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3D optical readout with negative ion drift
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Ton scale detector with heavy nuclei
103 (LXe) - 107-10 (LAr) rejection
Can go to MWIMP <10 GeV only 
completely giving up background 
discrimination (S2 only analyses)
Eventually, will be dominated by neutral 
background also at high masses

Small mass detectors with 
light nuclei
0.1-1 kg enough to explore 
uncharted territories
104-105 rejection @ 10 keV 
Trend to reduce module mass 
& background discrimination 
to reach lower threshold

PICO dominating SD 
searches
Insensitive to e/γ by 
construction (1010 rejection 
@ 3 keV)
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The “third way”: directional tracking 
detectors for both SI and SD

Direct WIMP DM searches overview & context
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WIMP searches as from CYGNUS simulations
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Simulation parameters

To be updated with 
“optical 3D”, i.e. 

CYGNO-like
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WIMP searches as from CYGNUS simulations
Recoils examples

20 keVee He recoil 20 keVee electron recoil
He:SF6 740:20
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WIMP searches as from CYGNUS simulations
Some readout performances (to be updated with tonight’s plots)
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For optical 3D, 
He:CF4 740:20 is 

used

He:SF6 740:20

Message: after 3D pixels 
and strips, optical 3D is 
the best (due to loss of 

gain with photons 
production + 1/r2)  
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WIMP searches as from CYGNUS simulations
Expected electron rejection factor using only fitted track length vs energy

He:SF6 740:20Before drift

After 25 cm drift

He

HeF

F

To notice: more 
difficult to distinguish 
He than F from e- at 

low energies!

To much CPU to do 
this for all readouts

ca
n b

e i
mpr

ov
ed

Message: bkg 
discrimination 

possible at O(keVee)
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WIMP searches as from CYGNUS simulations
Final message of the paper:  

need to demonstrate on actual detector rejection performances

Energy threshold: hard cut is assumed, that can get rid out of all electronic background, i.e. 
zero electronic background assumed

Neutrino background from coherent scattering on nuclei included
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prospects sensitivity at low WIMP masses

Zero background assumed

PRELIMINARY

CRESST-III

CDM
S-Lite II

PICO
-60

SuperCDMS Si iZiP

SuperCDMS Ge HV

NEWS-G

CRESST III

DarkSide-50

He Neutrino Floor

CF4 Neutrino Floor

30 m 3 3 years

1 m 3 1 year

Ge Neutrino Floor

PRELIMINARY

Published limits
Expected limits

PHASE-1
PHASE-2

PHASE-1
PHASE-2

Energy threshold: 1 keVnr on He, 2 keVnr on C and 3 keVnr on F 
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CYGNUS 1000 m3 background studies
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External background and vessel options

Goal: achieve <= 104 gamma/year/keV

10 x 10 x 10 m3 
with 20 Torr SF6

740:20 He:SF6



E. Baracchini - Overview of the international CYGNUS collaboration project and of the Italian CYGNO/INITIUM effort - Sub-GeV DM DD, LNF �11

CYGNUS 1000 m3 background studies
Internal background and readout options

Goal: achieve <= 104 gamma/year/keV
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Directionality  
“a tool for all seasons”

All the directionality features are 
pertinent to any particle possessing a 

preferential direction of arrival on Earth 
and interacting with nuclei OR electrons 
through a process retain (or correlated 

to) the particle arrival direction
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Electron recoil thresholds
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Single ionisation clusters from MIP

Tens of keV electrons in magnetic field

Tentative detection threshold: 1-2 ionisation clusters > 100 eV
Tentative directional detection threshold: >20-30 keV

55Fe
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CYGNO/INITIUM beyond 
WIMP searches:  

electron recoils from  
MeV Dark Matter

�14



E. Baracchini - Overview of the international CYGNUS collaboration project and of the Italian CYGNO/INITIUM effort - Sub-GeV DM DD, LNF

Sub-GeV DM (from arXiv:1108.5383)
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Indicative paper as illustration

CF4 has similar number of electrons as Xe :)
Some sensitivity to 100 MeV for detection without directionality

Take away message: we are 
not competitive with XENON 
& directionality does not help
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Migdal effect: a new player in the game
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Is the ionised electron 
emitted in the direction 

opposite w.r.t DM arrival, 
in order to conserve 

momentum?

