 
evaporated nanofilm thickness


• Studying nanoparticle size  
with atomic force microscope (AFM)
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Istituto Nazionale di Fisica Nucleare, Ptolemy/ANDROMEDa Meeting 4
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?
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?

Start from thickness variable
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Istituto Nazionale di Fisica Nucleare, Ptolemy/ANDROMEDa Meeting 5

Statistics on diameter

Istituto Nazionale di Fisica Nucleare, Ptolemy/ANDROMEDa Meeting 6

Statistics on diameter

L. Cecchini
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carbon-precursor gas (such as acetylene) is directed on it; the high temperature decomposes the gas 
molecules, and the carbon attaches to the nanoparticles giving form to the nanotubes. 

 
Fig.B2-2.2 Left: Raman spectrum of pristine VA-CNT sample. Right: Raman spectra, at different depths, 
after lateral (left) and longitudinal (right) Ar+ bombardment. [da] 

 

A key feature of VA-CNTs is their highly anisotropic density, which is close to vanishing in the direction 
of the tube axis. This feature has been established with Ar+ ion bombardment experiments [da], the results of 
which are summarized in Fig.B2-2.2. The left panel of the figure shows the Raman spectrum obtained on the 
pristine (pre-bombardment) VA-CNT sample. Several peaks can be observed in this anelastic photon energy 
loss spectrum, such as the excitation of vibrational modes of the carbon lattice (G and 2D), and the 
prominent ‘defect’ (D) peak, which indicates the presence of cylindrical CNTs. In the right part of the figure, 
the results of Raman spectroscopy (at different depths) after the ion bombardment are shown on the left for 
lateral bombardment, and on the right for longitudinal bombardment. As can be seen, in the case of lateral 
bombardment the pristine spectrum is restored already at a depth of 15 µm, indicating that the ion 
bombardment damage is limited to the first 10 µm. In the case of longitudinal bombardment, instead, the 
Raman spectrum shows severe damage throughout the full length of the tubes (180 µm). 

 
 
Fig.B2-2.3 SEM image of a typical growth of VA-CNT; the inset 
shows a detailed view of the side, with wavy structures at the sub-
micrometer scale. 

 

This density anisotropy is the key feature that allows electrons to 
exit the target without being re-absorbed and forms the basis for the 
results shown in Fig.B2-1.3. Those results are obtained with a model in 
which the nanotubes are ideally straight and parallel, and which 
assumes very low absorption probability for electrons of a few eVs. 
These two conditions need to be validated by experimental 
measurements. In particular, for the achievement of a light DM target 

with the required properties it is crucial to synthesize VA-CNTs with a high degree of 
parallelism, down to the nanoscale. A SEM image of a typical VA-CNT synthesis is shown 
in Fig.B2-2.3: as can be seen these VA-CNTs are parallel at the µm scale, but they exhibit a 
certain ‘waviness’ at the nanoscale, which needs to be eliminated in order not to 
compromise the VA-CNT electron filtering efficiency.  

 

 
Fig.B2-2.4 Schematic view of how synchronous synthesis of CNTs with different growth 
rates can lead to wavy structures. In inset (d) the straight CNTs resulting from faster growth 
rates (black) support wavy CNTs from slower growth rates (blue lines). Figure taken from 
[za]. 

Quantitative image 
 analysis with Fiji:
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GREEAT Project Started in Roma Tre (P.I.: A. Apponi)
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1

Young Researcher Grant CSN5 26724/2024 
Participating units: - INFN Sezione di Roma Tre 

- Dipartimento di Scienze,  
Università degli studi Roma Tre 

ANDROMeDa/PTOLEMY meeting - 04.02.2025

GRaphene to Electrons: 
Energy and Angular resolved Transmission

8

Moveable Electron Source for Angular Dependent Measurement

SAMPLE

ELECTRON 
GUN

BELLOW

HEMISPHERICAL 
ELECTRON 
ANALYSER

❖ Young Researcher Grant CSN5 26724/2024


• 145 k€ over 2 years (2025-26)


❖ Aim: measure interaction cross section  
of electrons through graphene


• Will study also electron transmission 
in nanotubes
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Run the Experiment Backwards: Electron Currents of 10 - 100 fA

A. Apponi et al., Measur.Sci.Tech (2022), 10.1088/1361-6501/ac3d07

Electron detector side: 
✤Max rate ~600 kHz (~100 fA) for linear-mode 

operation 
✤Absolute efficiency of MCP measured with 

LASEC apparatus

Monochromatic electron gun: 
✤Continuous beam ~1 fA - ~40 nA 
✤Tuneable energy within 30 - 900 eV 
✤Optimal stability even down to a few fA

We will run the experiments with electron currents in the 10 - 100 fA range

Electron gun 
(30 < E < 900 eV)

Electron  
analyzer
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✤Continuous beam ~1 fA - ~40 nA 
✤Tuneable energy within 30 - 900 eV 
✤Optimal stability even down to a few fA

We will run the experiments with electron currents in the 10 - 100 fA range

9

Start with Non-Interacting e-, Boost with Parallel Acqisition for Scattered e-

Elastic and 
inelastic 
electrons

Primary electrons Non-interacting electrons

I year goal

Non-interacting electrons: 

✤ Measure at “0 angle” (1° angular acceptance) 

✤ Total cross-section

Scattered electrons: 

✤ Reflection spectrum acquired in 30 hours with 
channeltron 

✤ MCP+delay line for parallel acquisition gives a (vital) 
10x boost 

✤ Similar acquisition time in transmission 

✤ Differential and total cross-section II year goal
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Nanotubes as Cryogenic Electron Source
❖ Field emission from nanotubes


• Quantum effect: no heating


• Local E field amplified (tip effect)
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Thermoionic effect (high T, low E)

Field emission (high E)
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Nanotube chip installed in 
30 mK plate of cryostat  

@ INRiM (Torino)

❖ Measured 100 eV e- 
with TES detector!


• σe(E) ~ 1 eV = σγ(E)

Phys. Rev. Applied 22 (2024) L041007

B. Corcione

In context of 
PTOLEMY 
project

https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007
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Dragon Copper 
Novel nanocomposite material 
Copper reinforced with nanotubes 
International patent deposited

Collaboration with Biologia 
antibacterial and antifungal 
properties of nanotubes 
Nanomaterials 13 (2023) 1081

Collaboration with Engineering 
nanotubes to reinforce basalt  
and quartz fibers 
Comp. B 243 (2022) 110136 
+ submitted to Comp. Part B

Strong in-department synergies 
(SMART Lab, LOTUS...) 
S. Tayyab, et al., Nanomaterials 14 (2024) 77 
V. Ficca, et al., Adv. Func. Mat. 35 (2025) 2413308

https://pubmed.ncbi.nlm.nih.gov/36985974/
https://doi.org/10.1016/j.compositesb.2022.110136
https://doi.org/10.3390/nano14010077
https://doi.org/10.1002/adfm.202413308
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Conclusions
❖ ANDROMeDa: aiming to build light DM detector Dark-PMT 

• DM-electron recoil inside aligned carbon nanotube target


• Features: portable, no thermal noise, directional sensitivity


• Need nanotubes with unprecedented parallelism


❖ TITAN @ Segre: state-of-the-art nanostructure lab


• Synthesis of high-quality nanotubes


• New evaporator chamber operative


• Many synergies and collaborations
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