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Outline

Supernova (SN) production of MeV-scale particles is large
well below cooling bound

SN-produced MeV dark matter is detectable in existing
WIMP detectors

& How DM detectors can discriminate MeV SN-
produced DM from classical WIMP-DM?

Directional searches with CYGNO

E. Baracchini - Discoverying Supernova-produced light dark matter with directional detectors like CYGNO - SNvD 2023 @ LNGS

Istituto Nazionale diFisica Nucleare
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Protoneutron star <

» Core-collapse of massive
star releases >10°3 erg Overburden

* Protoneutron star (PNS)
has temperature ~30 MeV

» Neutrinos diffuse inside
“neutrino sphere” then free-
stream, cooling PNS

-

Neutrino
sphere

From the talk by W. DeRocco
Supernova signals of light dark
matter in directional detectors

W. DeRocco,! P. Graham,! D. Kasen,2 G. Marques-Tavares,? S. Rajendran?
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« 10-second cooling N\
timescale observed during Mo
SN1987a Neutrino

» Cooling constraint: new sphere

particle cannot transfer
more energy than neutrinos

From the talk by W. DeRocco
Supernova signals of light dark
matter in directional detectors

W. DeRocco,! P. Graham,! D. Kasen,2 G. Marques-Tavares,? S. Rajendran?
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&° Supernovae can produce MeV Dark Matter!

PHYSICAL REVIEW D 100, 075018 (2019)

Supernova signals of light dark matter

William DeRocco®,' Peter W. Graham,' Daniel Kasen,” Gustavo Marques—Tavares,l'4 and Surjeet Rajendran2
lSmnford Institute for Theoretical Physics, Stanford University, Stanford, California 94305, USA
2Berkeley Center for Theoretical Physics, Department of Physics, University of California,
Berkeley, California 94720, USA
Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
4Maryland Center for Fundamental Physics, Department of Physics, University of Maryland,
College Park, Maryland 20742, USA

Istituto Nazionale diFisica Nucleare

» Near cooling limit, flux of -10p
MeV-scale particles can |
still be very large

* Direct observation can
constrain where cooling
bound fails!

-12 Relic Density

Coupling to Standard Model

5 10 50 100
mX (MeV)
Mass of dark matter
T
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> Dark Fermion scenario <

* Dark sector with stable
fermion (x)

« DM-SM coupling through y SM X
heavy dark photon (4")

2

1 Il €y My
_ — _ pv o =Y g _A )
L gark 4F#,,F + D) FiuvBuy, + 2 Scatterlng

+ xGB — m)x A

AL AR

* Results apply to large class

of models SM X

Production
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¢S MeV DM production through diffusive trapping <&+

» Above cooling bound,
particles diffusively

trapped by SM scattering

« Spectrum set by radii at
which interactions

decouple )
Number
Production/annihilation - . sphere
Annihilation stops:
X X R e+ e number flux set

©nnnnnnn———————— |
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MeV DM production through diffusive trapping &

G S
s i

» Above cooling bound,
particles diffusively
trapped by SM scattering

« Spectrum set by radii at
which interactions
decouple

Production/annihilation o
Annihilation stops:

X )2 — e+ e number flux set
Energy transfer DM thermally

S decouples: energy
X € X € spectrum set

©TNNhnnnwnSnsGS_GSGS_Snn———— |
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? MeV DM production through diffusive trapping &

Supernova Dark Matter
(SNDM) escapes free
streaming
» Above cooling bound,
particles diffusively

trapped by SM scattering

« Spectrum set by radii at
which interactions
decouple

Number

Production/annihilation o sphere
Annihilation stops:

X X — e+ e number flux set Energy
sphere
Energy transfer DM thermally < .
S decouples: energy cattering
X € X € spectrum set \ sphere
Diffusive scattering DM free streams

XP—=XP

E. Baracchini - Discoverying Supernova-produced light dark matter with directional detectors like CYGNO - SNvD 2023 @ LNGS Q



;2 SNDM diffuse galactic flux <

« Dark fermions escape ate»|rIa_t|V|s‘|ceIoc;|t|es
 Arrival times at Earth spread by light travel time
- Emissions from several SN overlap to form diffuse flux

Supernova Detector

JAN ~3000 ly
— v

~10 seconds ~3000 years
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5. SNDM diffuse galactic flux <

« Dark fermions escape ate-mlrIa_t|V|s‘|cveIoc;|t|es
 Arrival times at Earth spread by light travel time
« Emissions from several SN overlap to form diffuse flux

Supernovae Earth

A/\ _~—

A

x 600 ~ constant flux

e |
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&5 SNDM versus WIMP induced recoil momentum &=

Phys.Rev.D 102 (2020) 7, 075036

non-relativistic O(GeV) masses

m
Target (i.e. nuclei) recoil momentum VI | ~ 2P, cos 0 ( A

ke my +m
|7€| 2mA(\/pO+mX+mA)p0cose / AT
\/ 0 -+ mX -+ mA - pOCOSZH \ >SNDM

nuc I ~ 2P0 COS Hr-

). > 2vou cOs O,

— 2E,vycos 6,

semi-relativistic O(MeV) masses

then |kVVIMP| ~ IkSNDM ,

nuc nuc

PHYSICAL REVIEW D 100, 075018 (2019)
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The issue o

If a DM detector
observes an O(keV)
nuclear recoil signal,
how can we tell if is

WIMP or SNDM?

ini - Discoverying Supernova-produced light dark matter with directional detectors like CYGNO - SNvD 2023 @ LNGS 13



&¢ Directiondlity: a tool for all season &=

Directionality:
A tool "FOR ALL

EASONS

) 4L 8
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s Directionality saves the day! <

 Diffuse flux strongly ™ lete
peaked towards Galactic Alsky flux
~104cm?2 sl

center

logyo @ (cm2 s sr-1)

.25
.00
.75
.50

* |sotropic intergalactic
contribution highly
subdominant

¥ (rad)

FNNMNNMNDNDWWWWS .S
o
o

_‘3 _2‘ -1 0 1 2 3 ~ Note: 100 GeV WIMP
¢ (rad) ~105cm2 sl

I
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Directionality saves the day!

