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Outline

» Not a review, a (very) personal view on the future with a
strong bias on the activity here in Rome

» For a young researcher audience

» WIMP and detectors with ton-year exposures

» Directionality - a tool to reject background
» Low pressure gas detector (CYGNUS)
» Anisotropic targets (CNT)

» Sub-GeV dark matter
» Detecting electrons
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Astrophysics and cosmology, evidences

» At very different scales, a robust evidence
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Strategies
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Efficient scattering now
(Direct detection)

DM is around us, scatter on conventional
matter (nuclei, nucleons, electrons)

(Particle colliders)
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Direct detection: the name of the game

» No-one knows what a dark matter particle is

» WIMP model: non relativistic 10-1000 GeV particles with cross
section much larger than solar neutrino weak cross section
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Response to elastic scattering

» WIMP (and neutrinos)

interact coherently with

a nucleus: nuclear recoil (NR)
» Energy release is tiny

» Rate is few events/kg/year

» Interaction might be
spin-independent
or spin-dependent
(not all the nuclei are equivalent)

» Rate affected by the nuclear
form factor

dR/dE, [ton"'keV ™" year™]
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But other scheme are possible, interaction with electrons, inelastic interaction...



Multiple experimental signatures for signal

lonisation

» Low threshold means
(often) low temperature

» Scalability to large mass

» Use more than one
carrier of information!

» Rejection of electron
recoil (ER)

Large masses Low threshold
(very cold!)

One key element is to calibrate the energy scale of nuclear recoils
(quenching factors for ionisation and scintillation)
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Double phase Time Projection Chamber (TPC)

Two phase noble liquid
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C.O’Hare IDM 2022

Last results from noble liquid

Gradient of Xe discovery limit, n = —(dIn¢/dIn MT) ™!
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» Xenon is the big player (LZ,
XENONNT)

» Cross section excluded in Xe target
down to Oyp~ 10-10pb
(at 40 GeV)

» Close to the neutrino background
limit (neutrino from the Sun): the fog

» Reduced mass sensitivity
below 10 GeV: affected by threshold
(and resolution) at low energy recoils

Large target mass (>> 1 ton) is critical for the discovery reach
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.181302

.OH IDM 2022
Future for the LXe O Hare IDME20

» LZ + XENON + DARWIN, many tons LXe

Current generation Merger of leading collaborations for a
future DARWIN/G3 xenon-based experiment

XENONNT: 8.6 t LXe LUX-ZEPLIN (LZ): 10 tLXe
Data taking 2021 Data taking 2021

cutrinos
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- Community Whitepaper: arXiv:2203.02309 (2022)
.. accepted for pub. in J of Phys. G


https://indico.cern.ch/event/922783/contributions/4897471/attachments/2484110/4264911/summary.pdf

DarkSide Two phase noble liquid
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» BUT:

» Need to remove
radioactive 39Ar

39Ar in UAr
< 1 mBq/kg

PRD, 93 (2016): 081101(R)
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The DarkSide-20 overview

AAr Cryogenics ProtoDUNE Cryostat  UAr Cryogenics UAr Transportation Skid and Storage

Cryogenics Support Structure 3
‘ 1 ™ UAr Compressor

UAr Volume _
Inner detector — el === =

o —
— )
T — 4
’ 2"

AAr Volume
Outer cosmic veto

* @LNGS Hall C, Italy;
* Inner detector inside the Ti (or SS) vessel (~¥100 tonnes UAr);
* Immersed in the AAr bath (~700 tonnes) contained by a membrane cryostat.
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UAr purification

Phys. Rev. D 93, 081101 (2016)
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The inner detector

— i Ti (or SS)
== - vessel

= E ) Top OP

» Fiducial UAr 20.2 tonnes S D 1 O
» Then active veto (UAr) b bR pDU
to reject neutrons SO 3

L TPC Barrel

o Calibration
Pipe
Bottom OP

DQQ
QQQ
QDDQQQQ
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=X=)

» Cryogenic SiPM (FBK) ™
» 10x10cm?2 detection units
» > 2000 channels !

4/ Bottom OP
15



Entering the construction phase

* Inner detector mock-up planned before the final
fabrication;
* A down-scaled version of the DS-20k TPC barrel;
* Mechanical validation in liquid argon;

e HHV test; Inner detector mock-up
° \

DarkSide-20k detector
* TPC assembly @LNGS NOA CR2;

* Detector installation and integration @LNGS Hall C;

* Construction start from 2023, UAr to be filled in
2026.
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Dark matter (WIMP) sensitivity
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A (possible) signal of DM from Nal (DAMA/Libra)?

