INFN

Istituto Nazionale di Fisica Nucleare
Lahoratori Nazionali di Frascati

THE CYGNO EXPERIMENT

Giorgio Dho on behalf of CYGNO coll.

Istituto Nazionale di Fisica Nucleare (INFN-LNF), Frascati (RM), Italy

DRD1 meeting - WP2 session

Part of this project has been funded by the European Union's Horizon
2020 ressarch and innovalion programme under the ERC Consclidater

Grant A_Eroumnm Mo B1B744

Eunapaan Resaasch Councll

G. Dho, Geneva Jan 29- Feb 2 2024



DARK MATTER

e In the cold dark matter assumption of the ACDM model,

Billard et al,
10.1088/1361-6633/ac5754

WIMP-like or sub-GeV particles can rarely interact with
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ENERGY-ONLY LIMITATIONS

Current experiments are sensitive only to the energy of the recoils and exploit different techniques to discriminate

background (ER: electron recoils) from signal (NR: nuclear recoils)

« Signal and background energy distributions are both

falling exponential at first order

« Soon large exposure experiments will be sensitive to
neutrino-induced nuclear recoils (CevNs) and will have

their search hindered by the neutrino fog

« Physics: to study the Galactic distribution of DM one
needs to infer velocity distribution properties.
Energy measurements can only provide a projection of

this distribution dR

Eocf(M)
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DIRECTIONALITY

« Nuclear recoils have also an angular distribution that could be measured

« This is an addition of an extra degree of freedom
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ADVANTAGES

« In Galactic coordinates the background is generally
isotropic, making the WIMP dipolar one easier to

discriminate (Positive claim of WIMP DM discovery)

« The neutrino fog can be sidestepped (almost
completely for Solar neutrinos) with nice directional
performances (HT>75%, ang res>20°)

« High performance directional detector will be able to
estimate the 3D structure of the velocity distribution,
actively probing DM theories
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CYGNO EXPERIMENT

« CYGNO project aims to construct a large directional detector, O(10-100) m?, for rare event searches (DM, Solar

neutrinos)
- Z aXIs
’ 'mciqlent
particle field cage
cathode
- T -1
e\e L4 v
e L® L
1. ionisation 2. drift 3. registration
“ L (e
e\e ©
@ oo ©
\
v 0\@ [
(%] L21%) L*]

He:CF, das 60/40:

room temperature
atmospheric pressure

F gives SD sensitivity
He for low DM mass sensitivity
CF, scintillates in visible range

segmented
anode (pads)

Amplification
Stage

Gas Electron Multipliers
(GEMSs)

Grants large gains

with high granularity O(50) um

11

Optical
readout

T
| E‘E
» »

PMT
sCMOS cameras

Decoupled from gas,
less contamination

G.Dho

5

0/01/2024



CYGNO EXPERIMENT OPTICAL READOUT

PMT

« Fastlight detector

sCMOS Camera

Highly sensitive and granular sensor

(1 camera can image a 35x35 cm?area 62 cm away
from the amplification pane with 155x155 m?
granularity)

e Provides

« Energy information from number of
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CYGNO TIMELINE

FUNDED
PHASE 0: PHI\SE 1: PHASE 2:
R&D and prototypes O(1) m3 Deinonstrator 30 m3 Experiment
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« Large readout area (33x33 cm?)imaged by 4 PMTs and 1 purs
SCMOS \fiﬂ ...................................

e 501 volume, with 50 cm drift
« Nice linearity in the low energy band (3-35 keV ) \ o 1P

« Underground at LNGS-INFN to validate MC simulation of ©MOS sensor
the background

Events / ( 580 counts )
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LIME AT LNGS

» Characterization of the

detector with >>Fe sources
NO SHIELD RuN1 Nov-Dec 22 ~ 34 Hz
CONFIGURATION « External background
studies, to cross-check
simulation

»  Characterization of the

detector with 33Fe sources Feb-Mar 23 ~ 3-4 Hz

4 CM COPPER
RUN2 « External background

studies, to cross-check
simulation

«  External background
10 cM COPPER RUN3 studies,to cross-check May-Nov 23 1.7 Hz
simulations,

«  241AmBe, #*1Am, 33Ba, Eu
measurements,

10 CM COPPER « Internal background
RUN4 studies for final MC Dec 23 - 3
AND 40 WATER validation, months
Internal and external
- background expected to
have same intensity

G.Dho 9
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LIME AT LNGS

sea level

@LNGS no shield @LNGS 4 cm Cu shield
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LIME Run1-3

« Energy spectrum of Runl-3 superimposed to MC data (extremely low density tracks removed)

