Update on the current status of
direct Dark Matter searches

A personal and biased view by:

ﬁ Elisabetta Baracchini

i CYGNO Collaboration meeting 2024
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DM searches overview & context

<5

Istituto Nazionale diFisica Nucleare

10—36

=

Q
B
S

S| WIMP-nucleon cross section [cm?]
o
=

10—50

10—38 J

10—40 |

10—42 |

10—48 J

100
NEWS-G (2017) l1n-2 O
10 a
5
CDMSLite (2018) DAMIC (2020) L 10-4 .8
Q
(73]
DarkSide-50 (2018) 106 0
o
| -
XENONI1T (2019) 9
-8 O
L10 8 2
O
-]
C
'10_10n'_
=
_10—12§
wn

- = , 0—14
100 10! 102 1031

WIMP Mass [GeV/c?]

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



&5 DM searches overview & context &=
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Nal based experiments to test DAMA claim:
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Nal based experiments to test DAMA claim:
=1 COSINE-100 <

Airport|

Number of Photoelectrons

Ultra-pure Nal(Tl) Development for COSINE-200

* 400 kg of ultra-pure Nal powder is ready.

+ J.Rad.Nucl.Chem. 317,1329(2018), JINST 15,C07031(2020) Initial 248 19.0 <0.01 <0.01
- EPIC80,814(2020),Front. Phys.11,1142849(2023) Purified <16 0.4 <0.01 <0.01

* We grew 0.7 kg of crystal with 0.2 counts/day/kg/keV.

* Further R&D to grow large crystals within the safety regulation is ongoing.

20 3 50
Energy (keV)
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DM searches overview & context

¢ 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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Low-mass dedicated
experiments: bolometers
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Low-mass dedicated experiments: bolometers
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The Low Energy Excess (LEE) since 2022 &=

The LEE, if not
experimentally
solved, could Kill
the bolometric

approach
91 — NUCLEUS 1g prototype — SuperCDMS CPD > huge difference in rate
1074 — CRESST-III DetA — BULLKID surface between above ground

and underground
measurements

» CRESST observes by far
the lowest LEE rate

108 —EDELWEISS RED20  — MINER Sapphire

» more underground
measurements needed to
identify the nature of the

10°] Hj] residual LEE
of | TN " nn o
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EE. The Low Energy Excess (LEE) as of today &

C

. Strandhagen | IDM 24

Ideas about the origin of the LEE

*» lack of ionization and time behavior strongly disfavors particle origin

As of today, not
univocal explanation yet

» favored explanation by the community - energy release through relaxation
processes

Three main categories:
> Stress induced by the holding structure
> Intrinsic stress from the bulk material

> Stress in the sensors or the interface to the sensors

C. Strandhagen | IDM *24

What'’s next ?

» many experiments have started or are preparing
new measurements at undeground laboratories

> new CRESST campaign at LNGS started in April
New campaing > SuperCDMS HVeV taking data in CUTE at SNOLAB
measurements planned > SuperCDMS SNOLAB is in installation phase

B
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Low-mass dedicated
experiments: SPC
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& experiment <

I Istituto Nazionale di Fisica Nucleare
Light Dark Matter Searches with the SPC in SNOLAB
The Spherical Proportional Counter * 2140 cm SPC 4N (99.99% pure) Aurubis copper
e Electroplated internal layer
Electric field scales as 1/r2 ¢ Low radioactivity shielding material

+  Divided into “drift” and “amplification” regions * Constructed and tested in LSM, France

e Commissioning data analysis finalising
* First physics run in SNOLAB in 2023
v ~20 kg-days exposure with Ne:CH,

Capacitance independent of detector size
. Low electronic noise
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& ER/NR discrimination in News-G &