> Year-modulated signal in Nal crystal target (ton-y exposure)

wm o\\O“\)e R =50 + 55, COS(Z?W(t ~ to))

60°

Sug,@ o T =1 year
o WIMP “wind” to ~ beginning of June
5 -
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Residuals (cpd/kg/keV)

DAMA /Libra results

» All the interpretation in terms of background not convincing so far.
| | ‘ Acos[w(t-to)]
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O N Sm(ENR)

New data point with the 8 a.c. of
DAMA/LIBRA-phase2 (1.53 tonxyr)

Preliminary results

2 4 6 8 10 12 14 16 18 20
Energy (keV)

Time (day)

Lower PMT threshold (0.75 keV)

Preferred values for

Oyp~ 104- 10-5pb and

M, ~ 10 - 100 GeV



Lowering PMT threshold with DAMA

» Lowering

PMT threshold (higher Q.E. PMT) can shed light on

different models of the WIMP distributions (halo, stream, etc.)

15 GeV
Isothermal sphere
(channeling)

o

A

+ <

0 2 4 6 8 10 12 14 16 18 20

Energy (keV)

What about reproducing this result independently ? Several
efforts in the world (COSINE, ANAIS, SABRE,...)

What about measuring the WIMP direction ?
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SABR.

» Radio-pure new Nal crystals
» Goal is 10x better than DAMA/LIBRA

i, reproducing DAMA

» Active veto (scintillator, 3x rejection) + additional shielding

» Eventually expose the same target in the southern hemisphere
(Stawell gold mine, Australia)

Ultra
radio-pure
crystals

Scintillator

Rate << 1 count/day/kg/keV

Double location:

Northern and Southern
* hemisphere

Seasonal effect Dark Matter

Active veto
with liquid
scintillator

21

If same effect seen as

in DAMA/LIBRA, confirm modulation
measuring it in a different location
(otherwise a local systematics effect?)



The Proof of Principle

» LNGS test-stand for single ultra pure crystals

Measured Rate in 1 to 6 keV: 1.20 +/- 0.05 count/day/kg/keV

SABRE-PoP background reached the same

background of DAMA/LIBRA phase 1

ANAIS-112

»  COSINE-100

SABRE Nal-33

%  DAMA/LIBRA phase-1
s DAMA/LIBRA phase-2

Coarasa, L. etal, Eur. Phys. J. C, 79:233, 2019

Adhikan P, et al,, Fwr. Phws. ). C, 78:490, 2018

"Bemabel R, et al., Nuclear Instruments and Methods in Phwsics Research
A, 592:297- 315, 2008

Bernabei R. et al., Nucl. Phys. Atom. Energy, 19:307-325, 2018
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Prospect for SABR]

()

» Further R&D need to reduce the
background

» Contamination of the crystal
reflector and crystal with 210
Pb

< 0.04r
5 kg crystals %0035; e
g omp e
Annual modulation analysis: Soozst Do Ll
sensitive to DAMA results in 8 oeb-
3 year with 0.3 cpd/keV/kg
background 8 ook
o.oosé

1 1.5 2 25 3 35 4 45 5
time [years]
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Directionality

» WIMP must appear —
as coming from CYGNUS oo —

» Nuclear recoils must —

reflect this feature —
(dipole distribution)

» Radioactive
background is isotropic

» Solar neutrinos comes from the Sun!

24



The gas TPC approach c XG N o

» Reduce density to have longer, visible nuclear recoils (NR)
» Measure the NR direction, infer DM direction
» Discriminate ER against NR (dE/dx)
» Challenge is to instrument large volumes.
» Veto/shielding might be an issues
» Scalable readout to large surface is the name of the game

» CYGNO:
» gas at atmospheric pressure
» GEM amplification

» Optical readout (CF4 scintillation)
» He (H) based mixtures
» Low mass DM too!

:th

|

H‘

———

:Fff’;,,
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The optical readout of GEMs CXGNO

» First 50 liter prototype installed =
underground at LNGS (close 3 GEMe e CopPOr AGS
fo DAMA) PMTs ::’”"*‘.-'—-‘ ™

2304 x 2304

5.3 Megapixels

CMOS sensor

READOUT NOISE

0.7 electrons rms

Ultra-quiet Scan

—L

50 cm Field Cage Cathode

Electron
200 Recoils
Cosmic from
rays 1000 internal and
(overground external
at LNF) 2o radioactivity
(underground)

2000

0 500 1000 1500 2000
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Light counts

Calibration and NR/ER discrimination
CXGNO

Electronic recoil (ER) calibration:

:_ %/ nf 3553/7
70000 b Fl’rob 0.8296 Tb
- PO 5404+ 7009
:_ p1 1192 + 90.95
50000 Ba
40000 {
30000} % .
20000} Rb{ + Mo Pre\'\m\\'\a"‘/
F F
10000 - e f éCu
C A%
0 ” A A 1 l ' 1 1 L l ' ‘ l
0 10 20 30

E [keV]

|

o ~ 13% energy resolution
| * good linearity in the response
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clusters (normalized to AmBe

bkg. subtr. data
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Plans for CYGNO - Phase 1

» Build a ~0.5 m3 detector with low radioactivity components and passive
shielding (Cu + water) for Hall-F at LNGS

» A ~1 kg target mass aiming at a sub keV detection threshold
» Exploit angular discrimination of ER background (higher thr.)

CYGNO Phase 1

1043 r

44 |
CYGNO 0.4 TPC 107" &

500x800x1000=0.4 m’ 107% =~ | ==== He/CF, 60/40

Designed at LNF and to be installed at LNGS CYGNO Phase 2 (30 m3)
GEM 500:800 1% ':
-~ =~ | 109 |- E, =05keV,
Z I —_—— J PMT 10_38 :r " *
\ 10—40 f—
- 10415 ,‘
At 10 fpee

1075 v He/CF /iC,H,, 58/40/2
104 b

il

1 10 Oumass (cevicd®
Very competitive for spin-dependent
search (flourine)
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https://www.mdpi.com/2410-390X/6/1/6

E.Baracchini

Directional tools

Liberally adapted from S. Vahsen et al., Ann. Rev. Nucl. Part. Sci. 71 (2021) 189-224

I Indirect i Recoil imaging |
— Statistical 1 Event-level 1
Modulation-based Indirect recoil Time-integrated Time-resolved
directi:)nality event ditv.;ctionality recoil imaging recoil imaging
1 ]
>
Carbon nanotubes - -
(ER directionality) Levitated
optomechanics
Anisotropic energy S ooey
threshold in Ge
(MeV DM)
Demonstrated =
R&D 1
Proposed |
New proposal @ IDM 2022

Also US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report :


https://arxiv.org/abs/1707.04591

Cusp-core problem with WIMP ?

- NCDM successful in describing large scales structures
from horizons (15000 Mpc) to intergalaxy distances (1 Mpc)

30

- Cold DM predicts galactic

. Disagree with rotation

- However sub-galactic structures (<1 Mpc) seems to be

problematic (cusp-core, missing satellites, ...)
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Looking elsewhere (with a reason)

- The Strongly Interacting Massive Particles (SIMP)

Qefr » Self-interaction 3—2 heats
O aesr ~ 1  UP DM and lowers density
in Galaxy formation

o SIMP predicts sub-GeV mpwm
Mpm ~ Qeft (T2 Mpy)1/3
(e.g. def =1 = mpm = 100 MeV)

31 Gianluca Cavoto - Outlook on direct DM searches



New mass range, new experiments

» Look for a single recoiling particle

mpm ~ 10 GeV

» Nuclei too heavy for light DM DM

=
o
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[}

NEWS-G (2017)

=
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|
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o]

DAMIC (2017)
107%%{  CDMSsLite 2018)
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€
S
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Q
. ., o 1042 DarkSid®-50 (2018)
light” 3 .
o XENON1T (201 mpm ~ 10 MeV
@)
DM C*
o
o
@]
> —46 |
2 1046 DM
s Neutrino coherent scattering XENONI1T (2018)
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Electron recoils are (much) better

NEWS-G (2017)

,_.
15)
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DAMIC (2017)
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o
1

IS

DarkSide-50 (2018)
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5]
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S| DM-nucleon cross section [cm?]
S
L

$.3600 (2019)

\ DEA .
>anda 01 ‘
L ]
L

= EEEEEEnN

10?

1074
Neutrino coherent scattering XENONIT (2018)
1074
10-50
10° 10!
my (GeV)

» Weaker limits

L
L
1C LY
*
L

XENONI1T
PRL 123 (2019) 251801

410737 &
_; 10738

. 10—39

_; 10740

' _ 10-36

DM-electron o [cm

0.02GeV/c?  0.07

» mpm< 100 MeV very poor limits

0.2 0.5 1 2 )

DM Mass (GeV)

Window of opportunity for gram sized targets ?
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Neutrino floor exploration

10—36
10-38] &\

107%%1  cpMSLite (2018)

lar
6th Sep. o o 26th Feb.
43333 . 5 ey NNEULTINOS 3.3333 - 5 keV

o

1042 4_2_" DarkSide-50 (Z
C_CU XENON]
WIMPs . —44 |

DM wind 10748

T

. . . . . 10746 - 9

» Solar neutrinos direction never overlaps with DM wind Onelicr

Neutrino coherer

» In general a powerful tool to suppress any background
(radioactivity)

S| DM-nucleon cross section [cm?]

