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% Dark Matter forms a halo around Our galaxy st ‘on‘sﬁ;::ion *Notin scale

% Our solar system rotates around galaxy center and
galaxy towards Cygnus constellation
% Motion of our galaxy creates an apparent wind of

DM coming from Cygnus constellation towards Earth

Wind of DM particles
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events on Ge / keV [arb. Units]

20 30
E_ [keV]

Energy dependence:
a falling exponential with

no peculiar features

Residuals (cpdkg/keV)

DAMA/LIBRA Collaboration

1okeV
DAMALIBRA-phase 290 bg (113 toanyr)

Universe 4 (2018) no.11, 116

Temporal dependence:
a few % annual modulation

. T AT L NON

Time (day)

Arbitrary units

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

|| Increasing reliability but increasing difficulty in the experimental technique.
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CXYGNO Approach

Recoiling
nucleus field cage
lonization signal
amplification §-
! Readout i
v e\e v k J g\\
. Drift direction :
o
R X3
< CYGNO uses He:CF, gas .
mixture at 1 atm ©
% 3 GEM stack is used for charge ®
amplification and light production X
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Inherently a 3D detector
Head/Tail recognition
Background Rejection
Particle Identification
3D fiducialization




CYGNO Readout

Time Projection
Chamber

e

Triple GEM
Charge
amplification
& light production

Camera & PMT

Light produced by the de-excitation of the
gas molecules during electron multiplication is
optically read by sCMOS and PMT

(" )

We can measure
energy and X-Y
coordinate using
sCMOS’s high
granularity and low
readout noise.

sCMOS cameras\
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Gas Electron Multipliers \

lonization clusters
lonizing track
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PMT

Detection of the
time profile of ==
charge arrival

drift direction
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reconstruction

Z + Energy

PMT measures
the integrated
energy and
time of arrival
(dZ) of charge
carriers with
high sampling
rates.
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with a magnet on

Alpha particles
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Performance and
stability test

3D reconstruction
Directionality

ER vs. NR
discrimination
Shielding materials

PHASE 0: PHASE 1: PHASE 2: 1 1 .
R&D and prototyp :s 1 m3L emonstrator 30 m3 Experiment O n g OI n g Stu d IeS "
2015/16 2017/18 2019/22 2022/27 2027...
ROMA1 LNF LNF/LNGS LNF/LNGS LNGS %
_—_———m—m —— *
ORANGE LEMON CYGNO_04 CYGNO_30
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- 1.cm drift - 3D printing - 50 cm drift - background » ’ .0‘
- 20 cm drift - underground tests - materials test, gas purification *
- shielding - scalability
o
o

Data/MC
comparison

% Parallel research with MANGO detector for studying different
GEM configuration, gas mixtures and Negative lon Drift.

E. Baracchini et. al, JINST
13(2018) no.04, P04022
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LIME: the Long Imaging ModulE

33x33 cm?

—
==
=

CMOS sensor

X/ X/
L X X4

pressure

% Optical readout
> 4 PMTs

50 L gaseous TPC with 50 cm drift
He:CF, (60:40) gas mixture at room temperature and atm

% Triple 33x33 cm? GEM stack for amplification

> 1 sCMOS camera (Orca Fusion)

TeVPA-2023, Naples, Italy

ORCA-Fusion

CAMERA SPECS

LOW NOISE AND EXCEPTIONAL
READOUT NOISE UNIFORMITY

READOUT NOISE DSNU
0.7 electrons rms 0.3 electrons rms

Ultra-quiet Scan

PRNU HIGH SPEED

0.06 % rms 100 frames/s

At 7500 electrons At 2304 x 2048 ROI

PIXEL SIZE

6.5um x 6.5um

DYNAMIC RANGE

21400:1

HIGH RESOLUTION

2304 x 2304

5.3 Megapixels

PEAK QE

80 %

Carbon tetrafluoride (CF4)
Significant light yield at the camera’s QE peak
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%  Multiple X-Rays sources were used to study

linearity and energy resolution of the detector
s Data shows good linearity in [4-50] keV

% Energy resolution ~ 14% in [4-50] keV

% Data is in good agreement with simulation
% Simulation developed taking into account the

detector effects.

