Update on the current status of
(directional) Dark Matter searches
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An Elisabetta surfing
(for the first time)

4 Soft electrons in CYGNO
> 4 prototype at LNGS

or else, why imaging TPC allow us to surf on
other experiments at low WIMP masses

A personal and biased view by:

ﬁ Elisabetta Baracchini

o e CYGNO Collaboration meeting 2023
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Outline

¢ DM searches overview & contest
¢ Low mass dedicated experiments, i.e. bolometers
¢ Ton scale noble liquid experiments analysis for low mass

¢ Where CYGNO stands in this picture
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¢ Ton scale detector with heavy nuclei
¢ 103 (LXe) - 107-19(LAr) rejection

¢ Can go to Mwime <10 GeV only
completely giving up background e
discrimination (S2 only analyses)

PMTs ——

MTs

¢ Eventually, will be dominated by neutral
background also at high masses
I
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¢ Small mass detectors with
light nuclei

¢ 0.1-1 kg enough to explore
uncharted territories

¢ 104-105rejection @ 10 keV
¢ Trend to reduce module mass

& background discrimination
to reach lower threshold
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Overview & Context

¢ Ton scale detector with heavy nuclei
¢ 103 (LXe) - 107-19(LAr) rejection

¢ Can go to Mwime <10 GeV only
completely giving up background e
discrimination (S2 only analyses)

PMTs ——

¢ Eventually, will be dominated by neutral
background also at high masses
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¢ Small mass detectors with
light nuclei

¢ 0.1-1 kg enough to explore
uncharted territories

¢ 104-105rejection @ 10 keV
¢ Trend to reduce module mass

& background discrimination
to reach lower threshold

¢ PICO dominating SD
searches

¢ Insensitive to e/y by
construction (1010 rejection
@ 3 keV)

The “third way”: directional tracking
detectors for both Sl and SD

Overview & Context
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¢ Ton scale detector with heavy nuclei
¢ 103 (LXe) - 107-19(LAr) rejection

Head

WIMP
\ nuclear recoil track charge

¢ Can go to Mwive <10 GeV only
completely giving up background e
discrimination (S2 only analyses)

background also at high masses
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Low-mass dedicated
experiments: bolometers

*
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Low-mass dedicated experiments: bolometers
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more on this later (see LEE)

CRESST and the intrinsic background problem

CRESS'I'-II

o Orlgm Noncmllltmg ronze clamps

210pp 3 29°pp (103keV)+ «(5.3MeV)

...but interpreted as real DM signal at that
time, hence contourns in the limit plot!

WIMP-nucleon cross section [pb]
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more on this later (see LEE)

CRESST and the intrinsic background problem
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Light yield (a.u.)

COSINUS (not yet quantified)
~__background discrimination Lo

5.9 keV from >>Fe

2.0
ncal —— electron band « AmBe neufron source

inelastic band —— gamma band
« 26.0 hours of data

] PRELIMINARY

05 / / events due to inelastic scattering
< Na recoil events from elastic scattering
0.0 <€ | recoil events from elastic scattering

/
i
|
i

proof of particle
identification in a Nal-
based detector

20 40 60 80 100 120 140

Recoil energy (keV)

COSINUS WIMP mass goal are the
DAMA regions, that are largely
accessible to CYGNO-04! (see later)

....but actual discrimination
capabilities not quantified yet

o
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SuperCDMS detectors concept G

Istituto Nazionale diFisica Nucleare
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Sensors measure E; and Ngp,

%4

iZIP detector — low background Vo~ 3V
Phonon detector he ‘2.

é& Luke phonons

{'m Prompt phonon and ionization signals}
2llow for NR/ER event discrimination

S |
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iZIP detector — low background

m Interleaved Z-sensitive lonization and
Phonon detector

onon 'ith's

t___allow for NR/ER event discrimination J

HV detector — low threshold

m Drifting charge carriers (e~ /h™) across a
potential (V) generates a large number
of ke phonns (NTL effect)

'4, Tl’ade ff o NR/ERdlISC|mV|na|on'

Et:Er+(Neh'e’Vb)
™ M

r—\J
total phonon  primary Luke phonon
energy  recoil energy energy

SuperCDMS detectors concept G

Istituto Nazionale diFisica Nucleare
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Sensors measure E; and Ngp,
r.q\
%ﬁ Vb ~3V
—

> Prompt phonons
l

h* o®®
‘S}& Luke phonons

Sensors measure E;

% Vb ~ 100 V

<§> Prompt phonons

h+ .‘..