A new detector: Light DM sensitivity 10°
and directionality in the same detector
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Solid state targets: 2D materials
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- Back of the envelope calculation: l) Graph =
Kom = 5-50 eV (for mpm = 10-100 MeV) = 3%
| ~ = S
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I 52— e
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S

-~ Enough to extract an electron from carbon

o @~ 4.7 eV (work function) so Ke ~ 1-50 eV

Single-wall

: nanotube
~ Extremely short range in matter!

- 2D materials: electrons ejected directly into

vacuum e ———
Multi-wall
nanotube

- Graphene and carbon nanotubes
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Growing vertically aligned CNT

< Carbon nanotubes synthesized through Chemical
Vapor Deposition (CVD)

* Internal diameter ~5 nm, length up to 300 \&"/ \&Hy/

CiH CxH CiH CiH
IJm Metal “ﬁ:/y J‘z/ :/v
| l

Substrate ] I (i) ] I (ii)

« Single- or multi-wall depending on growth
technique

Nanotubes grown ‘
in Trieste in 2019 |

<+ Result: vertically-aligned nanotube ‘forests’
(VA-CNT)

* ‘Hollow’ in the direction of the tubes

* Electrons can escape if parallel to tubes

* Makes it an ideal light-DM target

S EHT = 5.00kV Mag= 338X Signal A= InLens  Date :24 May 2019
WD=45mm FIBMag= 98X Signal B = InLens Aperture Size = 30,00 pm

36 Gianluca Cavoto - Outlook on direct DM searches



"ﬁf’ \sur'v “VV \1 “"“'f’ f" 'Y‘Y :’N r‘,m”e M
(‘F; W‘MJ 0> \»ﬂ \ i‘:if ‘Y‘F‘",{""i.-
1M ‘;‘1 g'f ’V ?"-‘ 7 e

|

e-

: _flaf‘* S w%wrwm,_l P

EHT = 500kV Mag= 110X Signal A = InLens Date :24 May 2019
=30.00 pm

| WD=45mm FBMag= 98X  Signal B =InLens ' Perturesize=30 st Offcin

FIE Lock W = N0 dei Materiali




L.M. Capparelli, et al., Phys. Dark Universe, 9-10 (2015) 24

The Dark PMT G.Cavoto, et al., EPJC 76 (2016) 349

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

DM Wind E field (few kV/cm)

v

v

Q
3
P recoil electron
e
©
(@]

v

v

1 cm

v

v

v

Silicon APD

vacuum

~5cm

© ‘Dark-photocathode’ of aligned nanotubes
Dark-PMT features:

- Ejected e- accelerated by electric field |-  portable, cheap, and easy to produce
+ Unaffected by thermal noise (®. = 4.7 eV)

* Directional sensitivity

* Detected by solid state e- counter
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A telescope of dark PMT

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

2000

1500

kg™

= 1000

dR
dLog Eg

In-situ BG
measurement

500

0 2 4
Er (eV)

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

In pr|n0|ple senS|t|ve I
« Search variable: N1-Na |

to eV electrons'
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Sensitivity down to 2 MeV DM

Exposure =1 kg - 1 year

o+ t Nanotubes
< (Dark-PMT)
< 100
10—41
2 5 10 50 100 500 o

| L —
M, (MeV) 0.02GeV/c2  0.07 0.2 05 1

DM Mass (GeV)

» Competitive searches with gram target mass.

40 Gianluca Cavoto - Outlook on direct DM searches
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PRIN 2020

The Andromeda project ©
* Main objective: Ideal nanotubes for DM
have a working _ : target?
dark-PMT t DM Wind . /
A PrOTOYPE £ E field (few kV/gfi)
by end Of prOJeCt " recoil electron
» Challenges on \ E&
bOth SideS Of \ vacuum

detector

Best detector for keV
electrons?
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Silicon detectors for keV electrons

<+ Benchmark: Avalanche
Photo-Diodes

- Simple, cost-

DM Wind e Ny .
= E field (few kv/cgf T o effective
2 recoil electron :
—— E. g * Hamamatsu
E— - g windowless APD
- = vacuum %
~5cm /
“ Challeng_je: d'etect I.(e.V electrons | < Possible upgrade: Silicon
li (with high efficiency) Drift Detectors

« Ultimate resolution

- FBK (SDD) +
PoliMi (electronics)
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==ROMA
A:TRE

UNIVERSITA DEGLI STUDI

APD Characterization

+ State-of-the-art e- gun @ LASEC Labs
(Roma Tre)

