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The CYGNO project

* Large gaseous detector for high precision 3D tracking
of rare O(keV) nuclear recoils (NR) possibly induced
by dark matter (DM) particles and solar neutrinos

e Experimental challenges: rate < O(evt/kg/year),
background rejection, and energy threshold (keV)

e Strategy: photograph nuclear recoils in a
(atmospheric pressure) He:CF4 TPC with a GEM
amplification stage
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The CAGNO timeline

INITIUM: PHASE O: PHASE 1: PHASE 2:
NID studies R&D and prototypes O(1) m? demonstrator 30 m? experiment
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- up to 5 cm drift -1 em drift - 3D printing -50 cm drlft - background

- for gas studies =20 cm drift - underground tests - material tests, gas purification
- MC validation - scalability - Physics research
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Measur.Sci.Tech. 32 (2021) 2, 025902 2019 JINST 14 PO7011

NIM A 999 (2021) 165209



https://doi.org/10.1016/j.physletb.2024.138759
https://doi.org/10.1140/epjc/s10052-023-11988-9
https://www.mdpi.com/2410-390X/6/1/6
https://iopscience.iop.org/article/10.1088/1361-6501/abbd12/pdf
https://www.sciencedirect.com/science/article/pii/S0168900221001935?via=ihub
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/T12003
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LIME: Long Imaging ModulE

Purpose of LIME:

* Prove we can operate such a

* Designed at RM1 and LNF and detector underground

built at LNF

 Study and improve our Monte
Carlo simulation
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Energy / sc_nhits [keV/pixel™ 2]

LIME response to different deposits

* NR induced by AmBe neutron source
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e Saturation of the GEM gain a serious
limitation below ~20 keV,,
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 Working on a
machine learning

application for
refined ER vs NR

discrimination =
promising results on MC
images, to be validated
on real data

Simulated Image




G, (1/1e5)

Saturation of the GEM gain

e Saturation of GEM gain due to positive ions back-

flow screening the electric field, as already found by
our CERN colleagues [arXiv:1512.04968]

e Denser energy deposits = more charge in -
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We developed a simple model:
[modified Townsend model]
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https://arxiv.org/abs/1512.04968
https://arxiv.org/pdf/2505.06362

3D reconstruction: cam-to-PMT
association with bayesian inference

Preprint: arXiv:2506.04973

e Combined information from the 4 PMTs — inference on the track position and light intensity
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https://arxiv.org/pdf/2506.04973

3D reconstruction: cam-to-PMT
association with bayesian inference

Preprint: arXiv:2506.04973

e Combined information from the 4 PMTs — inference on the track position and light intensity
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and PMTs — 3D reconstruction
of the tracks!
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https://arxiv.org/pdf/2506.04973

3D reconstruction of alpha tracks

e First application: the Radon chain —alpha tracks

* For alpha tracks, we are able to do full 3D reconstruction, combining PMT and CMOS
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e First application: the Radon chain —alpha tracks

* For alpha tracks, we are able to do full 3D reconstruction,

combining PMT and CMOS
e Energy < 3D range
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< 206Pb >

Stable

e Selecting alpha tracks at the center
of the detector

* Three peaks that are consistent,
within diffusion, with the 3D range in

He:CF, at 910 mbar of:
e °*’Rn (5.59 MeV)
e “15Po (6.12 MeV)
o 214po (7.83 MeV)



z position of alpha tracks

e First application: the Radon chain —alpha tracks
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z position of alpha tracks

e First application: the Radon chain —alpha tracks
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CAGNO PHASE 1: CYGNO_04

* Design:

® TPC made of 2 chambers with
a common cathode.

