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The Cygno Experiment G. Cavoto

The detection of ultra-rare events as the interaction of galactic dark matter (DM) candidate
particles or of neutrinos originated from the Sun requires the development of innovative detection
techniques. In particular future experiments for direct DM detection requires to extend their
sensitivity to masses well below 10 GeV.
The Cygno collaboration plans to build and operate at the Laboratori Nazionali del Gran Sasso
(LNGS) a cubic meter demonstrator of a gaseous time projection chamber (TPC), equipped with
an optical readout and using a He:CF4 gas mixture kept at atmospheric pressure. The presence of
low Z atoms allows to reach a competitive sensitivity to DM masses in the GeV range while the
presence of fluorine can be used to set limits on a spin-dependent DM interaction cross-section.
The Cygno TPC is equipped with a Gas Electron Multipliers (GEM) amplification stage of the
primary ionization electrons. Light is produced from the GEM while scientific CMOS cameras
and fast photodetectors are combined to obtaining a three-dimensional reconstruction of the tracks
either due to nuclear or to electron recoils. The design and the sensitivity of the demonstrator based
on advancedMonte Carlo simulations including the radioactivity of the materials and of the LNGS
cavern are reported. Pattern recognition algorithms are used to evaluate the identification capability
of nuclear recoils against electronic recoils and studied in data from small scale prototypes. Energy
measurement and also sensitivity to the source directionality are also evaluated. A Cygno TPC
would therefore be sensitive to the direction of electron recoils originated by solar neutrinos
interactions. The Cygno collaboration plans to demonstrate the scalability of such detector
concept to reach a target mass large enough to significantly extend our knowledge about DM
nature and solar neutrinos.

*** The European Physical Society Conference on High Energy Physics (EPS-HEP2021), ***
*** 26-30 July 2021 ***
*** Online conference, jointly organized by Universität Hamburg and the research center DESY ***
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1. Gas detectors for dark matter

The detection of dark matter (DM) particles from the Galactic halo is based on the assumption
that DM can elastically scatter on a nucleus of a sensitive material in a detector. The nucleus is
then recoiling with a usually faint kinetic energy (down to the keV range). A process with similar
kinetic energy can be initiated by solar neutrinos inducing either nuclear or atomic electrons recoils
(NR and ER, respectively).
Most of the DM detectors currently in operation feature massive targets where the recoil energy
is transformed into scintillation light, heat or charge in an extremely small surrounding of the
interaction point. These targets are usually dense and therefore DMdetectors are relatively compact.
On the contrary a time projection chamber (TPC) using a gas mixture can record a mm-sized track
due to the ER or NR. This is due to the low density of gas and therefore NR can be distinguished by
ER thanks to the different energy loss density and the direction of the incoming DM particles can
be inferred - adding therefore a new tool to study the presence of DM in our Galaxy. Clearly a large
volume should be employed in view of a future experimental program and therefore a scaling of the
detection technology is needed at a relatively low cost to instrument tons of target material [1].

The Cygno experiment is aiming to study the optical readout of a gas TPC [2–5]. In the
sensitive volume the charged particles produce a trail of electron clusters that are then drifted by a
1 kV/cm electric field to the anode. The anode is instrumented with a triple GEM (Gas electron
multiplier) system that generates an avalanche where visibile light is produced along with charge.
This light is then focused onto a scientific CMOS camera with single photon sensitivity. In Fig. 1
an image of cosmic rays crossing the gas volume of one of the Cygno prototypes is shown.

Figure 1: sCMOS camera image of few cosmic ray tracks crossing a TPC gas volume. Cosmic rays leave
trails of ionization sites which are almost individually visible. A relative large region of about 30x30 cm2

can be instrumented with a single camera (left) . Sub-mm position resolution can be achieved (right).
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2. The Cygno key elements

The Cygno experiment is studying gas TPC with a gas mixture based on He-CF4 60:40 kept at
atmospheric pressure. This provides a target mass of 1.6 kg per 1m3. The presence of light atoms
in the molecules would allow to extend the sensitivity of Cygno down to few GeV DMmasses. The
CF4 gas has a light emission spectrum well matched with CMOS camera while the He-CF4 mixture
offers a longitudinal (transverse) diffusion coefficient of 110 (95) µm

√
cm

at 1 kV/cm (from a Garfield
simulation [7]). Moreover simulations based on SRIM [6] predict relatively large quenching factor
(QF) for a NR energy deposit (at 1 keV He QF is about 40% in the Cygno gas mixture).