* Electron energy: 30 < E < 1000
eV

« Energy uncertainty < 0.05 eV

< Gun current as low as a few fA

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

* Can probe single-electron
regime

<+ Beam profile ~ 0.5 mm

* Completely contained on APD
(2 = 3 mm)
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DFV (mm)

E,=900eV Ilgc=-12pA Vppp =0V APD (o) current (A)

44

DFH (mm)

APD and 900 eV electrons

A. Apponi et al 2020 JINST 15 P11015

1.255E-11

1.182E-11

1.110E-11

1.037E-11

9.640E-12
8.913E-12
8.185E-12
7.458E-12
6.730E-12
6.003E-12
5.275E-12
4.548E-12

3.820E-12
3.093E-12
2.365E-12

1.638E-12
9.100E-13
1.825E-13
-5.450E-13
-1.273E-12
-2.000E-12

10°E

10°F

E, = 900 eV
V=350 V

lpa = lo + Gixlgyn
l,=1.3 = 2.0 pA
G =385.8 + 3.3

2/ NDF = 0.31/4

1072

107"

1 10
lqun [PA]

- Reading APD bias current when shooting gun on it

© Vapd = 0: electronic ‘image’ of APD
© Vapd = 350 V: lapg proportional to lgun
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Single electron detection with silicon detectors

G.Gugiatti, et al.,
NIM A 979 (2020) 164474

Dead layer Sensitive layer

S. Kasahara, et al., 10%
IEEE Trans. Nucl. Sci. 57 (2010) 1549 } 55F
l:‘\llzci;‘:c ' ' ' ' ' ——20-keV electrons and 5°Fe Low-energy

photons

300 -

Photoelectric
@ effect

S 200+ | )
=1 Energy lost in
the dead layer

<—— Electron's

7]
c
100 + E % / trails
hq :
()
. Backscattering
R Lons | | | SDD
0 5 10 15 20 25 10 15 20
Output Charge [fC] Energy [keV]

» APD can measure single e- » SDD: excellent resolution
» But only if Ee > 5 keV » But higher cost/complexity
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N

(¥

VM

Istituto Nazionale di Fisica Nucleare

First successful growth of CNT

: © Successfully synthetized multi-wall nanot
SEM image of August 4th growth

(day one of operation)
© Growing nanotubes on a number of subtr

g Silicon

:.,\N\ s N
" [¥] Fused silica
\ [/] Basalt fibers
Length 80-100 pm [ Quartz fibers

g Carbon fibers

SEMHV: 10.0kV  WD: 24.96 mm MIRA3 TESCAN D Metallic supports

SEM MAG: 1.50 kx Det: SE 100 um

Sapienza University of Rome

Very fast process, growing 10 mg over ~1x1 cm2 support in ~10 minutes
100 cm? detector for 1 gram

» 46 Gianluca Cavoto - Outlook on direct DM searches



Optimizing CNT growth process

Before
Since October 2020 achieving uniform growths over 4x2 cm?

EHT= 500kV  WD= 56mm Signal A= InLens e 10 Jan (3 ISLU
File Name = Big Box_3_tilt17 tif Mag= 500X SRS EEREE
RS SaR R N g T3 DA N R S e P s T
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==ROMA
sAZTRE CNT characterisation with photons and electrons

UNIVERSITA DEGLI STUDI

© Large UHV chamber at Roma Tre LASEC

labs .
Sample halder:
< Equipped with UPS, XPS, e- energy and manipulator
loss analysis | g )

< Performed UPS characterization of
nanotubes

~ And compared them to amorphous

carbon
.'."OUV / . UV .

'o:‘ 0.‘.:‘ /
NPT —
Nanotubes Amorphous

carbon
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Anisotropic electron emission (?)

" 77—

< Using He (I+1l) UV lamp

10 F e 22Ek=29eV(N) A. Apponi, Master thesis |

- —e—2/2Ek =716V (N) 1

9l —e—2/2Ek = 11.6 eV (N) d
L —e—2/2 Ek =13.6 eV (N)

® hV = 21 2 eV and 408 eV sl —e—2/2Ek =233 eV (N) ]
—o—2/2 Ek = 28.3 eV (N)

< Studied electron flux ratio Fent/Fac

(Fent /Foc) (arb.un.)