@ Closed by 2 sets of
50cm x 80 cm
triple GEMs

® Readout of each GEM side: 3
cameras with rectangular sensors

(ORCA Quest) + 8 PMTs
@ Vessel: low radioactivity PMMA

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

Designed at LNF and to be installed at LNGS

Water Tanks Water Tanks Water Tanks

Copper Shielding (OPERA), 60 mm

-éﬁ‘— Radiopure & Gas tight
‘ Copper Shielding, 40 mm
Acrylic -
Vessel

Optical
system

= ™\

— \‘ Field
— Cathode
Polyethylene Base Cages

Purpose of CYGNO-04:

* Feasibility large scale detector (radiopure materials, gas purification)

* Demonstrate scalability of the technology

13



CAGNO PHASE 1: CYGNO_04

300 ms exposed images of overground radioactivity -

Image event #107 Image event #108 sum of image events #(107+108)

* New requirements for the
DAQ:

500

@ Reduce dead time by
operating cameras with
continuous readout o
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data reduction (work in progress
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Status of the commissioning

£
4

- — —

* Civil works in Hall F at LNGS finalized to build the structure hosting the detector and the control room

* Executive design of the inner detector ready for first pre-commissioning at LNF before the end of 2025

* We plan to be able to assemble the detector in place by the beginning of 2026

15



Other applications: X-ray polarimeter
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e Direction of low energy photo-electrons — X-ray
polarization, but very high position resolution is needed

¢ |dea: measure the polarization of X-rays in the range of
10-50 keV with the CYGNO experimental approach
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Conclusions

e The CHYGNO collaboration is developing a gaseous TPC with optical readout

o , a 50 L prototype, has been taking data underground @ LNGS from 2022 until December 2024

e Analysis collected in the 2-years-long data taking in process. Detector showed 15% energy
resolution at the keV,, energy scale, a satisfactory stability on the long run, and the ability to
separate ER / NR just with simple cuts above ~ 20-25 keV,,..

e Evidence of saturation of the GEM gain — characterization of such an effect and determination
of the best working point for future data taking campaigns

e Several steps towards full 3D reconstruction:

e Validated camera-to-PMT track association — full 3D head-tail reconstruction of tracks
induced by alpha particles emitted by Radon daughters

e A bigger demonstrator, CYGNO-04, is currently being commissioned at LNGS, and will be hosted in
Hall F at LNGS

e Feasibility large scale detector
e Demonstration of scalability of the technology

e A new application for our technology: X-ray polarimeter for X-ray astronomy. Promising results
from first measurements in the 10-50 keV range.
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Backup



Background to direct detection

* Not only DM can induce nuclear recoils (NR) or electronic recoils (ER)

* We would expect:
Main backgrounds
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The CYGNO optical 0% QEas0m
readout | = 2304x2304 pixels |

,. e 4 Hamamatsu R7378 PMTs:

. - i
e CMOS sensor noise: 22 mm diameter

= Readout noise of 0.7 e /px ~ 0.9 v/px .’:
= Dark current of 0.2 e /px/s ~ 0.25 y/px/s * Lens: Schneider Xenon with 25.6 ;:

e focal length and 0.95
= Acquisition time ~ 30-300 ms c mm focal fength and 0.5
i aperture :

= ~ns time response

* Camera geometrical e PMTs geometrical acceptance:
acceptance for light emitted on

the GEM plane: = critically depends on the position of the

emission on the GEM plane w.r.t. the PMT position

1
—_ — —4 .. :
€ = 5 = 1.2Xx10 = Empirical measured scaling:
41+ 1) x@
De-magnification: Aperture = 0.95 Light collected @ Total light emitted
5 f f=25.6 mm [focal length] by the PMT #i @:
with (Rl@ e measured o

d _f d = 623 mm [distance from GEMs] 21



Image reconstruction

* Reconstruction algorithm:

+

computation of observables (energy, length,

width, etc.)

e 4 steps for clustering:
1. zero suppression
2. optical corrections
3. super-clustering for long tracks

= generalization of RANSAC algorithm
= needed to deal with overlapping tracks

4. additional clustering step for small
deposits

= based on DBSCAN algorithm

22

y (macro-pixels)