B 3
- :

 Diffuse flux strongly ™ lete
peaked towards Galactic Alsky flux
~104cm?2 sl

center

logyo @ (cm2 s sr-1)

* |sotropic intergalactic .
contribution highly $°

subdominant

.25
.00
.75
.50

FNNMNNMNDNDWWWWS .S
o
o

_‘3 _2‘ -1 ‘ 0 1 2 3 ~ Note: 100 GeV WIMP
¢ (rad) ~105cm2 sl

« SN signal is
perpendicular to

WIMPs! cymus |
d DireCtional \ / Galactic center
detectors are >\ o 2k
necessary for / SN signal =
discrimination of
WIMP signal

future signal

&
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SN-produced MeV DM versus WIMPs scenarios

Istituto Nazionale diFisica Nucleare

Discovering supernova-produced dark matter with directional detectors

¢ Light, medium and heavy target: He, F, Xe
¢ Light (10 GeV) and heavy (100 GeV) WIMP

masses

Elisabetta Baracchini,l’2 William DeRocco ,3 and Giorgio Dho'?

Phys.Rev.D 102 (2020) 7, 075036

¢ Six SNDM scenarios producing similar

energy deposition in the detector

700 7 1 0
600 - GeV

Normalized spectrum
S
o
o

0 002 0.004 0.006 0.08 0.01
Energy (MeV)

T = Temperature of energy sphere
y = SNDM to SM coupling
@ = related to the radius of energy

WIMP SNDM sphere
Mass Mass T
Scenario Target [GeV] [MeV] [MeV] log,,y (0]
1 “He 10 5 0.31 —-13.3 0.006
2 19 10 7 1.0 -14.3 0.02
3 1Blxe 10 9 1.6 —-14.6  0.03
4 “He 100 5 0.52 —-14.0 0.01
5 9 100 14 3.0 -15.0 0.07
6 3Ixe 100 38 134 -16.0 0.1
Energy spectra
450 100 GeV WIMP il
10 GeV WIMP ;
400 — WIMP
— WIMP F
- - SNDM E 350 100 B
: = ; GeV —— Scenario 4
—— Scenario 1 8 300 ks —— Scenario 5
i & £ —— Scenario 6
Scenario 3 o
o
N
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£
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0.01 0.012 0.014 0016 0.018 0.02
Energy (MeV)

E. Baracchini - Discoverying Supernova-produced light dark matter with directional detectors like CYGNO - SNvD 2023 @ LNGS 17



5° Experimental '|'Oy setfu <5

Since the interest is in quantifying the capability to discriminate between two models
(and not in the discovery), perfect background rejection is assumed in both cases

LXe TPC He:CF,; gas TPC
Energy ROI [4.9, 40.9] keVy, Energy ROI [5.9, 100] keVn,
Realistic energy resolution Realistic energy resolution
from measurements extrapolated from measurements
Energy only information Energy + Angular information

. Recoiling nucleus
- s
Field cage
Eecroc S2
> \
Edi lrift time 1.ior “-‘i n 2.dr ft 3. registrat A,‘m . . )
(depth) . lonisation signal
. Cathode ) { amplification &
>l readout
~ e v
S1
v v\e v
particle (source) n\
cathode

v

Drift direction
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1D angular

2D angular

b (deg)

b (deg)

SN-produced MeV DM versus WIMPs angular distributions

10 GeV WIMP

4.5
4 — wivp
; —--— SNDM
g 3'5:: —— Scenario 1
f 3 — Scenario2
9] - |
Q r Scenario 3
n 25
8 E
INJi 2]
© [
i 1
o} [
zZ 1
0.5—
0_1 -

wWIMP

'WIMP recoils in Galactic coordinates (Scenario 1)

10 GeV
WIMP & He

0 50 100 150
| (deg)

WIMP recoils in Galactic coordinates (Scenario 2)

10 GeV

WIMP & F

0
| (deg)

b (deg)

b (deg)

’ 10 GeV WIMP

SNDM

SNDM recoils in Galactic coordinates (Scenario 1)

|(dég)

SNDM recoils in Galactic coordinates (Scenario 2)

|(deg)

b (deg)

b (deg)

Normalized spectrum

100 GeV WIMP

2.5
| | —— WIMP
[~ |=-= SNDM
2.
~ | — Scenario 4
o (o Scenario 5
1.5— — Scenario 6

-1 -0.5

wiMP

WIMP recoils in Galactic coordinates (Scenario 5)

100 GeV
WIMP & F

-150 -100 -50 0 50 100 150
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WIMP recoils in Galactic coordinates (Scenario 6)

100 GeV

WIMP & Xe

0
| (deg)

b (deg)

b (deg)

100 GeV WIMP ‘,

1"vay
LA
.
w,,

0.5 1

SNDM

SNDM recoils in Galactic coordinates (Scenario 5)

50
| (deg)

SNDM recoils in Galactic coordinates (Scenario 6)
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Number of events needed for discrimination

Results within realistic experimental scenarios &
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Number of detected signal events in the ROI needed to distinguish WIMP
from SNDM scenarios

10 GeV WIMP l_ c 100 GeV WIMP
350} - _ 2 160 — 2D Angle
Z[— ?8 zng:e | g | === 1D Angle
|- ngle [= C *
120 g E 140/—{ - Energy NOTE: kinematic correlations between
- 3 ; energy and angular distribution NOT t -
100 © 120— used in this study (as instead a real s
C :O: = experimentwoulddo)/,’ ....................................................
80 —=— Scenario 2 '8 100 . —»— Scenario 4 // g
r Scenario 3 }; | = Scenario 5 e
o 80 [ . ,r’
60— : : Scenario 6 P -
c 60— ,/’/
L o [ -
40— o [ erermsmmesmsssmrsssms s sesessseses st - =
== 6 40 - el ”””
20 e === S b+ P P
::::::::t” E ._ _'__,-—-—"—’—:_._. —————————
- _.-___vwv—-‘"’—'—_:—_’_‘ " 2 [ ‘_T-[ ------ ——— 1 L1 1 | L1 1
% s 10 15 '210 . =215' 30 35 a0 415 0 5 10 15 20 25 . 30 35 40 45
Angular resolution (deg) Angular resolution (deg)

Directionality can reduce of 1-2 order of magnitude the number of
detected events to discriminate WIMPs from SNDM

" NNTyyyyyyyyyyv——_—
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How to make a directional
detector of O(keV) energy recoils?