Pulse Shape Discrimination

‘muon’-like events

Use pulse shape parameters to differentiate events

8 1000 Amplitude .
<
[0
&
= - - r—
E 800 1)
3
—
600 . [4))
Width (FWHM) E
400} 4 D
e
200 : oc
L Rise timel {10-90%)
I Baseline :
0 N —
n L L 1 L 1 1 n
0 1 2 3 4 5 6
Time [ms]
High-Radius
Point-Like

9‘ Low-Radius

Point-Like

Amplltude [1 0° ADU]

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20t December 2022 13



News-G SD proton SD latest result vs CYGNO-04 last

Istituto Nazionale diFisica Nucleare

G S
s year back-of-the-envelope sensitivity
Search for light dark matter with NEWS-G at the LSM using a methane target #1
NEWS-G Collaboration « M.M. Arora (Queen's U., Kingston) et al. (Jul 17, 2024)
e-Print: 2407.12769 [hep-ex]
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e News-G and CYGNO explore two different WIMP masse ROls
e News-G is not directional and has limited ER/NR discrimination
e Hence, News-G and CYGNO are not competitors
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DM searches overview & context &~
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¢ Ton scale detector with heavy nuclei
¢ 108 (LXe) - 10710 (LAr) rejection

¢ Eventually, will be dominated by neutral
backgrounds from CEVNS, aka the
Neutrino Fog

drift time
(depth)

S1

¢ From solar neutrinos (mainly 8B) at
<10 GeV

¢ From DSN & atmospheric neutrinos
fat >10 GeV
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¢¢  The Neutrino Fog: arecap ¢

o |

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
events and uncertainty 8® on
neutrino fluxes

Background free
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& nis defined so that n = 2 under
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& The value of the cross section o at
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neutrino floor.
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Reducing the sensivity of an experiment by a factor
X requires an increas in the exposure by at least xn
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& The Neutrino Fog: arecap <
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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
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The Neutrino Fog: here we are ¢

Panda-X arXiv:2407.10892

XenonNT arXiv:2408.02877

H SNO, 2013 (68%)

[ Cathode
+MD
I B CEVNS

| PandaX, 2023

Counts/0.5¢

I | XENONNT, 2024
1

Test statistic g,

S2 width [ps]

5 10 15 20
8 3 6 —2q-1 R
B neutrino ﬂux [1 0 cm °s ] — sczlﬁfd‘;leol N : gl;)al ¢ Number of electronin4 to 8 e
Background Background +  Nominal 0 3 8 16 5 i 30 0
C t . . .
omponen only fit 8B fit Expectation Number of electrons (S2) Counts/0.5us
AC - SRO 7.55 7.36 7.48 = 0.52
AC - SR1 18.26 17.90 17.77 £1.23
|—Q—| B16-GS98 prediction
ER 0.74 0.54 0.68 + 0.68
<—| XENONIT
NR 0.50 0.45 0.47 = 0.32
<—| PandaX-4T (2023)
B | 27.05 26.24 26.4+1.5 _
9 PandaX-4T (paired & US2 combined)
8B - 10.71 11.9+ 3.1 0 % 75 s 35 35
Solar 8B v flux [x 10%cm™2s~1]
Observed 37 &
* Reject bkg-only hypothesis with significance of

2.640, with best-fit B8 events is 75+28 (US2)

The background-only hypothesis is disfavored
and 3.5+1.3 (paired);

at 2. 730
e
18
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5 A provocative question:

Istituto Nazionale diFisica Nucleare

(that neither XenonNT nor PandaX speakers at 2 conferences were able to answer...)

H SNO, 2013 (68%)

PandaX, 2023

XENONNT, 2024

Test statistic g,

15 20
8B neutrino flux [10° cm—2s~1]

where is the positive proof that these are not 6 GeV WIMPs?

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20 December 2022
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.«c.a provocative
answer....
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&° ..self-citing my usual old closing slide..