Luke phonons

—|IF

hence, HV detectors need to
strongly rely on the intrinsic
background minimisation

e |
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SuperCDMS iZIP background discrimination &

2x 10° @ 10 keV with 63% fiducial volume

o Ptay tes byt St e Bulk electron recoils
1.2, —— —+25 Nuclear Recoil Yield Selection 1.2 ® Bulk nuclear recoils
- — s "» _' b . . k. Surface events
1} 1 L 00® 2o o S
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S % g o
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0.2} " 02
% 20 0 __ 60 80 100 4 05 __ 0 05 _ 1
onization: (Side 1 - Side ota
Recoil Energy [keV] | t Side 1 - Side 2)/Total
*  March - July 2012: ~65,000 electrons and *  63% fiducial volume (8-100 keVnr)

~15,000 2Pb recoil surface event collected

A 210Ph soutes, *  Good enough for a 200 kg experiment run for

4 years at SNOLAB!
* 0 events leaking into the signal region
(<2.5x10° @90% C.L. misID)

Low Radioactivity Techniques 2013 - April 10-13, 2013 Jodi Cooley - SMU

15

...but SuperCDMS adventure started 24 years ago
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The low energy excess (LEE)

First observations: 2016 — 2018

Events [1/(kg d)]

Overview of CaWQ, Detectors
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Detector A
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o

Counts (1 /5eV)

0.05

= All events

ccepted events

0.1 0.15 0.2
Energy (keV)

0.25
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...here presented for CRESST only as example,

Unexplained event population at low energies

* high count rate

» steep rise in energy below ~200 eV

« different shape in different detectors

Event Density

0.012 4

0.010 4

o
o
o
®

0.006

0.004 4

0.002 4

0.000

Detector Threshold
Det-A 30.1eV
Det-B 120 eV
Det-E 64.8 eV
Det-J 83.4eV

Rate over time for Detector A

100 200 300
Time since start of run (days)

—— Total
—— LEE
—— BCK

400

count rate decreases over time
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Charge Coupled Devices Goundedshell _ I

m Pixel array
‘

Avalanche
region
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e Excluded hypotheses on major
contributions
o DM interactions
o External and intrinsic radioactivit
o Noise triggers and electronic artifacts
o  Scintillation light
e Possible options under further
investigation
o Intrinsic crystal effects
o Sensor related effects

o Holding induced stress Glued down to copper substrate Suspended from wire bonds
=> high stress => low stress
..but not yet demonstrated nor Stress creates enormous low energy background!
suceeded...... | o | -
- Estimated Energy in High and Low Stress Calorimeters, with Binning
e Low stress rate still ~200x SuperCDMS-CPD, Differing = il
~10°%x CRESST 1041 | backgrounds 240540 eV B
o Hépo_the&s. fabrication-induced strain at S 40+ eV Bin
getg é?(;[(resrface varies greatly between 09 backgrounds Muons, etc.

10°] |4

e Stress event rate decreases while cold, may
anneal out while warm too

Counts/(kev kg days)

“Mitigation Plan: Fanatically minimize stress 10° 3 PRELIMINARY
everywhere in the detectors | ol
oL |
0 200 400 600 800

Estimated energy in calorimeter (eV, PCE = 0.125)
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oo EXCESS conclusive slide @ TAUP2023

Three unique types of excesses identified!

- Excesses in cryo-detectors (non-ionizing, decaying, ...)
have possibly one common origin! Hot suspect: interface
and bulk stress. Currently focused research topic,
transferable impact expected (qubits, ...).

- Excesses in CCDs (single electron production) can be
explained by dark current and detector effects, but further
reduction is required or future experiments (e.g. OSCURA).

- The DAMIC excess remains a riddle.

The workshop continues as a platform for focussed discussions.
We are currently scouting a location for the next iteration, planned
for summer 2024.

- Contact us at excessworkshop@gmail.com

Reasons for optimism! Lot’s of progress so far! We will figure
this out!

Wish: map observations to phenomena as easy as a hitchhikers map (left).

Reality: a lot is going on close to energy thresholds, with many paths leading apart and
some leading back together (right).

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20t December 2022 20
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Take away message: if not
solved, LEE could kill the
bolometric approach at very
low energies

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20t December 2022 21
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Large noble liquid detector analysis for < 10 GeV WIMP@?
masses -

Dark matter nucleus scattering
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Large noble liquid detector analysis for < 10 GeV WIMP

masses: S2 only analysis

Istituto Nazionale diFisica Nucleare

Dark matter nucleus scattering

PMTs tixe 'E 10734 4
Eexrm( SZ % 10736 4
anode N v '% 10738 4 )
v i o G
gate mesh N & 10740 { S2-only Mi@dal
: o y
[e]
: T b 1042
LN Eair drift time § 10-44 ]
) (depth) k!
\ J’ E 1046 4
: > E 10_43 ; . o . ; XEI:IONFI'.LaIIJraBaudis
N S1 01 03 ¥ ¥ 30 100 300 1000
particle (source) : . Dat fMass [GeV/c2]
cathode v
PMTs
R
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masses: S2 only analysis

Large noble liquid detector analysis for < 10 GeV WIMP

INFN

Istituto Nazionale diFisica Nucleare
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Dark matter nucleus scattering
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Extracted electrons
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Cut on S; time width (related to diffusion,
i.e. Z distance) rejects part of e.m.

background from cathode wires
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Take away message: S2 only analyses
heavily raises the requirement for
detector material radiopurity and

for capability to precisely predict the
expected background, further

hampering the possibility to positively
identify a DM signal with these

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20 December 2022
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. ¢ Large noble liquid detector analysis for < 10 GeV WIMP@?
<) masses: 52 only Migdal analysis - a8

Dark matter nucleus scattering

How to “artificially” lower the WIMP mass reach of a DM
experiment by exploiting the Migdal effect

“...it takes some time for the electrons to catch up,
which causes ionisation of the atom.”