©TNNhnnnwnSnsGS_GSGS_Snn———— |
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¢ s Detector classes by directional information &=

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

| Indirect 1 Recoil imaging 1
— Statistical 10 Event-level ]
Modulation-based Indirect recoil Time-integrated Time-resolved
directionality event directionality recoil i 1magmg recoil i unaglng
] ]

Carbon nanotubes

(ER directionality) Levitated
optomechanics
Anisotropic energy (DM nuggets)
threshold in Ge
(MeV DM)

Demonstrated

R&D =
Proposed =

New proposal @ IDM 2022
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Gaseous TPC experimental approach (INFN

Istituto Nazionale di Fisica Nucleare

Recoiling nucleus

+ Advantages:

Inherently a 3D detector Field cage - Axial Directionality
\ * Head/tail
" ) ‘ 5 » Background rejection
. E 4 p’ * Particle ID
Sensitive to track sense 1. ionisation i 3D fiducializati
. . 1y 1 1 lonisation signal ] : iducialization
& direction oo S9N
Cathode L o | ” [ amplification & 2
WIMP f i | readout  {. Technologically
\ _nuclear recoil track charge ® W o ¢ ] challenging, but now
S ST achievable via multiple
Head

/ Tail

technologies
Drift direction

Energy loss and track topology to efficiently reject background at O(keV) energy threshold

predrift postdrift predrift postdrift

0.0

0.0
-0.5

10 (cm)

-05
“10 el

25 keVnr nuclear recoil in He:SFs 755:5 Torr 20 keVee electron recoil in He:SFg 755:5 Torr

|
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INITIUM: PHASE O: PHASE 1: PHASE 2:
NID studies R&D and prototypes 0(1) m> demonstrator 30 m> experiment

Currently at 2015/16 2017/18 2019/23 2023/26 2026 ...
LNGS ROMA1 LNF LNF/LNGS LNF/LNGS LNGS

—_—
MANGO ORANGE LEMON LIME CYGNO_04 CYGNO_30

Lmu g.g,m M ||u f
G i

i :Mllmmmm

- up to 6 cm drift = i S intil - B0 cm drift - background
- for gas studies - - underground tests - material tests, gas
- MC validation purification - Physics research
- scalability

Instruments 6 (ROLR) 1, 6 JINST 15 (R020) P10001
JINST 15 (R0L20) 12, T12003 2019 JINST 14 PO7011
JINST 15 (R020) PO8018 NIM A 999 (2021) 165209

Measur.Sci.Tech. 32 (2021) 2, 025902

©NnnssSs—————— |
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3D optical readout

GNO: GEMs + sCMOS + PMT *

J

INST 13 (2018) no.05, P05001

lonization clusters
lonizing track

o0
Photons Photons

He:CF;s @ 1 atm

TN
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3D optical readout

GNO: GEMs + sCMOS + PMT

E.

J

INST 13 (2018) no.05, P05001

lonization clusters
lonizing track

pa & . 9
® ... Qe Electrons
(1 ) o0 L
%:8 aidp
Photons Photons

drift direction

de(v) <

He:CF, @ 1 atm

drift direction

Amplitude (V)

PMT:

integrated
Z + energy measurement

straight track
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3D optical readout He:CF; @ 1 atm i

25 CAGNO: GEMs + sCMOS + PMT °°

0p)

JINST 13 (2018) 10.05, P05001
sCMOS: f PMT:

[ J
high granularity N EE  ing integrated
X-Y + energy measurements = S S Z + energy measurement
P ab 4.9 &

. o P

-

straight track

Soft electron from natural radioactivity

drift direction
Ampiitude (V) 4—

1"y i - l
0.5} \ ’
He nuclear recoil i ‘ ’ r
: A |
'J
: 30(;0 3500 4000 4500 5000 5500 6000 651(_);')“e (:;))OO
.g ““"
T ““,u
d, ‘-"‘
& o % “““““
®*1/3 noise w.r.t. CCDs - Rt
é Ew tilted track
gMarket pulled O ooformmmaen, 14000 i
o LR L3 g : M °
® Single photon sensitivity § o2p v,/ po g |
< o4l é \& %
¢ Decoupled from target 3 " 5
, o8 :
$ Large areas with proper optics osf- g™ g;;,\
1.0 N -
(—3510l = l4010l = l4510l = 15010‘ = l5510l = l6(;0l = l6510
Time (ns)
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Ny 3D optical readout He:CF; @ 1 atm e
I ?GNO: GEMs + sCMOS + PMT

0p)

JINST 13 (2018) 10.05, P05001
sCMOS: f PMT:

[ J
H H lonization clusters °
high granularity Y T g vack integrated
X-Y + energy measurements = S S Z + energy measurement
P ab 4.9 &
.... e° . Electrons
-.o:... ..o’. o
e (] ®

straight track

o owiide -

Soft electron from natural radioactivity

Photons Photons

drift direction
‘ Amplitude (V) 4—

He nuclear recoil i ‘ r
, A |
— |
- f s}{ 77— = 4 - _25_ J
~ :§ : 3000 3500 4000 4500 5000 5500 6000 651")ifr)ne (:;))00
:I = o “'
3 7 50 .'|= ““‘
2‘ w“’?e"\ (& ] ““'
...... | ) Q “,“'
& . X (o) 08 o8 5 % “““‘-‘
®*1/3 noise w.r.t. CCDs © Ry
& S At tilted track
* Market pulled TS 00fronemn 140ns p———vy
° e 0 ° '§ E "q@ & N
¢ Single photon sensitivity g 02 f et &
< .04 é “g %
¢ Decoupled from target 3 " 5
. =V, :_ E : »
¥ Large areas with proper optics osf  © PR
1.05— v E:;’
(—3510l = l4010l = l4510l = 15010‘ = l5510l = l6(;0l = ‘6510
Time (ns)
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3D optical readout He:CF4 @ 1 atm .::

57 CAGNO: GEMs + sCMOS + PMT °°

JINST 13 (2018) no.05, PO5001
sCMOS: PMT:

[ J
H H lonization clusters °
high granularity Y T g vack integrated
X-Y + energy measurements = S S Z + energy measurement
P ab 4.9 &
e0® Qe Electrons
I Do G ...‘..’ 2
_ [ J

‘a »
-

Soft electron from natural radioactivity

%
drift direction
Amplitude (V) 4—
4

" i : l
{/ 0.5 ’
He nuclear recoil ‘ : | f
: §a |
— :
; il [ — o J
~ :; | 30(;0 35‘00 40‘00 45‘00 50‘00 5560 SOIOO GSIQO 7000
6‘: : Time (ns)
:{ - i -g ““"
2‘ d 30'.‘0?\"\ (o] ,“““
S | ) (] “,“'
& ) - ' ’ ' % ““u‘-‘
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§ + SF;s for negative ion drift E_Y =""lilteditrack
* Market pulled 6 oI ga B S 00 brememr o pp——"
. e 0 o .;'.:'.,':‘..':. § g, & )
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. ' .':':.0. < o4b é LY %
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& : : Rl £ E \
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European Research Council B . A
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CXGNO:photographing tracks =

Compton
electron

He:CF; @ 1 atm

\ Electrons beam
e e i
450 MeV electron with its & ray
Muons from
. cosmic rays
E 52.0

(&)}

Number of collect. ph. per 50 um

%MMM MMA,WE-W«WM%M uflwm’\«%

0
55 5
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Optical readout: details

The CYGNO optical + Gamera Hamamaion Orca-
readout = 80 % QE at 600 nm

m 2304x2304 pixels
e 4 Hamamatsu R7378 PMTs:

¢ CMOS sensor noise: . = 22 mm diameter
= Readout noise of 0.7 e /px ~ 0.9 y/px = ~ns time response
= Dark current of 0.2 e /px/s ~ 0.25 y/px/s e Lens: Schneider Xenon with
= Acquisition time ~ 30-300 ms 25.6 mm focal length and 0.95
aperture
Imaging a 33 x 33 cm2readout area '
e Camera geometrical e PMTs geometrical acceptance:
?ﬁ:gmt;;/[n cfa?::- light emitted on = critically depends on the position of the
P ) 1 emission on the GEM plane w.r.t. the PMT
€q = = 1.2 % 10—4 position
2
[4 (1+ 1) X@ = Empirical measured scaling:
De-magnification: Aperture = 0.95 Light co]lectec_l @ Total light emitted
5= L with f = 25.6 mm [focal length] by the ‘PMT # @: @ S
d— f d = 623 mm [distance from GEMs] 13 Distance from the

light emission

3 ) |
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g 3D optical readout: CMOS + PM

CMOS combined with Photomultipliers

e Fast photosensors (PMTSs) to get the Sloping track

time information = reconstruct z

inclination
Antochi et al, 2018 JINST 13 PO5001 Time (ns)
o 160 10 20 30 40 50 60 70 80 90 100 110 120 130 w F
5 AMLARRAAAUNARLLRARUARE I 2R AU R AR IR R R '°:)16:—
ot o 1 3 e 1aF Mean -13
_g— 12 F Scope waveform A 5 —05 = o Sigma 106
2 F ANy S| 3 8 12
S10F 5| doa= -
S sf K v ozl 10° 3

4 b Ew J 3 _fo.z ° =

2 :_ | l | [l !II i J N 4 :_

i E n : L T 0.1 2

- 1 P\i . 0:...|..,|.ﬂ A T N T
2 F TR S LA I -1000 -800 -600 -400 -200 O 200 400 600 800 1000
0 60 70 80 920 Residual (um)
X (mm)
Time + drift velocity = relative z coordinate 100 pnl. resolution on
relative cluster z
15

i |
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s CAGNO PHASE O: the LIME detector

33x33 cm?2 .
GEMs_ il Stability \
PMTs ] 0 ‘§ F Entries
S\ ® e V5
1 NPT -
\ - s |
CMOS sensor | 7 ; < 2.7 spikes/hour
\WE 50 cm Field Cage Cathode | d R ‘ i
L 1=
He:CF4 1 sSCMOS + 4 PMT + 3 GEMs ; I
S @ 1 atm 33 x 33 cm?area 0 T 'umleé?zmj

50 cm drift, 50 L active volume
Base module of PHASE 1 design

sCMOS fake clusters threshold

PMT trigger rate

® atleast2PMT @ atleast4 PMT @ atleast 1 PMT at least 3 PMT
20000

2/ ] : ]
W? ‘ :0 e 1m°;'3a'.3 Trigger rate as a function of the PMTs
Z p1 31.76 + 2.77 | 15000 HV working point £

z 10000.7 s N ~ s - . > ° - e H
" thr 0.5 keV §
‘E PMT supply (V)
- . Different Trigger logics were tested with 55Fe;
ORCA-Fusion 1 keV = 1200 photons

All of them converge to the same rate of 1 kHz

E. Baracchini - Discoverying Supernova-produced light dark matter with directional detectors like CYGNO - SNvD 2023 @ LNGS 32



