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CYGNO is developing a high-precision gaseous Time Projection Chamber to be installed at
the Gran Sasso National Laboratories (LNGS) for directional studies of rare low energy events,
as dark matter. The detector consists in a TPC filled with He:CF4 gas mixture operating at
atmospheric pressure with a triple GEM amplification stage. The gas scintillating properties
allow the realization of an optical readout which comprises photomultipliers tubes and extremely
low-noise granular sSCMOS camera sensors. This technology provides a set of information on the
recoil tracks, as released energy, 3D topology and position down to few keV of energy deposits,
granting the advantages of a directional detector.

In this work, the latest results on the underground operation at LNGS of a 50 L, 50 cm drift
prototype will be presented, with a focus on the Monte Carlo-data comparison. In addition, the
design and features of the CYGNO demonstrator, a 0.4 m® detector whose installation is planned
for 2025 at LNGS, will be discussed.
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1. Directional dark matter search

Astrophysical and cosmological observations collected over the past century have revolution-
ized our understanding of the universe, indicating that one fourth of the total energy in the universe
may be in form of unknown particles, the dark matter (DM) [1]. The Weakly Interacting Mas-
sive Particle (WIMP) has long been one of the leading candidates for DM, prompting extensive
technological and experimental efforts to observe it. A key approach for WIMP detection is direct
detection, which seeks to observe rare interactions between WIMPs and normal matter using highly
sensitive detectors. These detectors can capture minute energy transfers from the interactions or
detect the annual time modulation of interaction rates due to the Earth’s motion through the dark
matter halo.

Despite significant efforts, direct searches for WIMP interactions with normal matter have so far
resulted in orders of magnitude improvements in cross-section limits, but no confirmed detection
has been achieved.

Nevertheless, the dynamics of the Solar System within the dark matter halo gives rise to an apparent
"wind" of WIMPs from the Cygnus constellation, providing a crucial third observable: the direction
of incoming WIMPs. This insight has led to the development of a new class of detectors, known as
directional dark matter experiments, which aim to measure both the energy and direction of recoil-
ing nuclei [2]. These experiments address key limitations of traditional direct detection, allowing
for research into the neutrino fog by enabling effective discrimination against neutrinos. With these
advancements, a positive and unambiguous identification of a DM signal becomes possible.

The majority of the experimental directional detection community has converged on the gaseous
Time Projection Chambers (TPC) as the optimal technology. The Cygnus proto-collaboration has
been formed from the convergence of several gaseous TPC groups who have run successful small-
scale experiments in the past [3].

The following sections focus on the CYGNO module, which utilizes optical readout technology.

2. CYGNus module with Optical readout: CYGNO

The CYGNO experiment offers an innovative approach to dark matter detection through its
high-resolution 3D tracking gaseous Time Projection Chamber (TPC) filled with a He:CF, (60:40)
gas mixture at atmospheric pressure [4]. Its unique features include an amplification stage composed
of three thin GEMs and an optical readout system that captures light produced by CF4 scintillation
during the electron avalanche. This optical readout allows 3D reconstruction, stemming from the
detection of the light time profile (dZ) and tracking on the X-Y plane, utilizing respectively a
scientific CMOS (sCMOS) camera and photomultiplier tubes (PMTs).

For dark matter searches, the He:CF4 gas mixture proves highly versatile, offering sensitivity to
both light and heavy WIMP masses. The helium component (A = 4) optimizes detection of light
WIMPs, extending sensitivity below 2 GeV for spin-independent (SI) couplings, while the presence
of fluorine provides sensitivity to spin-dependent (SD) couplings. Together, these features allow
CYGNO to explore a wide range of dark matter masses, positioning it as one of the few experiments
capable of probing both SI and SD couplings for WIMPs in this mass range.

The CYGNO collaboration has progressed through a well-defined roadmap (Fig.1), beginning
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Figure 1: Overview of the CYGNO experimental roadmap, highlighting the major phases of the research
initiative.

with R&D and small-scale prototypes, and advancing toward full-scale detectors. The largest
prototype manufactured so far, LIME, is currently taking data, allowing for underground testing
and Monte Carlo validation. The next step, CYGNO-04, is set to begin construction soon, focusing
on background studies, material testing, and gas purification. Looking further ahead, the CYGNO-
30 project will represent the full-scale experiment, aimed at comprehensive physics research and
scalability for dark matter detection.

3. LIME Data - MonteCarlo validation results

The LIME detector consists of a 50-liter active volume, equipped with four photomultiplier
tubes (PMTs) and a single sSCMOS camera that images a 33 x 33 cm? area over a 50 cm drift [5].
Installed in the underground Laboratori Nazionali del Gran Sasso in February 2022, it has been
collecting data since then.