..but electron recoil directionality 
extremely difficult at < 3 keV…

(would need to significantly lower 
pressure/density)

…it seems yes…

arXiv:1907.12771

Example: XENON 1T analisys
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Migdal effect: a new player in the game

Migdal effect by 
1 GeV DM: C/F 
similar to Na, 

He much better!
Single electron 

ionisation threshold in 
CYGNO about 50 eV

�17

ArXiv:1905.00046

Take away message: 
interesting, but we are not 
competitive with XENON

…nonetheless: Migdal effect has 
never been experimentally measured

A directional detector could be able to  
measure it at a neutron beam facility 
(D. Loomba submitted proposal on 

this after some discussion)



E. Baracchini - Overview of the international CYGNUS collaboration project and of the Italian CYGNO/INITIUM effort - Sub-GeV DM DD, LNF

Supernova Dark Matter (SNDM): a case study
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From De Rocco slides 

Motivation: Supernova (SN) production of MeV-scale particles is large well below 
the cooling bound
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Existing constraints
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From De Rocco slides 
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Proposed model (many others possible)
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From De Rocco slides 
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Diffusive trapping & DM escaping flux

�21

From De Rocco slides 
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Diffusive trapping & DM escaping flux

From De Rocco slides 
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Diffusive trapping & DM escaping flux

From De Rocco slides 

Neutrino sphere
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Diffuse galactic flux

From De Rocco slides 
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Diffuse galactic flux
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Key point: if XENON sees a couple of 
events, how can we know if they are 

WIMP or SNDM?
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Directionality saves the day!

See Giorgo’s talk for the 
development of this case study

To be notice: what developed will be 
very useful for WIMPs & neutrinos 

sensitivities evaluation as well
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CYGNO/INITIUM beyond 
WIMP searches:  

electron recoils from  
Neutrinos
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Directionality as a new window on neutrino physics 

C. O’Hare et al, Phys. Rev. D 92 063518 (2015)

Neutrinos: an opportunity for directional DM detectors, rather than an inconvenience

�28
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Directionality as a new window on neutrino physics 

C. O’Hare et al, Phys. Rev. D 92 063518 (2015)

NOTE: only a 
directional DM detector 

can distinguish from 
WIMP signal

Neutrinos: an opportunity for directional DM detectors, rather than an inconvenience

Coherent Neutrino-
Nucleus scattering

�29

Message from CYGNUS simulations: need O(ton) 
detector to see neutrinos through coherent 
scattering (i.e. not a direct case for CYGNO)
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Directionality as a new window on neutrino physics 

C. O’Hare et al, Phys. Rev. D 92 063518 (2015)

Elastic Neutrino-
Electron scattering

NOTE: only a 
directional DM detector 

can distinguish from 
ER background 

NOTE: only a 
directional DM detector 

can distinguish from 
WIMP signal

Neutrinos: an opportunity for directional DM detectors, rather than an inconvenience

NEW! Physics reach under study 
Coherent Neutrino-
Nucleus scattering

with event by event precise neutrino 
energy measurement

�30

Message from back on the envelope evaluations & old published 
papers: O(50 kg) directional detector can measure neutrinos 

through elastic scattering using directionality to reject 
electromagnetic backgrounds (CYGNO PHASE 2 ok!)
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Directionality as a new window on neutrino physics 

C. O’Hare et al, Phys. Rev. D 92 063518 (2015)

Elastic Neutrino-
Electron scattering

A directional DM detector is also a Sun and Supernovae 
neutrino observatory, with lower energy threshold than 
solar neutrino experiment based on scintillating liquids

NOTE: only a 
directional DM detector 

can distinguish from 
ER background 

NOTE: only a 
directional DM detector 

can distinguish from 
WIMP signal

Neutrinos: an opportunity for directional DM detectors, rather than an inconvenience