In Fig. 2 a sketch of the 1m3 Cygno demonstrator elements is shown. A 3-dimensional position
reconstruction is envisaged with a sCMOS camera used for the x-y coordinates - parallel to the
anode - and fast PMTs for the z coordinate - parallel to the drift motion of the ionization clusters.
The pixel size at the anode plane detected by the camera is 165 x 165 µm2 - requiring about 100 M
pixels for a 1m2 anode plane.

The design of the Cygno demonstrator is currently being finalized for an installation in the next
coming years at INFN LNGS. A Geant4-based simulation of the environmental gamma and neutron
background in the LNGS underground hall inducing a recoil in the sensitive volume was performed.
It predicts that a shielding composed of internal 5 cm Cu layer with an external 2 m thick water
tank can reduce the number of ER background events to few thousand in one year in the [0-20] keV
range. This is prior to any attempt to apply particle identification based on the Cygno TPC tracking
capabilities. The same shielding is reducing neutron induced NR events to about 10 per year in
the same range of energy. However, the radioactivity of the materials composing the detectors are
predicted to be the dominant source of background. Largest contributors are the camera body, its
lens and the GEMs. An effort to produce low radioactivity lenses and GEMs is being pursued.

3. Prototypes

In the last years several small size prototypes have beed operated with various particles sources,
from ultra-relativistic electrons [8] to 55Fe X-rays [9] to 1-10 MeV neutron from an Am-Be source.
They demonstrated ER with energy down to 1 keV can be reconstructed with high efficiency and
with an energy resolution of about 15%. A month long overground operation of a 7 liters prototype
with no significant interruption demonstrated how the experimental approach is solid in view of
accumulating long exposures [10]. Also an algorithm to combine fast (PMT) and slow (camera)
sensors was developed for a combined 3D tracking.

In order to identify patterns of energy deposit due to both NR and ER a 2D cluster identification
technique (based on DBSCAN and Geodesic active contour) was developed [11]. By exposing the
prototypes to neutrons NR have been identified with a 40% efficiency and a 96% ER rejection at the
energy of about 6 keVee [12]. A last prototype is currently being commissioned. It will be installed
at LNGS for an underground run for a first assessment of the level of radiopurity of the employed
materials and to prove the capability of shielding environmental radiation (see Fig.3). A run with
no shielding to monitor environmental neutrons is foreseen.
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Figure 2: Conceptual design of a 1 m3 Cygno demonstrator, expanded in its own components.A transparent
acrylic gas volume contains a field cage with two triple GEMs system at the anodes and with a central
cathode. PMTs and cameras are installed outside the gas volume. The whole detector is then shielded with
various layer of copper (or lead) and water (not shown in this picture).

Figure 3: Images of the LIME prototype Cu field cage rings and its acrylic vessel. It has a 50 cm drift length
corresponding to one of the 18 sector of the Cygno demonstrator.

4. Cygno demonstrator sensitivity

In order to evaluate the sensitivity to DM searches of the Cygno experiment a parametric
simulation of the Cygno 1m3 demonstrator was done including an angular resolution on the NR
recoil direction of 30 degrees. In this simulation a perfect head-tail recognition and a standard halo
model for the DM velocity distribution were assumed. Different scenarios for the total background
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events accepted by a 1 keV energy threshold were considered. Exclusion curves are reported in
Fig. 4.

Figure 4: Exclusion curves for a spin independent dark matter search with a 1 m3 Cygno demonstrator in
one year data-taking.

5. Outlook

The Cygno experiment aims to implement an optical readout for He-CF4 TPC using GEM
amplification and operated at atmospheric pressure. Promising results from a prototyping phase for
ER and NR identification in the keV range are leading to the construction of a 1 m3 demonstrator
to be operated underground at LNGS.

A number of R&D activities are currently pursued mostly to select the best material in terms
of radiopurity. In parallel the study of electro-luminescence in the Cygno gas mixture [13] might
lead to an increase of the light yield. Addition of an hydrogen -rich gas in the mixture might offer
more sensitivity to GeV DM masses, while the operation of the gas TPC with negative ion drift
(INITIUM project) might improve the track reconstruction.

The Cygno collaboration is envisaging a phase where a 30-100 m3 detectors could be built to
study DM in the low mass DM range and with directional capabilities [14].
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