XENONT1T, Laura Baudis
10 30 100 300 1000

Migdal Effect - nucleus moves relative to the electron cloud. Individual
electron might be ejected leading to ionisation.

drift time
(depth)

1) the DM interaction produces a simultaneous ER + NR from the same vertex;
2) NR are quenChed w.r.t. ER particle (source)

3) Hence, for a given energy threshold the Migdal-induced ER might be above threshold e
while the Migdal-induced NR might be below

4) An isolated ER signature is interpreted as a Migdal induced ER + NR event where the
NR was not detectable, effectively lowering the threshold on NR

5) Since ER is the signature, ER/NR discrimination is given up to further lower the
threshold (i.e. S2-only analysis)

6) The limit on DM search is evaluated assuming the Migdal effect as calculated from
theory (often with simplistic assumptions)

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20t December 2022 26
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....but Migdal effect has
never been
experimentallly
measured!

See M. D’Astolfo talk for details
on our efforts towards this goal

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20 December 2022
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Migdal effect measurement excursus

AE | keV

o7 J—
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T
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P
B N —> -
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N
DM _o ”
- —’ =
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1 \ e 1 1
~ keV 565 keV 2.5 MeV

Mpm

Dark matter or neutron energy

NOTE: Migdal effect is independent from DM existence: i.e. you can induce it with any
neutral particle having elastic scatter with nuclei (i.e. fast neutrons)

3 10t s
Ar | 2 F [—rewewvmemee B ol [~ #iwevnesmmcnc
ﬁ [ |—— 2smevnewononm W F |=—— uiMevretonnp
< E |/ wimevoesononar
: | 103 r = 14.1 MeV neutron on He
10°

E_R [keV]

i

i

i

2 : 14.1 MeV

4 ‘ neutrons | ? neutrons

o Lo ool ool ol vvnl o 2ol o bl b I I I I I R I EWIN |
10° 10° 10° 10° 10* 10° 102 10" 1 10 10* _10° 10* 10° 10¢ 10° 102 10" 1 10 10 E’RM}F

Fig. 2 Kinematically allowed region of Er and AE for Ar atoms elastically scattered by WIMP with velocity vom of 1-2 x 10-3
on the left from [2] and for He (blue), Ar (pink), C (red), and F (black) atoms elastically scattered by neutrons of 2.5 MeV
and 14.1 MeV energies on the center and right respectively.
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= High energy neutrons (14.1 MeV): enhance Migdal cross section, reduce neutron multi-scatter (NMS)
= Tag scattered neutrons: obtain interaction time, reduce background with neutron time of flight (TOF)
= Quasi-mono-energetic NR: reduce signal rate uncertainties from nuclear cross section and efficiency

= Low scatter angle: reduce NR energy, separate Migdal events from pure NRs

Borate water shielding

Lead
T
|

~300,000 NRs at 7+/-1.5keV
— ~5 PHE for S1
— ~45 e- for S2

RN

~4000 Migdal events expected
— ~200 M-shell interactions
— 0—20 additional photons, or up

to 2 extra PHE f
~50 additional electrons
= 2 O
Electron recoil background is
relatively small

—_
[
(=)

S2 [electrons]

Backgrounds from NMS at high S1-
S2 values

o O=154deg.

Xe TPC

(>95% e- extraction efficiency
~10% light collection,

72 PHE/e- gain)

ER median

Neutron detectors

Array supported by
two thin SS sheets

S1 [PHE]

No signal observed at the expected rate.
T
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G? Current status of Migdal searches: test with LXe
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arXiv:2307.12952

. Current status of Migdal searches: test with LXe <™

= High energy neutrons (14.1 MeV): enhance Migdal cross section, reduce neutron multi-scatter (NMS) * Electrons and ions produced by the NR track
= Tag scattered neutrons: obtain interaction time, reduce background with neutron time of flight (TOF)

and ER track overlap in space
= Quasi-mono-energetic NR: reduce signal rate uncertainties from nuclear cross section and efficiency

¢ Recombination can be enhanced relative to
that of NR or ER

= Low scatter angle: reduce NR energy, separate Migdal events from pure NRs

Neutron detectors

Borate water shielding
e- thermalization radius: ~5um

Xe'

Le;d
|
|
|
I
I
I
|
|
I
I
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|
|
I
I
|
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Xe TPC

(>95% e- extraction efficiency
~10% light collection,

72 PHE/e- gain)

Array supported by
two thin SS sheets
ER median
= ~300,000 NRs at 7+/-1.5keV 0.8
— ~5 PHE for S1 3 0.7
— ~45 e- for S2 — 10 105 V/em
o~ . SRR . - ) — 0.6
g *o
~4000 Migdal events expected g 2 2 £ 05t
— ~200 M-shell interactions 9 10 g % o4l 180 V/em
— 0—20 additional photons, or up§ o 0 Lo
to 2 extra PHE a | P
~50 additional electrons 7 10 o2
= 2 O 0.1
= Electron recoil background is 0
relatively small 10 % %2 4 6 8 10 12 14 16 18
Energy (keV)
" Backgrounds from NMS at high S1- S1 [PHE] Recombination probability for low-energy 3H decay events in
S2 values liquid xenon measured by LUX, PRD 93, 072009 (2016)