<« Direct DM search

*Old limits, only illustrative purj
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DM is claimed: Incompatible results: | DM is excluded to the
only a directional only a directional Neutrino Fog:
experiment can confirm experiment can test the only a directional
the galactic origin of the  galactic origin of the experiment can continue
Observed Signal Observed Signal DM seurches and sfudy
neutrinos
*Or we “hit” some new other irreducible background
\. J
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Looking for DM is a search hampered by many false P

INFN

Istituto Nazionale diFisica Nucleare

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
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Direction is the only way

'er energies
H SNO, 2013 (68%) —— CRESST-IIl DetA
f 10° ] arXiv:2202.05097 —— EDELWEISS RED20
I ~— MINER Sapphire
t PandaX, 2023 —— NUCLEUS Ig prototype
SuperCDMS CPD

XENONNT, 2024

|09 -
107 4
s 4

10 4 {\'\-\‘-LH‘FL"L

0.25 0.50 0.75 1.00 1.25 1.50 1.75 10!

Event Rate (Counts / kg / day / keV)

Total energy deposition (keV) 005 0.10 015
0 5 1'0 1'5 20 Currently limiting the sensitivity globally !
8B neutrino flux [108 cm—2s~1] Origin still unknown, but a lot of R&D is going on ...
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Where does the CYGNO/
INITIUM project stand in this
picture within the context of

directional DM searches?

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20 December 2022
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Directional DM search experiments:
| exposure comparison

Istituto Nazionale diFisica Nucleare

DRIFT and NEWAGE data reported for the latest and most
sensitive limits published, no MIMAC undeground limit exists

Exposure

Exposure for
SD searches

Energy
threshold

Reference

biilArel | 35kgdays 0.96kgdays 20 keVee eionortPhye.

\S/\el3< | 3.2kgdays 3.2kgdays 50 keVee  ©TTr 2023 (2023)

My rough back-

A= R Es | 2.6 kg days 2.0 kg days 1 keVee of-the-envelope
evaluation

Y My rough back-

CYGNO-04 203 kg days | 190 kg days = 1-0.5 keVee | of-the-envelope
(1 year) evaluation

will show us how LIME data taking campaign, while not aimed originally at setting
any DM limit, can actually be competitive with other directional DM experiments limits

o |
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Directional DM search experiment:
| NID operation panorama = =

Charge Readout ' sptllcal Readout '

€ Concept demonsiratred in 2000 at 40 Torr CS, $ 50-150 Torr CF4:CS; with glass GEM and
with MWPC [1] CMOS [D. Loomba, talk at RD51 June 2022
meeting]

¢ Pioneered in a actual experiment by DRIFT with
CS2:CF4:02 at 40 Torr with MWPC [2]

$ 20-40 Torr pure SFs in 2017 with THGEM [3]

€ 20 Torr pure SFs with THGEM-multiwire [4] and
muPIC in 2020 [5] see also S. Hishino talk @ 12.30

Low pressure

¢ Demonstrated in 2010’s in He:CS2[6] and
CO2:Ne:CH3NO2[7] with GEMs and MWPC

€ In 2017 at 610 Torr of He:CF4:SFs with GEMs 2
and TimePix2 [8] i
€ In 2021 in Ar:iC4H10:CS; with GridPix (Ingrid
+ Timepix3) [9] See also J. Kaminsky talk on Tue

(nearly) Atm
pressure

[1] C. J. Martoff et al. NIM A 440 335 [4] A. C. Ezeribe NIM A 987 [7]1 C. J. Martoff et al, NIM A 598
[2] G. J. Alner et al., NIM A 535 [5]1T. lkeda et al, JINST 15 07, PO7015 [8] E. Baracchini et al, JINST 13 04, P04022
[3] N. S. Phan et al, JINST 12 (2017) 02, 02 [6] C. J. Martoff et al, NIM A 555 [9]C. Ligtenberg et al, NIM A 1014 165706

will provide experimental evidences of potentialities for improved directionality with
NID operation beyond expectations

S |
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Where does the CYGNO/
INITIUM project stand in the
wider context of rare events

search experiments?

