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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 ACDM Model

<+ In ACDM, dark matter is: Q Q-h2

* Massive Atoms 0.048 0.022

» Electrically neutral
Dark Matter

 Not self-interacting (‘cold’)

- etk — e A

Dark Energy 0.09 —

 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 (vpbm ~ 10-3 ¢)
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The WIMP and lts ‘Miracle’

+ For correct relic abundance Qg ~ 0.12 after ‘freeze-out’, one needs: (ov) ~ 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

v Weakly interacting with ordinary matter

Qann ~ Uweak
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... Yet We Didn't Find the WIMP

Francesco Pandolfi
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Problems with ACDM at Sub-Galactic Scale

+ NCDM 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-Falil
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Problems with ACDM at Sub-Galactic Scale

+ NCDM extremely successful in describing Universe at large scales

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

1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2
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The Cusp/Core Problem

+ Cold DM creates halos with high central density 107

* Density profile predicted to be ‘cuspy’:
increases steadily at smaller radii (p ~ 1/r)
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Dark Matter Density (MO/kpCB)
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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

* Mpm ~ Qeff (T2 Mpy)1/3 (eg deri = 1 = mpm = 100 MeV)

* Qeff cONstraints: not too small (wouldn’t solve cusp/core)
nor too large (wouldn’t explain Bullet cluster)

Francesco Pandolfi

-» 1 MeV < mpm <1 GeV

ANDROMeDa Project, 11.02.25

‘[No more DM — SM anlhllatlon

3-2 scatt

_— — -

Cleff

’ aeff~1

N— e
ﬁ

—— e ———— e e

Qann

Qann ~ 0




Most Experiments Not Too Sensitive to Sub-GeV DM
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‘mpm ~ 10 MeV|
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https://arxiv.org/abs/1402.5143

~or Light Dark Matter Better to Use Electron Recoils
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Ihe Advantage of 2D Materials

d State Targets

SOl

Back of the envelope calculation:

N/
) X4

100 MeV)

50 eV (for mpm = 10-

= 5-

Kbwm

~ 300 km/s

Assuming Vpwm
Enough to extract an electron from carbon

R/

¢« O~ 4.7 eV, s0Ke~ 1-50¢eV

» Extremely short range in matter!

|
|
|

' nanotube |

2D materials: electrons ejected directly into vacuum

N/
) X 4

- Graphene and carbon nanotubes
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Growing Aligned Carbon Nanotubes in TITAN Lab

<+ State-of-the-art nanotube facility in Rome Sapienza
+ Thanks to ATTRACT funding € 2rract
» Growing nanotubes with Chemical Vapor Deposition

» Up to 400 pm in length, on different substrates

| Inétlling the
| CVD chamber ]
| (Summer 2020)

1

{
{"
>

|

|

 Typical growth|
| (April 2022) |

B S P

ettt s
—

12

Conta dingencn per o Neoomorokipm
wpkoats 3l ingsgnars ozls Sienca

Francesco Pandoli

1 1 . 02 : 2 5 30 um EHT=800kv  WD=25mm SignalA=InLens Date :5 May 2022 NLS

| I File Name = A_VACNTs_01 tif Mag= 500X




v

Aligned Nanotubes: a Highly Anisotropic Target

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

Lateral * PR, Penetration | Longitudinal < Raman analysis after Ar+ bombardment
depth depth Ar’
LAT-LAT TOP-LAT .
- Lateral penetration < 15 pm
: lm = um
-
s\ £ f 0 — - Longitudinal damage along full length
> 180 pm
/\\5_-«\ /\'\ K"‘L’m\f » Highly anisotropic density
................... R o T e i ool WP,
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Raman shift (cm™)
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Nanotube Detector Concept: the ‘Dark-PMT’

DM Wind .
o= E field (few kV/cm)
> O
: = recoll electron
)
- O T —> _
B 8 ‘U
‘ k> < —
- ‘l: c
. &= S
> = QO 2
= < 7
vacuum |
~5cm
+ ‘Dark-photocathode’ of aligned nanotubes : Dar T features -

|

- Portable, cheap, and easy to produce

|
- Unaffected by thermal noise (®. = 4.7 eV) {‘

» Detected by solid state e- counter - Dnrectlonal sens|t|v|ty

e, e —— ——— — — —_— == — —_ P p——

» Ejected e- accelerated by electric field
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Two Arrays of Dark-PMTs to Search for Dark Matter

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

Sensitive to
: — S 2000}
DM signal " | B | .
SIS ' 100 darkPMTs = ;4
’ | {i -- 6, =180°
’ 1500+

INn-situ BG 2
measurement 3‘13: 1000}
X | o

500+

I prmmple senS|t|ve

} to eV electrons! ’
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Background Minimization Will Be Essential
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“ Need < 1 BG event per year per Dark-PMT

* To extend current limits

» With only 1g-yr!

o e etz

Projected Sensitivity
(Exposure =1 g-yr)

0.01 BG ev yr-1darkPMT-1
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| R. Catena will

in Rome on 26/5

give a seminar
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PRIN 2020
The ANDROMeDa Project ©

v

v ANDROM:=-D

Aligned Nanotube Detector for Research On MeV Darkmatter

<+ Awarded PRIN2020 grant (1M€)