No signal observed at the expected rate: possible explanation from Xe physics
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)

10 x 10 x 3 cm3 Dedicated D-D (109 n/s) and D-T (107° n/s)
Orca Quest + PMT + ITO strips readout neutron gun

concrete
shielding

D-T
generator

MIGDAL
S cathode detector
ER %7
neutron % CF, gas
G-GEMs

ITO anode /

\‘%’

 —
YT

camera

Experimenf setup with D- genrator

e Low-pressure gas: 50 Torr of CF, e The First Science run took place from the 17%" of 1675
o Extended particle tracks July to the 3" of August. g 15
o Avoid gamma interactions £
o Can stably work with fraction of Ar e Data taken using D-D neutron generator, with a =
e TPC Signal amplification lower NR rate than designed, is recorded EE -
. . . g
o 2 xglass-GEMs (Cu + Ni cladded) pontlnuougly .d.urlng 10 hpur long shifts, and £
_ includes significant fraction of empty frames. EE
e Readout: e
o Optical : Camera + photomultiplier tube e Frames taken with 20 ms exposure time. Longer 1‘3 5
o Charge: GEMs + 120 ITO anode strips than planned due to problems with camera’s Linux §
e High-yield neutron generator firmware.
o D-D:2.47 MeV (10°n/s) s _— _— . R R W R W e “(‘\'G‘:\A“”e“""“afy
o D-T:14.7 MeV (10"n/s) C : : AR IR R R BT SRS S
@ .
o Defined beam, “clear” through TPC Half Of the data IS bllnded Date

T |
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N

Synchronised signals
from ITO strips.

=

ITO charge
on strip

)
4
<

I:-' ] 3 ML objectdetection |
! algorithm identifies tracks in

the image. Overlapping

boxes indicate Migdal-like | |

event. |

1000

Single Nuclear Recoil
Track length : 14.6 mm
Energy: ~ 500 keV_,

600

y [Pixel]

neutron

400 —

and

- 1wo 5.2 keV photoelectrons
from F induced by 5.9 keV

zzzzzzzzzzzzzzzzzzzzzz

X-rays from 55Fe source MIGjDAL Prelimjinary Data
0 1000 1500 1750
X [Pixel]
Timing information
from ITO strips
separates all 3
* $ 4 tracks.

NR ER2 ER1 ) o . .
N N N T S N SN S SN N SN S N N N S (N SN S A i.e. this is not Migdal, is
01 2 3 456 7 8 9 1011 12 13 14 15 16 17 18 19 20 accidental pile-up

At from first event [ms]

Extremely encouraging first science run
(project exclusively dedicated to Migdal measurement)

I
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Take away message: until Migdal
effect is effectively measured in
the actual target material, limits

exploiting Migdal effect can not
be trusted at 100%
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. s Looking for DM is a search hampered by many false —
H' promises both at high and low masses

i.e. many things can look like a signal if you don’t know where they are coming from
Direction is the only way

10~
10° ; ; ;
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% 80| ] l ] - 100 [ 1 g 10-4
-~ 3]
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|A. Chavarria’s talk

m_ [GeV/cz] R. Strauss, IDM 2022

E=130¢Vee (34 ¢)

Row no. () = 25 pixel Exponentially rising background towards lower energies

Hx=2777.1 pixel
ox = 0.35 pixel

)
S

UL L L L

Charges (¢) per pixel

5B arL--6 —— CRESST-III DetA

i 0] arXiv:2202.05097 | —— EDELWEISS ReD20
SE ~——— MINER Sapphire

B: J —— NUCLEUS Ig prototype
-5 3T 2ma 274 2T 2776 2777 277 2779 270 2781 107 SuperCDMS CPD

X (pixel)

Energy (keVy,)

R RN 5> 2

=
2
N

——— Bulk Excess, £ =67 eVee
== Corrected Spectrum
e tlo

=)
2

Event Rate (Counts / kg / day / keV)

¢ Background Subtracted Data 10' 4
l—| ,_’_\_4—'—— 10° 4 {\—"\-\,—L‘_“’_L"L
\ 0.25 0.50 0.75 1.00 1.25 1.50 175 . .
,,,,,, , Total energy deposition (keV) 0.05 0.10 0.15
................. | i

|
(s}
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—
| P—
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|
-

Currently limiting the sensitivity globally !
Origin still unknown, but a lot of R&D is going on ...

Event Rate ( Counts / kg / day / keVee)

02 04 06 08 1.0
Energy (keVec)
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Where does CYGNO
stand in this picture?