* vs angle y between nanotube
axis and UV light

« Normalized so that Fent/Fac = 1
@y =40°

* CNT variation up to 10x larger
than aC @ y = 90°

* Further proof of anisotropy of
nanotubes
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VA-CNT at synchrotron q

Elettra Sincrotrone Trieste

<+ BEAR beamline: 2.8-1600 eV ANALYSER 90°
photons , P polarisation
29N Ve SAMPLE
0°
- Selectable polarization %QSAMPLE S polarisation
A

Q

- ‘Everything’ can rotate BEAM &,

< <+ Rich characterization program
el underway
,;,,.SAMQR 5 s - Valence band analysis

S
" AR

« Angular scans

 Drain current analysis
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VA-CNT feature to be corrected

As-grown CNT Forest

e T I~ =)

Crust Aligned CNT

Catalyst

% Traditional CVD synthesis produces
nanotubes straight at the pm-scale, but:

- Non-aligned (spaghetti-like) top
layer

« Side ‘waviness’ at the nanoscale

o

* Both hamper electron transmission

* Need to minimize both effects
for ideal DM target
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in collaboration with G. Pettinari (CNR-IFN)

Plasma etching to remove crust

o

i

;

N
(l |

i

‘ |

|

— A

Plasma

Aligned
q

CNTs

|

!,

‘ h)n')jl’(l

|
t

——————

.}.f.'.'/l

—

Lt

Coll.BIAS EHT=20.00kV Mag= 500X Tilt= 50.0° Date
17 Dec 20:

16:23:28

& =y
1 W :
& 4 i « ?
E 3
< oot FEEY
b i o 0 - (" LY
2 Y .
g . i !
. }
1% \
} %
— — 2 § W
Il WA o g ol
VA 3 \
| d |
A B LT & N >
i = \ f R 5 y
% e X e \ A\ 4
| /78 N \ Py .
h ‘ Il T " N
| ik { T i
b ok i
: 2k R ik )
& ) % 3 r
| | d ) 3 { <
: o j
'y » - Sy \
153%: = i

Aggressive Modest i
Etching Etching -After-strol
Ozetching,

As grown Lightftching

-

W B0
Y { o) :
\ 3 L W i ¥ o w8 3 iyoe

l'N 100 1] CollBIAS EHT =20.00kV Mag= 495X Tit= 50.0 °17 gatezo
ec
300V WD=60mm |Probe= 15pA 16:43:07
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53

Aiming at ultimate parallelism at nanoscale

factors:
size
~ Low density of seeds

- Seeds of different size grow
nanotubes at different rates

slow lead to waviness

tube-tube interactions

- Denser seeds
— stronger interaction
— straighter tubes

Gianluca Cavoto - Outlook on direct DM searches

- Nanotube waviness caused by two

~ Non-uniformity of catalyst seed

~ Interaction between fast and

Time

=

- Parallelism due to van der Waals

(a)

(b)

2

(O]

Seed density
(cm-2)

Seed size
(nm)

Current Goal
1010-1011 > 1012
15-30 5 (x20%)




A why not ? Approach

thcr.mul Planck scale
Ultra—-light scalars, axion 2 particles 1 101 1020 103 |04okg

Primordial
Solar mass
black hole

» Several possibility to solve the DM puzzle
» Even primordial black holes
» A lot of plausible theories

» Other candidates might be axion like particles (or the QCD
axion itself)

» Totally different experimental approach (cavity
resonators)
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My conclusion (for direct searches)

“Several ton-year “is the new frontier in the high mass (> 10 GeV)
region (XENON, DarkSide, future Ar and Xe big experiments

» So far null results but keep digging.
Need to prepare to dig into the neutrino floor (or fog)

» directional tools need to be explored now (CYGNO)
(anisotropic targets, low density large volume)

DAMA/Libra result yet unconfirmed
» Various attempts to redo an experiment with the same target (Nal)

» Reduce background (low radioactivity - Sabre, ER
discrimination)

WIMP not the only candidate
Look in other mass range, well below GeV
» electron recoils (Andromeda)
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Backup slides
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Conclusion and outlook

» Light DM direct detection prefers electrons as
target

» Hollow VA-CNT structures:
» emission of ~eV electron into vacuum

» Anisotropy: correlation with DM wind
possible

» A light DM directional detector

» Andromeda is exploring a hybrid configuration
(CNT + silicon detectors)

» Relying on keV electron detection
» Easily scalable (in principle) to large mass.

» Need an optimised synthesis and
advanced characterisation of the target
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CRESST_HI Cryogenic scintillator

» Scintillation + phonon (TES) in CaWO4 crystals (15 mK)
» A 100 eV threshold, non-zero background though!

1040 cm?2
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Electron emission from a cathode

Thermoionic emission  Photoelectric emission

® o What about a DM particle
| scattering off an electron ?
a dark-cathode ?