- S, CYGNO PHASE O: overground commissioning

Electron recoils calibration

-~

Fe 6 keV

*

8
9

LN =T g BRSERRaaERARE
o e C c i |
38005— R g 45F ¢ 1Std"ne L% 2 _ + o
e e E & 2%%ine . 10 =
00 5‘) 405— . 5 %*# lsimulation :
400 % 351 + B ++ﬂl} ]
200;— \ g 302_ 10 #{m -
GU 3 s 8?]:9(‘)’(:(;2 § 25;_ é “ ; * W ’ §
‘8300:— T (O] 20 E
%0l Cu = = - 1
§200§ . 15 3 + + :
- 9=+ [Great linearity of the ;
100" S —f’ low energy response! 10-'H
" :q"||||||IIIlllﬂllII|llll[lllI|Illl]llll[llll[llll =
A Mabinis % 5710 15 20 25 30 35 40 45 50 Doeioie et 0050 i l0s il e
R IR I Expected energy (keV) Saengi ey /c)

Energy (keV)

- |
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G

B (i.e. absolute Z coordinate) _'

S

of photons per slice

Number

r of photons per slice

Numbe

60T

y (pixels)

Fiducialization @ 5.9 keVee

Iron spot

Image after zero suppression

X (pixels)
transverse profile

1600
1400
1200
1000
800
600
400
200

P L e s A e |

I 1 I L L L =
10 15 20 25 30 35 40
I

lomgitudinal profile™""

12003
1ooof
soof
soof
a00f

200

1 1 L 1 1
10 20 30 40 50
Xlanglmdlnal (mm)

~70
10 60

50

30
20

10

e e
o N

llIIIIIIIIIlIIIIIIIIIIl

o]

Q of the residuals (cm)

OO

( = sigma of transverse profile x
RMS of # pixels inside the spot

P0O=10.5+0.2

P1=1.02+0.1
P2 =-0.006 + 0.001 \

IIIIIlll]IIIIIIIIIIIIIIIIIII]IIII

oF
3
—
o
—
7
n
o
N
3
w
a
N
o
P
o

%Fe source z (cm)

{ residuals

PO =3.64 +0.08

P1=0.109 + o.oos\

nnnnnnnn

1
5 10 15 20 25 30 35 ,, 40
Fe source z (cm)
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s
s

ER/NR discrimination

#_‘counts/pixel (i.e dE/dx)

120

On going work on ML techniques

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

0.7 x no source

} 5.2 keVe. nuclear
) - recoil candidate.

—— DNN 50% eff.
—— RFC 50% eff.
— GBC 50% eff.
~—— DNN 40% eff.

RFC 40% eff.

&
N\

3 | = GBC 40% eff.

clustes (noanaized 1o AmBe)

y (pixels)

Bkg Rejection

M Can spot direction
and sense!

\
@

T T
5 10 15 20 25 30 35
EnergylkeV]

A. Prajapati PhD Thesis

bikg. sub¥. dats
-3
(=]

25 “
d (photons/pixel)

40% nuclear recoil efficiency for energies

< 20 keVee, with 99% 55Fe events rejected Models|| Signal | Bkg. Rej.
. . . Efficiency| Efficiency
Signal efficiency = Background efficiency [€5]% [1-€B]%
Egresel 5%’ é_zfgotal Egesel 853 gtgtal RFC ;lg gg;
0.98 0.51 0.50 | 0.70 0.050 0.035 GBC 40 98.3
098 041 0.40 | 0.70 0.012 0.008 50 96.5
DNN 40 96.6
Reconstruction based on custom multiple 50 93.5

iteration of IDBSCAN + morphological
geodesic active contours (GAC)

Measur.Sci.Tech. 32

(2021) 2, 025902

For the full 1-35 keV
energy range

D —
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5. LIME underground installation @ LNGS

5 - I

Gas and environmental parameters

Experiments

_LUNA-MV Gas Temperature

CUPID R&D

NeUPiD Rel)
BOREXINO

LIME/CYGNUS Detector mance

Clusters/image
Clusters/run

o Running

o Construction/Commissioning

o Decommissioning )
Avg clusters/img

———— ~

Avg light/cluster size

“ Yy P
\ .S \ B FINAL ASSY STEP G20 0.\
T T : ‘ '

PRFLIMINAR

|
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5 LIME underground program
B 9 prog
¢Unshielded:
&Detector characterisation with 55Fe C 1qs Internal [ev/yr] External* [ev/yr]
) o _ ) Shielding 1.90 k 190 k
sExternal background study with periodic 55Fe calibrations (- eV) (- eV)
&4 cm Cu shield No shield 1.5344(7)x106 4.061(8)x108
sExternal background study with periodic 55Fe calibrations 5cm copper 1.5344(7)x106 1.90(2)x107
$10 cm Cu shield 10cm copper 1.5344(7)x106 1.024(2)x106
¢Detector response to nuclear recoil measurement with AmBe source
R o BRI o 1.5344(7)x106 2.46(1)x105
¢Background study with periodic 55Fe calibrations 10cm copper
&Spectral measurement of underground neutron flux. About 200 NR
events from neutron interaction expected in 4 months in the 20-100 i
keV range NOTE: internal background can be reduced
/ o o . . .
¢Study of internal backgrounds and validation of MC simulation.
Expect to suppress all external neutral background and reduce
external gamma background to the same level of internal one.
g el bacrens ER and NR internal background
> 10 Eﬁ:1 - external - 40cm water + 10cm copper
g E ;UJUH“}‘] .............. external - 10cm copper g ER+NR’ no cuts Only NR, no cuts
E 107 = il ﬁ.ﬂuﬂ]”_‘L — ——— external - no shielding E‘ B FieldRings § FieldRings_NR
e IS 2 - Cathode 2 400 B Cathode_NR
2 T I ry . GEMifoils ° 6.11x104 events/yrmmm GEMoils NR
3 10°e ‘ Z I DetectorBody z DetectorBody_NR
S B | & 7.45%10% events/yr |mmResistors 3 BB Resistors NR
§ 10° L T } B - Cameralens . CameralLens_NR
; I _ ‘ Il Camera I Camera_NR
- MHRL il }
104 |
E o T . innal
: I | preliming v
10° E \’
= | ~ N
E \
102?\ P S N S S R |—H i. J Lo i i b ] !
0 100 200 300 400 e ray [k es\%o 00 eroy ooy U500 1000 1500 5o 2000 '25%(3: gy 1
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(R‘U‘N 1: No-shielding )

e From Oct 8, 2022 to Dec 6, 2022

e Some numbers:

= Integral number
of BKG pictures:

~ 4% 10°

= Background
observed event
rate:

(33.88 + 0.58) Hz

= Background
expected event
rate (from MOC):

~37 Hz

~ 4,0 x 10€ events
in ~ 33 h cam exposure

32

3. Underground data so far

(RU‘N 2:4cm Cu shielding]

e From Feb 15, 20233 to Mar 9, 2023

e Some numbers:

= Integral number of BKG pictures:
~4.5%10° ,

= Background
observed event
rate: ~ 3.5 Hz
(data not
fully analyzed)

= Background
expected event
rate (from MC):
~ 1.1 Hz

~0.48 x 106 events |
in ~ 38 h cam exposure

T —————— |
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. Underground data so far

N

C RUN 1: No-shielding ] (RUN 2:4cm Cu shieldingj

31

e |
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g PHASE 1: CYGNO_04 design in Hall F

¢ Preliminary design: P oATHODE
*\\ \_. /‘FA‘ELD CAGE COILS
@ TPC made of & chambers \ g e 500300 COPPER SHIELDING

with a common cathode. 9240
@ Closed by R sets of
50cm x 80 cm » T
triple GEMs — ::
@ Readout of each GEM side: = 11—
-~ I /
& cameras with rectangular o 1 o,
sensors (ORCA Quest) + 6 <o ;L/:'
PMTs - .
@ Vessel: low radioactivity ! ' | -
PMMA o

@ Shielding: 10 cm copper +
100 cm water with a

— —_— HALL 'F" PROFILE
polyethylene base DETECTOR WITH WATER SHIELDING (1 Mt THICKNESS)

CONCLUSION: WATER SHIELDING TANK
It seems possible to arrange a

“Cygno Demonstrator” Setup
with a water-shielding thickness
close to 1 mt (0.9mt).

Keep in consideration that due
to the narrow hallway (1.2mt)
we have to work like a:

“Make a ship in a bottle”

3430

| _COPPER SHIELDING BOX

£ 5410
2

Preliminary shielding configuration:
110 cm H20 + 10 cm Cu

.05. idio. Inf.infn. i " - P -
e s Optimization ongoing
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a. PHASE 1 background simulation ¢
: I
Full background simulation  Preliminary CYGNO_04 background evaluation through
study done for 1 m3 detector scaling (full background simulation ongoing)

e For external background
o flux entering the shielding for CYGNO_04 option (110 cm water + 10 cm Cu)
o energy deposits in the CYGNO gas 1m?
o number of events is scaled by 0.44 (sensitive volume factor)