Image after zero suppression

00000

00000

00000

50 ms
| 2000
X (pixels)
Rebinned image
.~ ' 4
1004 = 3
!/ N ’
1504 M}g "‘(
200 » (,v"" "‘ . .
e ] { 4
250 / : 4
{ { s
3001 : V
#
350+ } ‘ 'r.f
1_'. i,"" 2
400+ £ ¢
f <
450+ F) ’_///
R
o~

500 ' ¥ T T
0 100 200 300 400

X (macro-pixels)




COSMIC SILENCE
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tested overground at Laboratori Nazionali
di Frascati (LNF)

e Moved underground at Laboratori Nazionali
del Gran Sasso (LNGS) the beginning of 2022

Underground installation
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ER energy response

* First characterization overground at LNF

e >Fe source

[K, ~ 5.9 keV, K, ~ 6.4 keV]

* Multi-target source

Material Energy K, [keV] Energy Kz |keV]
Cu 3.04 3.91
Rb 13.37 14.97
Mo 17.44 19.63
Ag 22.10 24.99
Ba 32.06 36.55

* Ti and Ca X-ray source

Material Energy K, keV] Energy Kz |keV]
Ti 4.51 4.93
Ca 3.69 4.01
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Arbitrary Units

Measured energy (keV
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Underground data taking plan

* RUN 0: Commissioning

Autumn 2022 * RUN 1: No-shielding

Winter 2023 * RUN 2: 4 cm Cu shielding

Spring to Autumn 2023 * RUN 3: 10 cm Cu shielding

Winter 2023 to Spring 2024 * RUN 4: 10 cm Cu + 40 cm water shielding

Spring 2024 to Winter 2024 * RUN 5: 10 cm Cu shielding (cave

neutrons)

End of 2024 /Beginning of 2025 o Decommissioning
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Stability during the underground
operarion

* RUN 5: 7 months of continuous data-taking with no major interruptions

¢ Light yield measured using a collimated in z
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MC and comparison with data

* MC and data agreement is good in RUNT1 (no shielding) but the
disagreement increases as the shielding increases.
* Missing internal component in the MC?
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I.IME SUbSYS'I'ems Cloud storage and services

for remote monitoring:

DAQ and HV System: e Beta tester of the INFN-Cloud project
e Data streamlined to cloud for storage and
e NIM: splitting (N625), discriminating reconstruction
(N840), and logic (custom FPGA-based
module) e Reconstruction queue of ~ 40 CPUs
e VME: fast digitization (V1742), slow e Data throughput of ~ 3 MB/s
digitization (V1720), controller (V1718), and
logic (V976).

e HV: GEM and PMTs (SY 4527), Cathode
(ISEG HPn 500 705)

e Slow Control: environmental variables

(SCS3000 controller)

e Server: two Xeon 16 core 4216 + 96 GB
RAM+ 2x8 TB HD + NVIDIA RTX5000 24 GB

e Software: complete MIDAS integration




LIME subsystems

Gas System

e Regulation of the TPC internal
pressure

e Recirculation circuit
e Moisture filters
e Oxygen filters

e Radon filters

e Remote control integrated with
MIDAS

e Typical operation:

* 5 L/h of fresh gas flow
e 20 L/h of recirculated gas
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SIEMENS

Sinottico Generale

%MA"CHMI
-
3,01 sl/h| He 5,01 sl/h
1T
o)
B 2,00 sl/h| CFe
2
O
sh} 0,00 sl/h| SF6
Numero Ricetta 1
He CF4 SF6
60,0 % || 40,0 % 0,0 %

EV410

Av4
CAMERA —P
PCV401 |
0,917 bar abs
68 %
PT404
0,70 bar abs
| G401
AT401 2%
| 2157 ppml H20
b
AT402
388 ppm| 02 FCT401 PT405
39,88 sl/h |2,18 bar abs

G402 | | PT406
| 11,4 bar absl




CYGNO-04: gas distribution

Copper Vessel
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