The data-taking has been organized in four distinct phases so far (Tab.2), with an additional phase
currently in progress. In Run 1, data is collected without shielding to measure the full background
rate, testing all auxiliary systems. Run 2 introduces a 4 cm copper layer to reduce external gamma
radiation, facilitating the optimization of operational parameters. Run 3 employs a 10 cm copper
layer for full shielding, enhancing understanding of internal backgrounds and validating MonteCarlo
(MC) simulations. Finally, Run 4 adds a 40 cm water shield to maximize sensitivity to internal
radioactivity by significantly suppressing the external neutron background. This setup allows for
comprehensive characterization and assessing LIME’s long-term operational feasibility. Currently,
Run 5 is ongoing, using the same configuration as Run 3 to specifically measure the neutron flux
background at LNGS.

This work focuses on the results of the analysis from the first three runs, as the fourth is still under
study and the fifth is not yet completed.
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Phase Shielding GTC’]I v # Pictures lee[:]l me Rat[eHIZI]VITs FresIELg;:']s flux
RUN 1 None 420 2,86E+05 1,76E+05 30 10

RUN 2 4cm Cu 440 2,98E+05 1,91E+05 3.5 20

RUN 3 10cm Cu 440 1,72E+05 1,91E+05 1.6 20
RUN4 +40cmHy0 Under analysis

Figure 2: Summary of the major features and configurations for each completed run of LIME data-taking.

In Fig.3, the results are presented. The upper plots display a comparison of the measured energy
(in blue) and the simulated energy (in red) spectra. The lower plots illustrate the difference between
the data and the MC energy spectra, normalized by the error o, which is calculated as the sum in
quadrature of the uncertainties of the two spectra. The plots shows a peak around 8 keV, likely due
to X-ray fluorescence from copper, which is present in all the materials that are closest to the gas.
Above 10 keV, the spectra align within 1o, with the MC predicting a lower rate. In Run 2, the
spectra exhibit a constant difference of 1 to 2 o, with the MC again showing a lower rate. For Run
3, the MC underestimates the measured spectrum at lower energies, with differences decreasing
from approximately 60 at 10 keV to 1.50 at 100 keV. Overall, increasing discrepancies at lower
energies with thicker copper shielding indicate an internal background component present in the
data that the MC does not account for. Further analysis suggests that radon contamination may
explain part of the discrepancy observed. In Run 4, a radon filter was added and analysis is ongoing

to determine its effectiveness.
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Figure 3: Comparison of the measured (in blue) and simulated (in red) energy spectra in the first three LIME
runs between 1 keV and 100 keV, with 1 keV bins (on the top) and the difference between the data and the
MC energy spectra divided by the error o~ (computed as the sum in quadrature of the uncertainties of the two
spectra) (on the bottom).



The CYGNO experiment Melba D’Astolfo

4. O(1) m> demonstrator: CYGNO-04

Figure 4: View of the experimental area in Hall F that will host CYGNO-04.

The primary objective of the CYGNO-04 operation is to minimize background noise caused

by the radioactivity of the detector materials while developing a modular optical readout system
and data acquisition (DAQ) framework for the full-scale experiment. Scheduled for installation
in the underground Hall F of LNGS (Fig.4) by the end of next year, CYGNO-04 will consist of
back-to-back 0.4 m® TPCs with a central cathode. Each side will employ triple 50 im thick GEMs
for amplification and will be equipped with three SCMOS ORCA Quest cameras, along with eight
PMTs, the same models used in LIME. The ORCA Quest cameras will provide high-resolution
imaging with low noise, offering a significant improvement over their predecessor, particularly in
terms of noise RMS, with nearly a factor of two reduction. Preliminary studies suggest that a 10
cm layer of radiopure copper, surrounded by 1 m of water tanks, will serve as external shielding
to effectively suppress gamma and neutron environmental backgrounds. In this configuration, the
external background is expected to be approximately 20 times lower than the internal background
induced by radioactivity.
By the end of this year, the aim is to complete and validate the design, with the following year
dedicated to construction. Data taking will start at the end of next year and continue into 2026,
focusing on testing scalability on a realistic scale, validating all ancillary systems, and assessing the
real physics reach for directional dark matter searches. This comprehensive approach will enable
to fully realize the objectives of the CYGNO-04 operation.

5. Conclusions

The CYGNO experiment is advancing the field of directional dark matter research through the
development of a high-resolution gaseous Time Projection Chamber. The ongoing efforts at LNGS
have demonstrated the capabilities of the largest prototype detector, LIME, revealing valuable in-
sights through Monte Carlo-data comparisons.

Looking ahead, the upcoming installation of the CYGNO-04 demonstrator in 2025 marks a signif-
icant step toward realizing a full-scale experiment. This 0.4 m? detector will not only validate the



The CYGNO experiment Melba D’Astolfo

technological advancements but also enhance the ability to test the real physics reach for directional

dark matter searches. Through ongoing development and data acquisition, the CYGNO experiment

seeks to contribute to the search for dark matter, with the possibility of opening up new perspectives

in this area of study.
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