Runl Run2
@ Simulation Runl background @ Simulation Run2 background @ Simulation Run3 background
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GEM 5005800 CATHODE

o Prove the scalability of the technology to large volumes

o Employ as low radioactive materials for gas detectors

FUTURE oF CYGNO VoL e

CYGNO-04
Structure: TPC in back-to-back configuration, 50 cm drift q g

PMT

L~

per side and 0,4 m3total volume g
Amplification: Triple thin GEM stack of 50x 80 cm? per side e - b
. . - < CYGNO 0.4 TPC
Readout: Optical with 2 sCMOS (Hamamatsu ORCA - X ! 500:800x1000=0.4 m’
Quest) and 6 PMTs per side ' o |
Extremely | | i submitted to ==
|0W nOise E h | l ‘ ]'N/,:E‘;} FRASCAT hnnuu &) @ .7‘:
EZ . | | be hOSted at (W :(:SF:fFRhD:ﬂ‘\SSr\-éETA @ _'Ii": . hmeiznzz| C Capocci
: H a I I F CYGNO EXPERIMENT e
LN G S I N%N \E;ghé%&gODNEETrETCST%?}HEME CYA01P
Purpose: Phatoelectron (electrons)

using two cameras per side (better than LIME)

as possible
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CYGNO-04 ACTIVITIES

GIN prototype Large GEM and Custom low
materials radioactive lens
* Smaller 10x10x23 cm?3 prototype
. Validation of field cage and cathode » Stress and mechanical tests e Studied to have the same
g of 50x80 cm? GEMs and optical performance as

» Field cage tests on PET+copper cathode commercial one

deposits _

P * Radioactive and mechanical * Made of Suprasil to reduce

* Aluminised Mylar cathode (DRIFT- tests of Nylon6 due to its low radioactivity

like) to reduce the NR coming from radioactivity

cathode T R e

(Already working!)
A e .
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Ré&D: HYDROCARBONS }QE \/
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« The possibility of adding hydrogen rich gas is under study 5 10-36_5 DRIFT (2016)
to gain sensitivity to lower DM masses 210 E === Nyyg = 100
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23x10* @08 % 3x 104
> He-40%CF, In é
R 1 &y 2 L Methane gave larger
= S He-40%CF,4 & . )
: A = 4 = stability allowing an
g o *:%& g & *®  absolute larger gain
% %J than He:CF 4, alone Paper submitted
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CONCLUSIONS

In the search for DM, the directional detectors can play a major
role in the direct detection context both in terms of physics,
positive claim of discovery and neutrino background suppression.

CYGNO collaboration fits in this scenario with the goal of building a
large gaseous TPC with optical readout for rare event searches

A 50 | prototype is taking data in the underground laboratories of
Gran Sasso showing promising results

A 0.4 m® demonstrator is funded and its construction is starting
with the goal of proving the scalability to large dimensions and low
radioactivity materials

Several R&Ds are undertaken to improve the performances of the
future experiment

Negative lon results with optical readout are promising for future
development and it appears to be the next game changer in the

~ low energy rare events imaging TPCs

G.Dho 18
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HyprPeEX

« Why stop at DM? Directional detectors can be employed in measuring X-rays from cosmic sources (range 2-40 keV)

« IXPE mission is a dedicated satellite taking unprecedented data on X-ray polarimetry

Photoelectrons from polarized Algorithm can reconstruct original Angolar resolution can be used to
photons have preferential direction estimate moaulation factor used
direction of emission to determine mimal polarization
detectable
S160
> -
12401 Angular resolution
1220 i E o .2 ‘I\‘. —&8— LIME Simulation g:_;; dt 532485?_32 ,
5 8 i 2 .+ ;
1200; E’ 40: \ —— IXPE-ike detector E? 8?;;10243‘;3
11805 E
1160_— -
- —— 158.680881 L
s, G
1120;— | | | 1 | 1 L | :
- 1‘045 %OG{I) ‘ ‘iDBd . I110[Z‘l ‘ 1120I ‘ I1140 ’ I116(; %ISEID 10;
X [px] r
3 . 07 *
Work ongoing with data

2 taking with polarized source

3n
foreseen this year
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RELEVENAT PARAMETERS FOR DISCOVERY POTENTIAL

« Billard, Mayet, Santos (Physical Review D ,85(3) (2012) ) found out the most relevant parameters for a
limit or discovery potential of WIMP:

Energy threshold Background level Head-tail 3D angular res energy
res E=160keV,, Has O n |y
% i directional
\ .T-.: Vahsen et
. aI.,.AnnuaI
review
« The WIMP masses which can induce detectable recoils depend on the E,
1 keV,. 0.5 keV,.
]_ 9 Eprme (keVy,) | Min DM mass (GeV/c?) | Egprue (keVy) | Min DM mass (GeV /c?)
E = —IM fr(fU COsS Y + v ) H 1.4 0.5 0.8 0.3
MGk 2 X lab v B0 He 2.1 1.0 1.2 0.7
C 3.1 1.9 1.8 1.4
F 3.8 2.5 2.2 1.9
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DIRECTIONAL EFFECT

* 90% C.l. evaluated with and without profiling on the angular distribution

v v v v Y
v v M M ]
v 10* evt background, no directionality

v 10* evt background, with directionality
v 100 evt background, no directionality

v 100 evt background, with directionality

v v v v

1 ) I I I S -

Y

O 250—_ WYYYYY YV Y ¥ Y YYYYYY YYYY yvyvwvwy
o\o L
S B
- 200—
O L
—— |
w
=- B
150 — ]
100— v
— v vv?"
— "
50—
B MMM 2222212 A A A A AL
0 Ll 1 1 1 Lol 1
1
Stronger effect when the angular
____ distribution is more peaked
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10°
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with more background
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GEM Fi1ELDS DEPENDENCE
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GEM FieELDS DEPENDENCE , ,
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Sigma1 Size (mm)

DIFFUSION

vs V

(o]

050 S
= T+T 60/40, GEM2 @470V
0.45— T+T 60/40, GEM2 @500V
= T+T 60/40, GEM2 @520V
04f- it /
= T+170/30, GEM2 @390V
0.35 "_'_ T+t 70/30, GEM1 @710V
0.3
E et o i
0.25 ;— R — +
0.2
0.15F
0- .1 :—Q— I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1
1000 1050 1100 1150 1200 1250 1300
VGEM (V)

G.Dho

Sigma1i Size (mm)

vs E

0.6 Mesh
0.55 f_ ———— 4141, 60/40 GEM @400
— — T+T, 60/40 GEM2 @490V
0.5 | —— 1.7 700, cEm2 @500V
0.45F = T+ 60/40, GEM1 @770V
- ——— T+t70/30, GEM1/2 @700/385V
0.4 —
0.35 M
0.3 _; ; ! g r
- | I T M
0.25 Pttt
0.2 ;—
0.15 ;—
: 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1
0. 10 > ]




NEGATIVE IoN DRIFT (NID)

- Small addition of electronegative gas (CS,,SF,) which captures free electrons in O(1-100) m

Martoff et al, D.A.E., 440 (2) (2000)

« The negative ion is carrying the information to the readout plane

Negative
lon

-y Time
 Slower drift velocity O(1) cm/ms i ‘J: g Chane
cs Jeff Martoff

2% -
s,

oooooooi%%o-ooo

* Intense electric fields required to extract the electron from the negative ion

 Pioneered by Martoff and DRIFT (CS,) and New Mexico group (SF,) (low pressure 10-100 Torr)

Martoff et al, D.A.E., 440 (2) (2000) Phan et al, JINST., 12 (2016)

« Gas mixture of He:CF,:SF, (59/39,4/1,6) was demonstrated a NID mixture with charge readout
(610 TO rr) Baracchini et al,JINST, 13(04) (2018)
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NEGATIVE IoN DRIFT (NID)

« Advantages:

Diffusion Fiducialisation
« Thelarge mass of ions allows better energy « Different species with different masses can be
exchange with neutral component generated Vi Uls
z=—"AT
Um, = Um
« Large reduction on the diffusion during drift « Delay in arrival time allows very precise
(from 300 5@ of typical gas mixture to <100 \’/‘% ) fiducialisation (130 m res)

Iketa et al, JINST 15 (07) (2020),';‘T
El
ED mix
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CYGNUS

* CYGNUS physics reach as a function of
exposure

« Studies performed simulating NID
operation with 80 #4M (iffusion

Vem

Dark matter

sub-GeV WIMP search
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100
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NS interactions

Other physics

Directional neutron
detection

® Measurement
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Precision directional
sub-keV ER/NR

measurements




Dark matter

sub-GeV WIMP search

OTHER APPLICATIONS

* Neutrino detector:

Compet
non-WIMP

search

X-ray
polarimetry
« HypexX:

Measuring polarization from space of 5-40 keV
electron recoils to infer X-ray polarization

PRIN 2020

n fundsd by the ltalian Ministr
‘and Research through tha projsct PRI

Neutrinos

Directional CEVNS
measurement

Constrain non-
standard CEv
NS interactions
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Other physics

Directional neutron
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Precision directional
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