» 3-year project, started in May 2022

« 3 units: INFN (FP, P1.)
Sapienza (G. Cavoto)
Roma Tre (A. Ruocco)

e e  field (few KV/cm) W]
. ... . & |
+ Main objective: have a working dark-PMT & ccolelcton
protoype by end of project - S
Y o 5
_ : £3 =
» Challenges on both sides of detector » S vacuum “l

- e ——
g " E -
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PRIN 2020
The ANDROMeDa Project ©

v

v ANDROM:=-D

Aligned Nanotube Detector for Research On MeV Darkmatter

<+ Awarded PRIN2020 grant (1M€)

» 3-year project, started in May 2022

« 3 units: INFN (FP, P.l.)
Sapienza (G. Cavoto)

Roma Tre (A. Ruocco) Ideal nanotubes for DM target?
N E field (few kV/cf)
* Main objective: have a working dark-PMT N
protoype by end of project %
» Challenges on both sides of detector vacuum >
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Best detector for keV electrons?
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Requirements on Detecting keV Electrons

< Electron energy = AVe (initial energy negligible)
e e E field (few kv/cm)
> S | » AV ~ 5 keV
> £ recoll electron
* N i
< . - .
S S + DM signal: single electron with E = AVe
=N 3
B * lonizing backgrounds: multiple electrons
signal: = < Electron detector requirements:
» High (>95%) efficiency
; * Energy resolution: good enough
background: =
. to separate 1e-vs 2e- @ 50
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APDs: Not Enough Resolution

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

Hamamatsu
windowless APD
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http://10.1088/1748-0221/15/11/P11015

Chosen Technology: Silicon Drift Detectors
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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

ANDROMeDa Project, 11.02.25
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Plasma-Enhanced Growth Straightens Nanotubes

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

September 2022: added RF
to CVD chamber

» ‘Thermal’ CVD: high
temperature breaks CoHo

- ‘Plasma-Enhanced’ CVD: e ——
. F Fleame = Tamovo 1ominzats ;
RF electric field does the job

Mg 2500KX ST oo

mpicsto sl

Nanotubes grown with plasma:
significantly straighter

 Straightness defined from
image gradient (R. Yadav)
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https://www.sciencedirect.com/science/article/pii/S016890022400007X

Results Confirmed by UV Photoemission

-PMT prototype Hyperion-II

+ Shooting UV photons on nanotubes

cathoaqe

E field (few kV/cm)
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* Ey=5¢eV>dent=4.7 eV

* More electrons extracted from straighter tubes

uv 1.0

——- Fit: y = 1.143x
\ @ Data Points
\ 0.8 -
\ 0.6 -

0.4

Electron yield

Uv
E é%%&%@ /ﬁ’ Thermal CVD
0.2 - -7
)> /',/
0.0 - . .
0.0 0.2 0.4 0.6

R. Yadav
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New Evaporation Chamber (Finally) Operational

_ A nanolayer of iron deposited on substrate

Francesco Pandolfi

New evaporation chamber
@ TITAN Lab

Evaporation

Annealing at 720 °C

Nanoparticles are formed

CVD Synthesis

Nanoparticles function as catalyst seeds

__ P ey — o — ~ =

First successful evaporation on January 16th!

ANDROMeDa Project, 11.02.25 26



Optimizing Nanoparticles for Nanotube Straightness

Time

Francesco Pandolfi

| Quantitative image |

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) -

re © W
120
m n - 4
190 177 181

L. Cecchini
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GREEAT Project Started in Roma Tre (P.l.: A. Apponi)

HEMISPHERICAL
ELECTRON
ANALYSER

Sedliiiiine ==y —

GRaphene ' Electrons:
Energy and Angular resolved Transmission

ELECTRON
GUN

o

% Young Researcher Grant CSNbS 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

— hanotubes
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Nanotubes as Cryogenic Electron Source

Phys. Rev. Applied 22 (2024) L. 041007
II v
|| l cnt

UM spacer

N

> Field emission from nanotubes

» Quantum effect: no heating

TES chip

» Local E field amplified (tip effect)

Cryostat

Thermoionic effect (high T, low E)

30 mK plate of cryostat

@ INRlM (Torlno) |

o-
Field emission (high E) In context of
a o- PTC?LEMY
\ project
PTOLEMY
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| Nanotube chip installed in |

TES Gaussian energy resolution (eV)

R/

NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA

220 -
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0.6;— T ]
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Energy (eV)

Measured 100 eV e-

with TES detector!

° Ce(E) ~1eV= GV(E)
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007

ANDROM=-D

Aligned Nanotube Detector for Research On MeV Darkmatter
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UNIVERSITA DEGLI STUDI

PTOLEMY

Strong In-department synergies
(SMART Lab, LOTUS...)

TITAN LaB

TECHNOLOGY INNOVATION THROUGH
ADVANCED NANOSTRUCTURES

}
NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA

INFN
Dragon Copper  S—...

Novel nanocomposite material
Copper reinforced with nanotubes

Collaboration with Biologia

antibacterial and antifungal
properties of nanotu

Collaboration with Engineering

nanotubes to reinforce basalt
and quartz fibers
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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

Conclusions

< ANDROMeDa: aiming to build light DM detector Dark-PMT

» DM-electron recoll 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

Francesco Pandolfi ANDROMeDa Project, 11.02.25

DM Wind
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E field (few kV/cm)

___________________________________________

Aligned
CNTs

vacuum

Silicon APD

TITAN LAaB

TECHNOLOGY INNOVATION THROUGH
ADVANCED NANOSTRUCTURES
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