Field
ool \__ ; emission

Work function of CNT is > 4 eV
All these effects are suppressed: room temperature is low enough,
UV photon efficiently screened, E field < 100 V/um
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Electron emitted from aligned CNT

» Electron extracted by a DM scattering
» Few eV energy electrons recoiling off

60

» Inelastic electron -
graphene interactions
are suppressed at this
energy
(compare e wavelength)

Electron collected
by an external
electric field E

» electrons can be

transmitted, reflected
absorbed by a graphene
sheet

 absorption ~ 103

(but no good data available)



“'Kg™")

dR (
dlLog Er v

Directionality

. ‘ DM 5‘MeV . |
2000/ Oye= 107 cm? Different rate at
. My=5MeV  ...o-w different angles 6w

1500+

Bw ~90 preferred by
graphene electron wave function

1000+

500+

» A rate asymmetry can be measured by
comparing two CNT target orientation

With an exposure of 100g * 160 day a 50 non null asymmetry can be measured
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Sensitivity region

10—38 r
H-APD with
dark cathode
5
N 10—40
- = _ WIMP wind
average 41
direction 10
(CYGNUS)

C =0.001

— Y. Hochberg et al., arXiv:1606.08849

-=-= This paper

5 10 50 100 500
M, (MeV)

» Two arrays of hybrid dark-photodiodes
(~104 units, 10mg dark cathode mass each)
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PTOLEMY - graphene target

» PonTecorvo Observatory for
Light Early universe
Massive neutrino Yield.

» dope graphene

SHe v
sheets with 3H:

%10 I Cosmological v
target for sl
. . 'E . : Supernova burst (1987A)
relic neutrinos M A .
Detect electron of few eV
kinetic energy o
MAC-E filter technique to select the Neutrine enersy

endpoint of the tritium
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Fiducialization

-150F -

» The box containing the
S target material is
_%5()()—-2()()4:)()6(1)() x(J)() 1()0(()) radloaCtlve

Radius® [cm?]

Panda-X (a) The r2-z distribution.

—200F

-Drift time [us]

-250f- " |

-300F . - - - ’

» Position sensitive detectors

» Fiducial volume can be
half of the total target
mass.

-30 20 -10 0 10 20 30
X [cm]

(b) The x-y distribution.
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Gas TPC

DRIFT: negative ion drift TPC

Scattered P/ electronegative elements
\oowive attach electrons Grid
Head
Wire
_ Cs, (amplification
Recoil | eeresrerosserenSraggreessesns > 0->%"'> AnOd S and readout)
Atom - Jor Recoil 1D readout
y electron Tail
Drift Direction ’ | X

Y

» Limited diffusion ever over
long drift distance (<0.5mm on 0.5m)

» If anode segmented, a “ion recoil track” can be
reconstructed: direction

» Head-tail information is valuable as well
(might be enough for discrimination)
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DRIFT fiducialization

»  TPC with no external trigger. Astropart.Phys. 91 (2017) 65-74
. . . . . o _|Cathode [,5¢r. *5,° . A B
» Multiple negative ions drifting! BT Ak
, ] background due to Rn
o | Minority carriers | Main peak . progeny on the cathode
0 region region T 7
Signal s g
onone g o
wire =
E o MWPC
< I I I I I I I
0 1000 2000 3000 4000 5000 6000
NIPs
i SR L S .. ] Z position measurement

-1 (I)OO I—5|00I 0 | 5(|)0 | 10'00
Time relative to trigger (us) z p. A
{ 'Ud v, .
, rift“drift :
1/2 1/2 { et —
vd:(l 1) ( 1 ) ¢E § 2= (t;m — 1) -

No drift drift %

m M 3%T

ion gas

66



A multi-site, ton observatory for WIMPs
» CYGNUS-TPC proto-collaboration

» R&D effort with different technologies around the globe, hope to find the best one
» A White paper in preparation to find the optimal technology
» It can be very simple, 1D + head-tail

CYGNUS-TPC key elements: '

& Recoil sensitive TPCs with negative ions drift

& SF; gas mixture

~Stawell (possibly with He @ atmospheric pressure)
2> & Fiducialization with minority carriers

(i [ & Multiple underground sites

funded in
Australia

Directionality benefit from muItiriIe sites at different latitude
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Light readout

» Light production in a GEM discharge readout with low
noise CMOS camera

For a m.i.p. track we predict (Garfield)
~ 7e-/mm (primary ionisation electrons)

o [\ [& 2] Foram.ip.track we measure
3= : | \ ~ 1000 photons/mm
s : - that means
o S CL, w—— } " «ww ~150 photons/primary electron
Camera calibration, pedestal
is less than 2 photon per pixel | N X
(“photon” noise equivalent) : S\
g Ve ry gOOd oy ol =

aaaaa

signal to noise ratio!
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Sub-GeV dark matter