e [or internal background

~~~~ - ’ iy ) o  assign material radioactivity and calculate background for CYGNO 1 m?
o scaling for less material (approximately 0.44 factor)

o scaling for sensitive volume factor 0.44

e CYGNO: ER rate [1-20] keV = 2.3x10° cts/yr e CYGNO: NR rate [1-20] keV = 11x10* cts/yr e Rate [1-20] keV = 1.4x10* cts/yr (CYGNO)
e CYGNO_O04: ER rate [1-20] keV = 4.9x10° cts/yr e CYGNO_O04: NR rate [1-20] keV = 2.6x10° ctsly ¢ Rate [1-20] keV = 6.4x10° cts/yr (CYGNO_04)
o - . T F
3w = 3 ok = :
> —— e ° W Cathode -
< 40 - GEM x 5 . FieldCage O T
; . CameraLens ; 10 E . GEM ; E
8 % st g s AcrylicBox © ~
=2 10 tot NR L tot NR o r
2 o 10
iz 10° & : o 3
10 L
102
1 E
107" .
102 10°E B 3
10° 107 ;— C
E ale oo b b o b by b o oo o oMU TP Bl 0o o JER
0 15 20 25 30 0‘ 5 10 15 20 25 30 10 0 100 200 300 400 500 600 700 800 900 1000
Energy deposit Tot [keV] Energy deposit NR [keV] Energy [keV]
Internal ER background Internal NR background  Total external background

g |
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CYGNO future 3

L | 2 1 3 ] $ 1 5 ! ‘w | d ! v ° 1 o 1 " ]

WATER SHIELDING
(SCHEMATIC VIEW)

HALL"C" WITH
OPERA EXP. STRUCTURE

Isometric view[5] =
Scale: 1:250 P

PHASE 2:
B 30 m3 Experiment

’ 2026..
L LNGS

“ CYGNO_30

LNGS - HALL "C" WITH
CYGNO 30 Cubic Meter
Isometric view[6)
Scale: 1:250

Cygno of 30 cubic meters made by an array
of 4x8=32 Cigno modulus of 1 cubic meter.
The setup is completed by a copper (100 mm

thick) and water (3m thick) shielding

Physics research

PRELIMINARY |

CYGNO 1 Cubic Meter

IS0 80156 | Roughness IS0 1302
. NAME

) BT o e
INFN Fasson Nanower Lse ol I | P [ S
7 Resenon Dwision- SEM s ?1‘"{:‘?'-‘2510_0539%
B H
CYGNO EXPERIMENT !,“ i
CYGNO 30 Mc @ LNGS-U SETUP i :
FIRST EVALUATION OF SETUP-ENVELOPPE CYGNO 30 Me
p T P T 3 T C T s T T T AT T T T T T 3 T ° T " T " |
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cos(0)

| CYGNO PHASE 2 sensitivity evaluation F

Quenching Factor

» Use 1 keVee threshold

&
» Evaluate QF with SRIM - SRIMMC
0.8
» Introducing angular |
distribution as discriminating vied
» Full head/tail recognition "k 1
' S e Hin He:CF,
» Using a 30 deg resolution 02— to nHeCF,
L _ L L L _ [ | ] Fin He:CF,
1 10 107 E (keV )

Examples of expected measured angular distribution in Galactic coordinates

035

He nuclear recoil by 10 N . &l F nuclear recoil by
GeV WIMP

100 GeV WIMP

6
¢ (rad) ¢ (rad)
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< SI CYGNO PHASE 2 sensitivity evaluation < ?

Relative probability of being detected

Minimum Minimum
gSince CYGNO is a multi-target DM experiment, shtsoasblo M| - clasaastilc 181
. . mass for 0.5 keVee mass for | keVee
both the kinematics of the expected DM-nucleus energy threshold  energy threshold

interaction and the expected rate calculation
influence the probability of each element to be
detected differently as a function of the DM mass

300 MeV/c?

500 MeV/c?

700 MeV/c2 | GeV/c2

&The region of the DM velocity distribution
accessible to detection is limited at lower values
by the energy threshold and at higher values by
the local escape velocity (here taken as 544 km/s)

|.4 GeV/c2 1.9 GeV/c2

1.9 GeV/c2 2.5 GeV/c2

1 1 L i P A e ot e e e .

0.9- : A Y X8
8 / . . 0.8 | | Spin Dependent Couplin
08? v/l 4 Spin Independent Coupling g | | P P ping
0.7— 0.7, J
0.6;i 1] « He 06 \
05— | e H 0.5 !
- « C t I\ .
0.4~ \ —p 0.4~ F
03" A 03 |
0.2- AN 02
01— NS\ e 0-1E .‘
' oQooo‘oon‘»o’ ";:8'0'00“ . . . L e L1 1 T_1 A B ia s =R gt il 4““ = S “‘113
10 1 10 107 10

DM mass (GeV/c?)

Target nuclei relative probability of being detected for 1 keVee energy threshold
N

E. Baracchini - Discoverying Supernova-produced light dark matter with directional detectors like CYGNO - SNvD 2023 @ LNGS 45



1 0—36
1 0—37
1 0—38
1 0—39
1 0—40
1 0—41
1 0—42
1 0—43
1 0—44
1 0—45
1 0—46
1 0—47

S

. CYGNO 30 m?3 preliminary sensitivity studies

Spin Independent
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\ .,
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" )
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"o, ) . . &
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| L1 Ll

|

Spin Dependent
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st
st
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1 0—41
1 0-42

-40
107 E .. HelCF, 60140
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1

0—44 1 1

104 En=05keV,,

~——

DRIFT (2016)

D
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.
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o
......
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_ 102
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s: Direct DM search future <

*Old limits, only illustrative purpose

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 and observed signal DM searches and study
identify DM properties neutrinos

*Or we “hit” some new other
irreducible background

I UNTnnnnnmnsmsm5Sn————
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Backup slides
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Sensitivity Xe vs He:CF4

Low y == weaker coupling, hence less production
High y == stronger coupling, more diffusively trapped

Xe target

BBN

DARWIN (200 ton-yrs)

LZ (15 ton-yr)

Threshold: 2.5 keV
Emission At: log(10) s

Source: diffuse galactic flux -

10 50 100

mX (MeV)

logy

-13

_14}

-15F

-16F

—17+

"_18

He:CF, target

Istituto Nazionale diFisica Nucleare

BBN

He/CF4 (70:30)
Emission At: 10 s
diffuse galactic flux

SN cooling

y = aDEZ (_‘t)
my;,.

He: 1 keV
C: 2 keV
F: 3 kev

5 10 50

mX (MeV)

100

More Boltzmai

the larger mx, the more Boltzmann suppressed
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PHYSICAL REVIEW D 100, 075018 (2019)

MeV DM production through diffusive trapping

Radius of each sphere defined as the one at which the optical
depth associated with a particular interaction becomes O(1)

Optical depth at ro = fr(:)o ﬂ_l (r)dr

Production/annihilation
X X < et e
Energy transfer
Xe—rXxe

A

Diffusive scattering 1

XP—=XP “

The analytic estimate proceeds as follows:

(1) Treat the protoneutron star as a blackbody of radius
ry with a diffusive envelope. The number flux at the
blackbody surface is given by

d*k 1 kcos@
o, = 5 — —0O(cos
N -‘/z/(zﬂ)- ETy 11 E, (cos @)
| E2—m?
=—s | dE———-%, 8
21!‘/ eF/Ty +1 )

where g, = 4 is the number of degrees of freedom
(d.o.f.)in DM and Ty = T(ry) is the temperature at