Arbitrary

30 keV electron

I -

Simulation
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Light Counts

LIME: Overground Operation

CYGNO (LIME - Run2)
I 771 71 3

— **Fe source — Mo source — Ti source §
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o —Rb source — Ba source [No source |
10 :2‘ =
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LIME: Underground Operation o

s LIME is currently installed at National
Laboratory of Gran Sasso (LNGS) - INFN

% Continuously acquiring data for

> Validation of simulated background model

> Qperating conditions optimization

> Nuclear Recoils data for discrimination

CUORE  LUNA-400 LVD / XENONNT GINGER

{Gas

Overground

Underground
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LIME : Underground Program o

. ER + NR before cuts ER after cuts
%  Study of expected internal bkg

% Radioactivity measured for all the detector
components

% Main contribution is from resistors, GEMs and

camera (lens and sensor)

I FieldRings
ER+NR rate before cuts: Cathode

GEMfoils

6

a0l 7.45%10° events/yr I DetectorBody

I Resistors
Cameralens

W Camera | 60]

I FieldRings_cut
Cathode_cut

GEMfoils_cut
[ DetectorBody_cut
I Resistors_cut

Cameralens_cut
I Camera_cut

after cuts:
3.04x10° events/yr
(6.5x10% events/yr
above 20keV)

Event rate [1/year]
Event rate [1/year]

Data taking program:

96% suppression with
fiducial cuts!

Q NO Shielding I % =500 o0 % Enevqulkg\(l)]
> External bkg study and detector
o 10 cgllbratlon Fiducial cuts* bring a 96%
cm Cu R
..\Pj Entnes 24630 H
>  Measurement of underground neutron F—— — — w e SUDPFESSION of total number
flux of recoils (ER + NR)
>  AmBe data to model response of ;
neutrons 0% Simulation l
< 10 cm Cu + 40 cm water - Data

After cuts and above 20
> Study of internal bkg and validation with

MC (reduction of ext. bkg. at a level less
than internal bkg.)

After “digitisation”

_ keV, we arrive at 6.5x10*
and reconstruction

ER/yr and 11 NR/yr

LRRRLLL

PR | AT
10° 10! 10?

-
o
|

Enevbg vlkeV]

*Cuts: 1 cm of image, 1 cm from GEMs, 4 cm from cathode
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Background Rejection on Simulated LIME data

a) Cylindrical Thickness

TeVPA-2023, Naples, Italy

250 500 750 1000 1250 1500 1750 2000

b) LAPA

c) Skeleton

A. Prajapati

delta (light density): light integral/ no. of pixels
cut-based* : Applying simple selection on the

variable delta

)
% Simulated ER and NR tracks are reconstructed in [2-36] keV range 1_05—..r,---;-+--m-n*,*’
% Topological variables are built from the reconstructed tracks s “\\ *“\‘
% 3 ML algorithms are trained on topological variables: H \,‘
> Random Forest Classifier (RFC) ' N
> Gradient Boosted Classifier (GBC) £ 40% ‘\l
> Deep Neural Network (DNN) L Dral: e »
. -k- GBC relims, AN A
%  Development of convolutional neural networks (CNN) based model | |+a = =" . A
for track reconstruction and PID is ongoing O . PR
Signal Eff. |Bkg. Re;.
Model
¢ Electron Recoil _ _ My PhD thesis O 1% | [1-€81%
% Topological Variables REC 40 0054
© — 50 98.78
+= GBC |40 99.38
3 50 98.55
"0 Nuclear Recoil DNN |40 99.43
) 50 98.50
» Cut- 40 83.13
o . based 50 67.20
@)
(&)
O
o
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CYGNO 04 - Phase | "

LNGS HallF

< 0.4 m3 detector

< Triple 50 x 80 cm? GEMs

% Common central cathode

% Readout by 4 sCMOS (ORCA Quest)
and 12 PMTs

% Low radioactivity acrylic glass vessel

% Field cage made by copper strips on
insulator support (DRIFT like)

s Will be used to demonstrate the
scalability/feasibility of detection N
technique towards CYGNO 30 with Funded | 4
O(30 m3)
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CYGNO 30 - Phase |I clE

% Low mass (0.5 - 10 GeV) directional DM searches
< >2027

% 30 -100 m? detector

Amaro, F.D. et. al The
¢ 0.5-1keV_ energythreshold  cyGNO Experiment.