T ——————
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nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

35



oI5l PHASE 1 back of the envelope final
B background estimation |

Preliminary CYGNO-04 background evaluation through scaling from CYGNO-1 full simulation

e CYGNO: ER rate [1-20] keV = 2.3x10° cts/yr e CYGNO: NR rate [1-20] keV = 1.1x10* cts/yr
e CYGNO_O04: ER rate [1-20] keV = 4.9x10° cts/yr e CYGNO_04: NR rate [1-20] keV = 2.6x10° cts/yr

Istituto Nazionale diFisica Nucleare

Background Rejection with 50% eff. & 40% on signal

= - o~ —— DNN 50% eff.
g wk g 10 i) — RFCSO%ef.
? L 2 M Cethode —— GBC 50% eff.
5 F 5 10 —— i —— DNN 40% eff.
§ i <) AcrylicBox RFC 40% eff.
o W0E T 10 Lild 10° 4 —— GBC40%eff.
© = ©
o« 102 [+
10 5
3
D,
1 &
2
107" o 107 .
102
10°
0 5 10 15 20 25 30 10 15 20 25 30
Energy deposit Tot [keV] Energy deposit NR [keV] 10"
; _
Internal ER background Internal NR background : : : . : ; :
5 10 15 20 25 30 35
EnergylkeV]

e Rate [1-20] keV = 1.4x10* cts/yr (CYGNO) ]
e Rate [1-20] keV = 6.4x10° cts/yr (CYGNO_04) ¢ Assume entire NR background

rejected with fiducial cuts

¢ Assume ER rate in [20-30] 2.5 x 10°
events/year

Rate [cpd/kg/keV]

¢ Roughly evaluate the ER rate per
keV and roughly apply RFC
”ﬂﬂ % m rejection from Atul studies

102

T Ill”lll T IIHIII] T IIHHT[ T T TJFAT TTT

§ +7000 background events/year in

| EPSREL| EWPRRE| Iy BOen | (1B

L T T NI “E';iti)gy'[;eivﬁloo the full energy range (internal +
Total external background external) after rejection

TN |
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CYGNO-04 physics reach R

constant 30° angular resolution assumed with full head tail capability: optimistic
at low energies/WIMP masses) pessimistic at high energy/WIMP masses

CYGNO-04 x 1 year is only a factor 2.5
less than limits in the plots, that results
barely perceptible in a log-log plot

=-==-N, . =10
N o
ronontr | 210 = == N,y = 10000
1 1 % 10 E CYGNO 1m® x 1yr |
1 | L ! 1 1 e (0] ::
(7] -35 (-
1 10 DM mass (GeV/CZ)102 g 10_36 E DAMA Allowed
. 510 = :\{\ 2016)
Rough evaluation of background 8107 - N Pt
after rejection consistent with our of 10%
our sensitivity evaluation hypothesis .
104 ;
10—41 E 1 1 1 1 11 1 1 1 11 \
[4-14] 1 10 1gM mass (GeV/c?)

THI S I S N O T the goal of CYGNO-04, but as nice byproduct we have the potentialities of:

¢ put the best directional limit on SD improving on several order of magnitude w.r.t. other
directional experiments

¢ put the first directional limit on Sl, probing the DAMA region (also for SD)
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&% CYGNO-30 vs bolometers & S2 analyses ¢+

Note: in this case, rough evaluation of background after rejection consistent
with our of our sensitivity evaluation hypothesis after assuming capability of
reducing internal backgrounds of about a factor 50-100 w.r.t. CYGNO-04

3
-36
10 | e Ngeg = 102
10—37
N E,=05keV,_
10
107
1074 &
10 - :
[ ] = S X\
10_43 %‘ """" "oty """"" Mol T T i e ' S ——— -‘---‘------:':' :':_:'::
10—44 ;E_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, '.---:-:-—.:-”-------—---‘
107 = | ===~ He/CF, 60/40
[ X ) 4
107 | | v He/CF/iC,H,, 58/40/2 i
10_47;_ I I |1 L | I oo 1 """""" ] | N A
2
1 10 DM mass (Gev/c)©

. |
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EEI CYGNO-30 vs bolometers & $S2 analyses &=

y I

SuperCDMS Si iZip with 105

o
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107
17
1074
1074

107% .
1 0_43 E ) = e, ' = DRI 011811811811811 B WS BHSHSHEH ST SRS R T T I EL A """"

-== Npyg = 10°
— _ 103
"eka=19"  E -05keV,,

1 0_44 "“-““---—-”---—--—----'

107*° &~ | ==== He/CF, 60/40
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| lll‘lll | | | S | 1 lllllll

2
L 10 DM mass (Gev/c?)'©

y |
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CYGNO-30 vs Migdal <

10727} T g 110°
& as20) N7 1107 9
£ 10 ,@.‘m\ ‘ 10" g
& 10-31 ‘%’ - 5 &
bm 10 - .10 o)
c S
S 10733 10° @
—_— O
= >
: 107 100 §
: O
Q _ _1 -
£ 107%) - 10 1§
E 10—39_ JTM’Qde/ 10—3 X
© a
2 1074 s {1075
@\50
10743
0.01 0.050.10 0.50 1 : G
Dark Matter Mass [GeV/c?
[ el CYGNO 30 m3 3 year 10000
bkg events 0.5 keV threshold
with He:CF4:iCsH1o