NEW! Physics reach under study 
Coherent Neutrino-
Nucleus scattering

with event by event precise neutrino 
energy measurement

�31
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Elastic neutrino - electron scattering with gaseous 
TPC: revitalising old ideas

1992 CF41996

1994

He

Typical spatial resolution: 1-2 mm
Energy threshold: 100 keVDirectional TPC
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Solar neutrino measurements with directionality
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eGiven the Sun position,  
recoils in opposite 

direction are 
kinematically forbidden

Differently from WIMPs, 
background can be 

measured on 
sidebands data
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From HELLAZ paper
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± 0.2-0.3 σE/Eν
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CYGNO as an innovative detector for low energy, 
precision solar neutrino spectroscopy

Congratulations: 
you chose very 

wisely!

He:CF4 allows a lot of electron, with a low density 
gas

CYGNO readout approach has O(100) um track 
resolution

CYGNO can aim at 20 keV DIRECTIONAL threshold 
for electrons (i.e. 80 keV neutrinos) 

CYGNO is sensitive to single ionisation cluster for 
MeV electrons (i.e. calorimetry)

Good target/density ratio

Much better tracking that old 
papers proposed approach

Much lower threshold than old papers 
proposed approach & Borexino

Much better neutrino energy resolution than 
old papers proposed approach

Question to answer: upper energy threshold.
Obvious: contained track

But: if track not on dE/dx plateau, could measure E through dE/dx?
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Borexino Sun neutrino measurement
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CYGNO has O(100) um tracking 

CYGNO has 20-30 keV DIRECTIONAL threshold

CYGNO directionality provides background discrimination

Borexino Ethr: 160 keV

Borexino interaction position resolution:12 cm
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CYGNO vs HELLAZ
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Diffusion Target 
density

Electron energy 
threshold

Expected yield 
from pp

HELLAZ 0.2 sqrt(cm) 3 kg/m3 100 0.5-1 m-3 y-1

CYGNO 0.01 sqrt(cm) 1-1.5 kg/m3 10-20 1-2 m-3 y-1

HELLAZ: He @ 5 bar,  10 m drift, 1 mm x,y,z strips

3D electron range in 
CYGNO from GEANT4

～1 cm @ 20 keV

CYGNO PHASE-2 
can detect order 
50 events/year

59.6 keV electron in  
CYGNO 10 L prototype
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S. Torelli (new GSSI PhD) is calculating expected 
number of events from cross section + fluxBack of the envelope calculations

D. Marquez working on electron recoils 
simulations to estimate performances
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CNO cycle for CYGNUS?
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PRELIM
INARY

CNO cycle measurement maybe 
possible with O(ton) detector

Feasibility under study with D. 
Cerdeno and E. Reid
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Stay tuned for (a flock of) CYGNUS birth!
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CYGNO

CYGNUS-KMCYGNUS-OZ

CYGNUS-HD10
CYGNUS-10
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Backup slides
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Prospects of directional solar neutrino measurements
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He e CF4 saran simili!
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 Neutron flux measurement @ LNGS with 

Proton 573 keV Tritium 191 keV

Z. Debicki et al., 
Nucl.Phys.Proc.Sup

pl. 196 429-432 

Simultaneous sensitivity to thermal and fast neutron 
flux with3He:He:CF4:SF6  at atmospheric pressure 

Fast neutron through nuclear recoil  

Thermal neutron through capture on 3He (0.5% is enough 
thanks to the large capture cross section).  

O(10 keV) or lower threshold on fast neutrons 
Precise spectral measurement 
Directional measurement 
Seasonal measurement  
Background free measurement  
Hall B measurement 
Possibility to optimize pressure and gases content for 
higher yield or lower directional threshold 
Demonstrator for DM searches

5000 detected nuclear recoils induced by fast neutrons/month  
5000 detected thermal neutrons through capture/month

Environmental neutrons in underground halls are background to all current & future  
experiments: their precise knowledge is fundamental
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