E. Baracchini - Directional Dark Matter Searches -CYGNO Collaboration Meeting 20 December 2022
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os One, no one, one hundred thousand ;)
s *  physics cases for CYGNO/INITUM!

Istituto Nazionale diFisica Nucleare

i S. Vahsen et al., Ann. Rev.
189-224 synergic projects

OBSONSWELLES

20000

o [ o . .
oid Dark matter Neutrinos
I r e c I o n a I Bl sub-Gev WiMP search [l Directional CELNS i | Directional neutron 2017
! measurement __.... detection
T LIME Run5
7" ” : -
a tool for all seasons ‘
1
Constrain non- ME
standard CEv \ g
NS interactions : of Nuclear recoil for
— Experimental Migdal
10 measurement”
Competitive 7 2 K
non-WIMP 5N 4 as .
search : : ’ . \ - PRIN ?070
100 Q
“HypeX: High Yield
Polarimentry
:xperiment in X-rays”
1000
10k
g N = volume in m3
1966 WINNER OF 6 ACADEMY AWARDS assuming 1 atm operation

NCLUDING BEST PICTURE
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Solar neutrinos spectroscopy through elastic scattering on _

G S NFN
I electrons in CYGNUS: promoting background to signal =
oL ¥ I
N C. A. J. O’Hare et al., 2022 C. Lisotti, ..., E. Baracchini, ...
s O—”Q%gz Snowmass Summer Study, S. Torelli, Eur. Phys. J. C 84
Seguinot et al (1992) arXiv:2203.05914 (2024) 10, 1021
Given the Sun position, € v>< Differently from WIMPs, CYGNO approach
recoils in opposite 3 e _.7 background can be
direction are 7 ... _ g ared on used as benchmark
kinematically forbidden =~ —— > ©® \ sidebands data also for CYGNUS
A

See S. Torelli talk

o5 Electron recoils E, € [10,1000] keV 50
' ' ' ' Electron recoils
o 10 i ] Ey, = 1.0 MeV
S E 2 404 = (E;) =2338keV
& S [
S { S
E ] 0
X 0 1 & -’\
g 00k . EB 204
2 f 1 g
& 10! E E | Lo- -0.3
i 102 - High
g 1 ' 0.2
10_3 T " B
0.0 L 10 20 30 40 50
cos 0 Angular res., pg [°]
Energy thresholds of solar Expect;ed ntt_lmbe; t‘;,f electron rfthil evelnts Neutrino energy reconstruction accuracy
. . . as a runction or the cosine or the angie as a function of electron recoil energy
neutrino detection techni ques away from the Sun (He:CF; 60:40 1000 m3) and angular resolutions

oL

» I
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S Finally, a realistic feasibility study for CYGNO-30 ¢+

mmmmmmmmmmmmmmmmmmm
G GRAN SASSO
SCIENCE INSTITUTE
I SCHOOL OF ADVANCED STUDIES

DocTORAL THESIS RESEARCH PROPOSAL

Feasibility of a directional solar neutrino

measurement with the

CYGNO/INITIUM experiment

PHD PROGRAM IN PARTICLE AND ASTROPARTICLE PHYSICS:
XXXV CYCLE

Author: Thesis Advisor:

Samuele TORELLI Prof. ssa Elisabetta BARACCHINI

will show us how CYGNO-30 could provide the first directional solar neutrino
spectroscopy measurement, testing the neutrino pp energy spectrum down to
55 keV for the first time ever (N.B. Borexino threshold 300 keV)

..effectively opening the doors for a CYGNUS-1000 solar neutrino experiment that might be able to precisely measure
all solar neutrinos components up to the CNO cycle through electron elastic and CvNeS scattering simultaneously
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Many thanks to you all for your contribution to the success O

G S
| of the CYGNO/INITIUM and all its synergic projects! - ~
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Backup slides
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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]
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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
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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
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A possible gas for solar neutrino spectroscopy
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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.
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S

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
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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)
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D. S. Akerib et al., 2022
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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
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(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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