T |
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5: CYGNO-30 SD reach

107
1 0—33 ;g - \ s
10% |
ae F i ;
107 = i DAMA Allowed —
10—36 — % ‘ DRIFT (2016)
= =  CYGNO §
10 %o, 30mx 3yr 1
10°38 C PICO has 101
- ¥t s . discimination at 3 keV
10” "t e, 8
10740 MWEdNC e — o
ENERENS He/CF4 60/40 .................... - = - _-——
1 0_41 . 5"":_:----:__-:-:-::_:_———----_-_: ------ s
10742 wmems HOICFICH g B8IAD/T ||| ™ttt ettt
E _=05keV L
1 0_43 thr ~° e ee
1 0_44 | | 111 I | | | L1 11 | | | 1 1 11 | |
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¢ PICO is a threshold detector, i.e. no event energy measurement (only lower limit): if a DM-like signal event is

observed, no possibility of constraining DM mass vs coupling

¢ Improvement of 6-7 order of magnitude with respect to current directional limits
¢ With Hydrogen doping, unique capability to extend sensitivity to a WIMP mass region not explored by any

other experiment.

I
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Many thanks to you all for your contribution to

_the success of the CYGNO project

I told you since the start it was biased ;)

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20th December 2022
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Backup slides

S
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SI DM-nucleon cross section [cm?]

Comparison of “neutrino floors” &=

C. A. J. O’Hare, Phys. Rev. Lett. 127 (2021) 25, 251802

10737, ‘
CRESST:
10-38 |- B
-39  XENONIT™.
10 (Migdal) ™.
1040

10—41
10-4
1074

107+
10—45
1046
]0—47
10~48

DarkSide

....... 1v \ -
10—49 L N o™ = |
= = v floor (APPEC report)
10—50 Ll Ll Lol Lol L1 1111
10! 10° 10! 10? 103

DM mass [GeV /c?]

10*

FIG. 1. Present exclusion limits on the spin-independent DM-
nucleon cross section (assuming equal proton or neutron cou-
plings) [7,58-71]. Beneath these limits we show three definitions
of the neutrino floor for a xenon target. The previous discovery-
limit-based neutrino floor calculation shown by the dashed line is
taken from the recent APPEC report [72] (based on the technique
of Ref. [32]). The envelope of 90% C.L. exclusion limits seeing
one expected neutrino event is shown as a dotted line. The result
of our work is the solid orange line. We define this notion of the
neutrino floor to be the boundary of the neutrino fog, i.e., the
cross section at which any experiment sensitive to a given value of
m, leaves the standard Poissonian regime and begins to be

saturated by the background.

o
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CRESST data from det A

Light Yield

[arXiv:1711.07692]

c_‘ . - .
"~ 50% O recoils below
..... u.......................(...........................................................................................................-......................................
99.5% W recoils above
| | | | | | | | | | | | | |
20 30 40 50
A  Energy [keV]
40keV

I UNTnnnnnmnsmsm5Sn————
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cs  Nuetrino fog for various targets &=

C. A. J. O’Hare, Phys. Rev. Lett. 127 (2021) 25, 251802
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a8 Not only WIMP Dark Matter: potentialities for —
B  discovery of MeV DM from SN with directionality =

Discovering Supernova-produced dark matter Wlth directional detectors WIMP recoils in Galactic coordinates (Scenario 2) SNDM recoils in Galactic coordinates (Scenario 2)

Aquila and Gran Sasso) (Sep 18, 2020)
Published in: Phys.Rev.D 102 (2020) 7,075036 « e-Print: 2009.08836 [hep-ph]

b (deg)
b (deg)

W. DeRoéco, P.W. \Graha,m, D. Kasen, G. Marques-Tavares,

and S. Rajendran, Phys. Rev. D 100, 075018 (2019). 0 0
I (dea) I (dea)
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) 700 — WIMP 4| — wiwp
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¢ The importance of HT

Required number of detected He and F recoils to exclude solar
neutrinos at 90% C.L. vs angular resolution and head-tail efficiency

a Fluorine b Helium

=

C C
[ DM mass 10 GeV, 1 keV !
[ threshold, He:SFs 755:5 [ 2
09 [g - £
> i 3
- [ [ -3
£ ) : Ay
_ [ [ s
s a 1 .
S 078 C 1 -
: | o 3
= ol a i <
0.6 5 C ] B
[ [ ] a
| | %
0.5 % ._u_.l_,_.u._lp._,u_.._luuuuqu._.._,._,%
0 10 20 30 40 50 0 10 20 30 40 50

Angular resolution (degrees)

.
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A HIGH RATE SOLAR NEUTRINO DETECTOR
‘WITH ENERGY DETERMINATION

He ;. seguinot, T. Ypsitantis
College de France, IN2P3 - CNRS
et CERN, Geneve, Suisse

1992

A. Zichichi
CERN, Gengve, Suisse
et INFN-Laboratoire national du Gran Sasso, Italie

A possible gas for solar neutrino spectroscopy

C. Arpesella®, C. Broggini®, C. Cattadori ¢
* LN.EN. Laboratori Nazionali del Gran Sasso, 1-67010 Assergi (AQ). ltaly
1996 ¥ LN.EN. Sezione di Padova. via Marzolo 8. 1-35131 Padove. haly C’
© LNEN. Sezione di Milano, via Celoria 16, 120133 Milano, ltaly

Received 25 July 1995; revised 24 October 1995
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2011

Neutrino Spectra (+1¢

Serenelli et al.