¢  30° angular resolution Instruments 2022, 6,

Expected Sl and SD (90% CL)

0’510“36% == Mgy = 10°
interaction cross-section exclusion = Zi0v- i B
o E the oo
108 =
A R § 10°% % DRIFT (2016)
Quenching factor simulated 8104 _
51041 i e
with SRIM — Direct S10¢ .
510% = SRR
measurement incoming! >3 [1 pad" e—— e B DY bt e i
109 | === He/CF, 60/40 ] v HE/CF/iC,Hyg 58/40/
107 = | wwee He/CF,/iCH,, 581402 43 E,=05keV,,
He allows us to explore very low DM 1075 [E— e 104 T ol e bl
1 10 210 1 10 1§
DM mass (GeV/c?) DN? mass (GeV/c?)

masses!
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NID : Negative lon Drift

+— Advantages —*

Multiple charge carriers

Reduced diffusion

: 11
° 1
Longitudinal and o i
z=50 z=? z=0

transverse diffusion cathode GEMs + Anode
reduced to thermal limit : . :::

o I
i

z=50 z=? z=0
48L cathode GEMs + Anode

op = —
eE

Better spatial

resolution! t

Absolute Z from At between minority charge carriers
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0.
L X4

K/
L X4

K/
L X4

Highly electronegative dopant is
added to the gas (CS,, SF,...)
Primary electrons are captured by
the dopant at O(100 um)

Anions are majority charge carriers
instead of electrons

o, and o, reduced to thermal limit
Lower drift velocity of Negative ions
O(cm/ms) significantly improves the

resolution along the drift direction
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3 mm
~.2mm
GEM#3 g GEM #1
8y Cathode

TeVPA-2023, Naples, Italy

Light Integral @ 12.5 cm drift distance

Sigma @ 12.5 cm drift distance

Amplitude [mV]

Lol

Same light ...

A. Prajapati
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Conclusions N

% The CYGNO collaboration is developing a high-precision gaseous TPC at atmospheric pressure with optical readout.
The main focus is the direct search of DM WIMP-like particles in the low mass range (0.5-10 GeV).
Through directionality, solar neutrinos can be discriminated and unambiguous confirmation of DM is possible.
% The 50L LIME prototype is currently taking data the underground LNGS facilities.
> The first stability tests, background evaluations and neutrons measurements are being carried out.
% CYGNO_04, already funded and with a TDR submitted, will allow us to test the experiment’'s scalability.
CYGNO_30 is under study, with it's sensitivities looking promising.
%  Several R&D projects are ongoing in order to find optimal means of TPC operation:
> Enhancement of light with strong electric field external to GEMs observed in our conditions and its
potentialities are under study
> INITIUM: Negative ion drift observed for the first at atmospheric pressure and with PMTs. (Funded)
>  HypeX: High Yield Polarimetry Experiment in X-rays (Funded)

> FINEM: Full Imaging of Nuclear recoils for Experimental Migdal measurements (Funded)

17
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https://web.infn.it/cygnus/cygno/
https://web.infn.it/cygnus/cygno/
https://www.facebook.com/cygno.experiment
https://www.facebook.com/cygno.experiment

Why TPC?

Directionality preservation

1. Emulsion layers 2. Crystal scintillators
A A Main advantages of
gaseous TPCs:
_‘,,ﬁg,_: 0.38 o g 0.12 um 1 . TraCkIng
2. Directionality
PACHN, - bl 3.  Head tail
B asymmetry
roTTTEEEEES =~ e
[ 1620um identification
|
I A 4. Track topology
: 3. Low £ |
pressure/ e - tozopm | (dE/dx)
I density I -
I TPCs 5. Gas flexibility
| >‘ :
\

_ 7 Track's direction is better preserved in TPCs
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Knowledge of the track’s deposited

energy topology (dE/dx)

Head-tail A
Particle

asymmetry

| l

Directionality Background

rejection

i nudear recoil

-----
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Digitization

(a) Track w/o
diffusion

(b) Track after
diffusion

TeVPA-2023, Naples, Italy

(c) CMOS
Noise

(d) Digitised
track

A. Prajapati

Interaction of the particles
with gas is simulated using
either GEANT4 (for ER) or
SRIM (for NR)

These tracks are then
projected to a 2D plane and
detector effects are added
like diffusion, camera noise,
effective ionisation, gain
fluctuation and geometrical
acceptance etc.

20




Track Reconstruction |

Original image

% Digitised/sCMOS images are reconstructed using an
iterative density based scanning algorithm called
IDBSCAN to find the tracks.

% Tracks are also corrected for vignetting effects.

+ Vignetting correction:

. T T |

200
2000 oL ?
100 4

- 1 N b}
a0 1 o8
1 400" } 0

: .

! los

04
:
-
3 04 02
03
D
o ) -0 - "o %00 0 =

o | PN PRSP PN B e . 2300 0
P 200 40 800 00 1000 1200 MO0 1800 MI00 2000 2200 Dhatarcn Worm cotar pioa

Tracks reconstructed

-0
Q00
.’I)E_
-
0
0|

E Baracchini et. al., “Identification of low energy nuclear recoils in a gas TPC with optical readout”, arXiv:2007.12508v1
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