Superfluid Helium Photon emission
magnetic bubble chambers Chemical-bond breaking
) - NR
1 keV 1 MeV 1 GeV
o | |  DMmass
o | I (scattering)
meV 1eV 1 keV
) DM mass
) ~ (absorption)
) ER
Superconductors Semiconductors Noble liquids

Scintillators 2D targets


https://arxiv.org/abs/1707.04591

Dark PMT prototype-0: Hyperion

DM Wind

E field (few kV/cm)

wbhnbanlacbran

recoil electron —

cathode
|

vacuum

Vacuum
pump
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<R

Istituto Nazionale di Fisica Nucleare

\

N

v

Field emission from CNT

~ Observed field electron emission from CNTs

©
—

Normalized to Unity
o
o
[0e)

- For high AV / small d(CNT-SDD)

~ Well-documented effect eg Carbon 45 (2007) 2957

-AV(CNT-SDD)

—1750V
1800 V
1850 V

— 1900 V

0.4

CNT AV, d

0.6

0.2

f(x) =m*x +q
m =0.79 = 0.05 [keV/kV] 7|
q=-0.51 =+ 0.09 keV

+2/ NDF = 4.03 /2

0 1500 1600 1700

| ‘ I - 11 1 1
1800 1900 2000
-AV(CNT-SDD) [V]

2100

Hyperion Prototype

e can measure
~2 keV electrons ‘
| emitted by CNTs |

e = — = — .

Controlling this effect critical to avoid background in DM searches

0.06 _
0.04 d SDDenmgy % N

' | (calibrated with 55Fe) ff
0.02 [ _

[

0 l_L‘i-I_ 1111 I 111 1 IJJ;I A1 I doll el
0 05 15 2 25 3 35 ¢
Energy [keV]
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Switch to the other side: VA-CNT

DM Wind

E field (few kV/cm)

_____________________________________________

anode

Aligned
CNTs
Silicon APD

vacuum

S
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Q}A?TTRAET Chemical Vapour Deposition chamber for CNT

- Start to develop a novel UV
light detector made with
carbon nanotubes

~ CVD chamber Equipped with
Plasma-Enhanced technology

~ Capable of single-wall
nanotubes

~ Operational (in few weeks) since
August 2020 (despite COVID)

~ Being upgraded with metal
evaporator
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SFe negative ion drift

» Measured ion mobility
in SFs based gas mixture
at 600 torr.

(from drift velocity of negative ions
generated by the 45 MeV
BTF electron beam)

» Need to understand
the “light” gain of
gas mixture with SFe

» Hope to see signal of

minority carriers
(SFs, SF4, etc.)
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0.8

0.6

0.4

0.2

Negative lon Mobility

TTT[TTTTTT[TTT[TITTT[TTT [T TT[TTT[TTTJTRI[TITI
R R R L R RN LR R R

Aata

—a&— SF, (75, 100, 150 Torr)

—h— He:CF4:SF5 60:40:120 Torr
— He:CFA:SF6 360:240:10 Torr

—Ah— Ar1002:SFs 192:85:93 Torr

E.Baracchini et al. subm. to JINST

A A A
A
A, 4 A A A A A 4 A
A A
ol v b v e b
5 10 15 20 25 30

E/N (1077 V cm?)



Planned upgrade of VA-CNT synthesis

~ Seed deposition will be done
in same vacuum volume as

Spectroscopy lab

Step2 ﬁ synthesis
GVD chamber I-I-I-""-III I" - Control over seed uniformity/
e 2L density
IIIIIIIIIIIII -
~ No oxidation
N\ &/ i —
AFMé : < Atomic force microscope (AFM) will

check nanoparticle density/
uniformity

© Quick feedback — quick
optimization
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Beyond DM

» UV light detector based on VA-CNT (NanoUYV)
The calibration technique for dark PMT, in fact

» VA-CNT for biosensor or anti-microbial surfaces
(collaboration with Biology department)

» CNT in novel composite materials
Additive manufacturing

» Use of CNT to host tritium atoms for the Ptolemy target
See hep/ph/...
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Basalt fiber enhanced with CNT

in collaboration with Sapienza DICMA

(@) before OSBRI —mmmm—

~ Basalt fibers: exciting new ‘green’
material

-~ Excellent mechanical
properties

~ Much cheaper than carbon
fibers

-~ We grew nanotubes directly on the
fibers

< Without catalyst (world first!)

~ Fibers become highly conductive
(>250 S/m)

~ (Normally basalt is insulator)

Paper submitted to Nano Today ~ Applications: EM shielding,
smart textiles
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