Solar

Water
Cherenkov

1.0 2.0

sutrino Energy in MeV

5.0

Table 1 Approxi pected bers of neutrino-induced nuclear and electron recoils®

Nuclear recoils SFg CF, He
"Threshold (keV;) 1 5 10 1 5 10 1 5 10
Solar (mainly °B) 73 5 2 54 16 3 3 2 i
3-kpc supernova 25 18 12 18 13 10 0.6 0.5 0.5
Electron recoils SFs CF4 He
Threshold (keV) 5 500 1,000 5 500 1,000 i 500 | 1,000
Solar (total) 537 42 4 438 34 3 102 8 0.8
Solar (CNO) 15 5 0.6 12 4 0.5 3 0.9 0.1
Geoneutrinos 0.2 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1

“Assuming a target volume of 1,000 m’, 1 atmosphere pressure, and an exposure time of 1 year.

10°

TTTTTTT

10?

E, [keV]

10!

T T TTTTT

cos

1.0

102

10°

Helium recoils
pep
"Be

cos b

i W T

1 1 1111l

1

-
o

~

[[-A I_.maA [-uo3]

©ps0d p g
AP

—
o
w

©gsoopg

AP

[{-AY [_.1231( [-uoy]

Energy res., pg [%]

S Solar neutrino spectroscopy with gaseous TPCs

50
Electron recoils
Ey = 1.0 MeV
— 40+
32
58]
B304
g
83 20
&
jSal

[y
(=}
1

0 20 30
Angular res., py [°]

a
o

H

W
(=)
1

[
o
L

101

Fluorine recoils
E, = 10.0 MeV
= (E,) =3.8keV

T T

1

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20 December 2022

40

0 20 30 40
Angular res., pg [°]

Istituto Nazionale diFisica Nucleare

1.0

0.8

0.2

49



nnnnnnnnnnnnnnnnnnnnnnnnnnn

Phonon resolution, eVt

10 HV, 50 izIP
¢ HV Bias Voltage, V 70 100
iZIP Charge resolution, eVee ~400 160
§ HV Threshold, eVnr 300 40

.....10 my knowledge,
not yet demonstrated

SUPERCDMS FULL OPERATION WILL START FROM 20X1 20227?
CUTE Sensitivity Estimation Ongoing
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10°

10°

10°

10'

10°

...even with achinos, field lines on
sphere north emisphere very weird

E Field [V/m]

zh Induced charge
L S

= 2; Induced current
2 1.5
> . asE-
Long drift “E
oF

Integrated signal

% TTTTTTTT
- b

0 100 200 300 400
Long rise time

time [ps]

only surface event discrimination
via diffusion, no ER/NR

Aim at maximal radiopurity
(--.the bigger you go, the more
radiocontaminants you discover.....)
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: News-G latest results G

3.1 bars of Ne
+ 0.7% CHg4

® Constructed and first operated in LSM
® |nitial commissioning data taking in LSM
*UV Laser and 3Ar calibration systems
*Multi-anode sensor - ACHINOS
= Temporary lead + water shielding installed end 201¢
= ~10 days of commissioning data taken

42 days of data
*135 mbar of CH4 (~100g)

Constraints on Spin-Dependent WIMP-protoncross-section
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taking data at SNOLAB with Ne+CH, 1 bar are dangerous.....
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EXCESS studies

Review on Low-Energy Excess Signals Observed in Cryogenic Rare Event Search Experiments - J. Gascon

Key features to study and compare

Istituto Nazionale diFisica Nucleare

o'
e Rise and decay times of event s |
o Faster/slower pulse: indications of nature/location of event ;Ewa
e (Non-) ionizing nature of event e
e Timing
o Coincidence with external events? fd e
o Correlation between successive events? Bl fpe— “1 e
e \Variation of rate with time since cool-down ¢ Rzl ¢ L0 L
o Consistent with known radioactive backgrounds? m%m \,\\ o
o Accumulated stress as potential source? T e o MRS, s
® Energy B i = S COMS GED da. (360) B = o -+ ERELWEISS Sufdita (2019)
° Range : :“ ‘ \ —“ g
o Shape / steepness of rise 9 R - B

Belina von Krosigk | Margarita Kaznacheeva IDM 2022

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20 December 2022

10! !
0 50

. LI
100 200 300 100 500 GO0

53



nnnnnnnnnnnnnnnnnnnnnnnnnnn

&%  From neutrino floor to neutrino fog &

D. S. Akerib et al., 2022 Snowmass Summer Study, arXiv:2203.08084 C. A. J. O’Hare, Phys. Rev. Lett. 127 (2021) 25, 251802
¢ Discovery limit as function of the Gradient of discovery limit, n = —(dInc/dInN) !
observed N neutrino background P L — 4 ; , - =

events and uncertainty 8® on 1040
neutrino fluxes

Background free
N<1l0x1/N

104

10—44
Poissonian background subtraction

Né®? < 1,0 x 1/V'N

10—45

10—46 D

Purely dominated by systematics i

N6&> > 1,0 o /(1 + N6®?)/N

10—48

SI WIMP-nucleon cross section [cm?]