the number sphere. To obtain an energy flux one can
just multiply the integrand by the DM energy.

XX

(2)

(3)

(r) = (0,0—ee) ™

1)2,> (nei Oye—yeUrel >_ : )

= (”p")(p—vm)_l ,

Multiply this total flux by a normalized differential
energy spectrum set by assuming a Fermi-Dirac
distribution at T, the temperature at the energy
sphere:

oD, ® E? —m?
OE ™ \exp(E/Tg)+ 1

o 2o m? -1
—_—— dE . (9
: (/ exp(E/Tg) +1' ) ©)

Even though the number changing reactions are
frozen out at r > ry, some particles emitted from
that radius can bounce back and return to the region
r < ry as they are trying to diffuse out of the
streaming sphere. Therefore one must include a
transmission factor to account for the losses due
to this effect (see Ref. [32] for details),

3 -1
l+ir,\> .

oD, O,
- = (10)

OE  OE

Istituto Nazionale diFisica Nucleare

Supernova Dark Matter
(SNDM) escapes free
streaming

Annihilation stops:
number flux set

Energy
sphere
DM thermally

decouples: energy

spectrum set

Scattering
sphere

DM free streams

As before, we take the temperature at thermal decoupling
to be T(rg). We then enforce that the DM energy spectrum
take the form of a Fermi-Dirac distribution at this temper-
ature, but with normalization set by the number flux
determined via the MC simulation. Hence, we have the
following differential flux:

a_lvg':NMC Ez_m2 /oo EZ_mZ dE —l’
OE * \exp(E/T)+1) \Jm, exp(E/T)+1
(14)

where N = 07;\:1 denotes the total DM flux in number per

second and N )r{wc denotes the total number of DM particles
escaping the PNS per second as computed with the
simulation.
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D9

Cygnus
onstellation

payeere e

p Earth

Invisibile

Rivelabile

"

WIMP WIND N
> @ JUNE
GALACTIC . ’ ,
PLANE .
60°
N
—>»> .
DECEMBER

Earth’s orbit

Solar system

Rivelabile

| DM induced events have a specific direction in space

T < 12:00n

N =E
“\ >,
420 [
Vo
wiMp —
Wind —
0:00h
‘ N\
Earth

Istituto Nazionale di Fisica Nucleare

wiMP .-
<vp>=220km/s T "=«

-

.\ Nuclear recoil
Target nucleus 0(1-100 keV)
WIMP

\ nuclear recoil track charge

Head

Detector target

DTS

ﬂ

//'
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. | Dlredlonulliy as key for unambiguous identification of DA INFN

Istituto Nazionale di Fisica Nucleare

Increasing reliability of any observed signal, increasing difficulty in the experimental technique

0 10 20 30
E_[keV]

I I I
=z (|| lighter WIMPs % |
50 — 2| GV | o oo
'E — 20 | é 0.04
% - 50 S
~ e 0
é — E -0.02
S | é -0.04
§ :
3 heavier WIMPs

0.02 |

-0.06 L

Cygnus

DAMA/LIBRA Collaboration

1-6 keV

DAMA/LIBRA-phasé2 ~250 kg (1.13 tonxyr,

ﬁ%ﬁ%m N NS
il é"% R TR

W H PRRTETIN
6250 6500 6750 7000 7250 7500 7750 8000 8250
Time (day)

50

Energy dependence:

a falling exponential with

no peculiar features

Universe 4 (2018) no.11, 116

Temporal dependence:
a few % annual
modulation

? =12h X
Z
X
t=oh

04

Arbltrary unlts

Directional correlation with an astrophysical source is the only
available POSITIVE identification of a DM signal

E. Baracchir

Recoil
vector

WIMP “wind”
vector moves in an
arc over one
sidereal day

WIMP
“wind”
vector

tail

1.0

Directional dependence:
an O(1) effect that no
background whatsoever

can mimic

l' 52




c s Directionality as tool for background rejection,

INFN
S

Istituto Nazionale di Fisica Nucleare

s S |

Capability to confirm galacitc .
orgin == reieci' iSO'l'I‘OpY FrOm G- DhO theSIS

A. M. Green et. al, Astropart. Phys. 27 (2007) 142 — o250
o O — YWYYYYY YV Y ¥V V VYV YYVYVYY YVYYVYY vyvvwy v v.v v v v v Y
N u
. o
WIMP signal ® 200
(recoil map) § —
with sense = . . . ]
1 50 __ v v v 7 v
WIMP signal 100|— T : ——
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DM mass (GeV/c?)

Stronger effect when the angular
distribution is more peaked

. . Direction more effective with more
Directional detector can tolerate background

unknown backgrounds, including
neutral, because they will all be
isotropic in galactic coordinates!

For directional detectors,
sensitivity improves with
backgrounds
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. . Directionality as tool for background rejection,
B including neutrinos T

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
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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 )
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. . Directionality as tool for background rejection,
H' including neutrinos T

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 10—41
events and uncertainty 3® on S
neutrino fluxes
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normal Poissonian subtraction, 10~
and n > 2 when there is saturation

& The value of the cross section o at
which n crosses 2 is defined as the

neutrino floor. Reducing the sensivity of an experiment by a factor
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. . Directiondlity as tool for background rejection,

H including neutrinos T

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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neutrino fluxes ¢
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107 (systematic limited) spin-independent neutrino fog
normal Poissonian subtraction, 10 101 100 10! 10? 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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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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Istituto Nazionale di Fisica Nucleare

- Gaseous TPCs

Established

o |

Largest

Established Detector under

readout &
directionality

Micromegas +

gas

R&D readout

detector
realised

development

CF4:CHF3:C4H10 0.05 m3 1 ms
FADC
MIMAC 3D @ 0.05 bar (underground) | (under study)
DRIFT MWPC CS2:CF4:O2 | THGEM + wire/ SF¢:(CF4) 1 m3 10 m3
1.5D @ 0.05 bar micromegas @ 0.05 bar | (underground) | (under study)
GEM + muPIC CF4 SFs 0.04 m3 1 m3
GEM + muPIC
NEWAGE 3D @ 0.1 bar m @ 0.03 bar | (underground) | (vessel funded)
DEVAGN(CINIORE 2 GEMs + pixels | Ar/He:CO, Strip He:CF4:X 0.04 m?
. 0.0003 m3 (under
HD 3D @1 bar micromegas @1 bar construction)
; THGEM + CCD CF4 THGEM + CF4:CS2/SF¢ .
New Mexico 2D @ 0.13 bar CMOS @013 bar | 0:000003 m
CYGNO 3 GETSP;;MOS He:CF4 3 GEMs + He:CF4:SF¢ 0.05 m3 0.4 m3
D+1D @ 1 bar CMOS + PMT @ 0.8-1 bar | (underground) (funded)

Electron drift Negative ion drift

Charge readout Optical readout
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