¢ nis defined so that n = 2 under W DsNB
normal Poissonian subtraction, 10‘5100_1 100 01 102 L0 Lo e 105 108
and n > 2 when there is saturation WIMP mass [GeV /2] Number of 8B events
¢ The value of the cross section o at
which n crosses 2 is defined as the ] Lo .
neutrino floor. Reducing the sensivity of an experiment by a factor
dlogo \-1 X requires an increas in the exposure by at least x"
n=—\—-—1——=
(d log M'T )

S |
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&S  From neutrino floor to neutrino fog &=

D. S. Akerib et al., 2022 Snowmass Summer Study, arXiv:2203.08084 C. A. J. O’Hare, Phys. Rev. Lett. 127 (2021) 25, 251802

¢ Discovery limit as function of the
observed N neutrino background

eventsanduncertaintyad)on 104 Ll IXIIIIIII T 1 Ill]lll I 1 IIIIIII I I lllllll 1 1 rrrTT
neutrino fluxes ¢
13— Ge -
Background free g Ar
> 102 — Si /
N<1l,o0x1/N *g /
) . . ﬁ 10 - -
Poissonian background subtraction I
5 a
Né®* < 1,0 x1/VN T 100+ _
V]
-
Purely dominated by systematics § 10-1 _
Q.
X
N§®? > 1,0 x \/(1 + N6®2)/N Mo Exposure in ton-years required to reach the n =2
107 (systematic limited) spin-independent neutrino fog
normal Poissonian subtraction, 10 101 100 10! 102 103
and n > 2 when there is saturation. Dark matter mass [GeV/c?]
¢ The value of the cross section o at
which n crosses 2 is defined as the ] o i
neutrino floor. Reducing the sensivity of an experiment by a factor
dlogo \-1 X requires an increas in the exposure by at least x"
n=—\—-——=
(d log MT )
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Predictivity of the Scattering

Cross-section Strength

fom Osi[cm?]

The need to penetrate the fog

Type of Dark Matter Model

__ Visible Sector (VS) Dark Sector (DS)
A
o )
5 DS Models
g Complete requiring SM mixing
n_; Models E [SIMP] [Fivie]
<
21\ J
(VS Models DS Models | )
| with computed fom Simplified requiring SM mixing
VS Models Models DS Models
without computed fou without cosmological
.qz.) \_ bounds applied )
Sl r
3 Single Effective Coupling
2‘ single non-relativistic | single relativistic coupling
% kDM-nucleus operators with one mediator
\/
T T T
10—39 L |
10—41 L ol
10743 Direct Detection
10—45 i
@
%
-47 2
L 7\ (NmMssm-1 B
o) a5
10749 - NMSSM -2 é 1
1 10 100 1000 10*
MDM [GeV]

Visible sector models S|

Istituto Nazionale diFisica Nucleare

D. S. Akerib et al., 2022

10-39 |
{01 i
& Direct Detection
5 10
%)
e}
= 10—45
2
10747
0—49
1 10 100 1000 104
Mpm [GeV]

Snowmass Summer

Dark sector models Si

Study, arXiv:2203.08084

1 0-35 L
107%7 - Direct Detection
(\E 39
S, 107 ¢
é?, Ly-L,
= 1 0—41 |
W2
1 0—43 L
1 0-45 |
1 5 10 50 100 500 1000
MDM [GeV]

Visible sector models SD
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S. Vahsen et al., Ann. Rev. Nucl. Part. Sci. 71 (2021) 189-224

G S 1 D INFN
&% How to see through the neutrino fog? <=

a  Fluorine recoils (8-50 keV,) September 6

o o
g S
g Galactic 2
v plane g
3
g
=
3
_900 A - i . “n
180° 120° 60° 0 300° 240° 180°
Galactic longitude,
0:00 ° . °
(1) ¢ DM What is required to clear the neutrino fog?

(see our review [2102.04596] and Snowmass WP [2203.05914] for reasoning)

Rate

N AngU.lar resolution <30° If you don’t achieve these then directionality
Correct head /tail >75% of the time ¢ 2dds nothing to the sensitivity

. . (in the context of the v fog)
Fractional energy resolution < 20%

S
°

o 12:00

oM And achieved...

At the level of individual events

p > * In as high a density target as possible

Below <10 keVr

With a timing resolution better than a few hours

Rate
[ ]

DM and solar neutrinos event rate as .
a function of some angle ¢ on a two-

dimensional readout plane at 12 h Can this be done? Maybe, but the way to go seems to be “recoil imaging”
time distance or 180° of longitude

|
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