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A Galactic Signal for DM! 



Directional vs. Annual Modulation

Hard for a background to mimic the directional signal.  
Signal could (in principle) be detected with of order 10 events.

Directional signal Annual modulation signal 

What Galactic Signature? 



Thresholdinos - it’s “easy” to find DM 
• Many examples of past experiments “finding” DM 

due to lack of information on events? e.g. CDMS 2013



Latest Thresholdino Industry (2022) !



Into the Neutrino Fog (2022) 



What’s needed (IDM2022)? 
• IDM2022 - Ciaran O’Hare…



• Several concepts explored in early 1990’s

Directional Ideas - IDM1996 



Directional Ideas - 1996 
• Superfluid He •Gas TPC (with CCD) •Anisotropic scintillator

• Problems:  too complex, scalability, mass, surface area, quench 
factor/poor directionality….



Anisotropic ZnWO4 (ICRR)
Hiroyuki Sekiya et al, ICRR, IMR…  

• Look for directional asymmetry in light output 

• 12% difference in alpha peaks vs direction

• Signal prediction (10 tons, 1000 days) assumes 7% 
difference at 5 keV 

see also F. Cappella et al. (DAMA)  and others…

Challenges:
• Low energy response not known 
• Backgrounds 
• No head-tail



	• Measure spatial ionisation 
distribution resulting from 
nuclear recoils 

• Advantages:

 

• Technologically 
challenging, but 
maximum potential to 
avoid thresholdinos!  

	 	 • Axial Directionality 
• Head/tail 
• Background rejection  
• Particle ID  
• 3D fiducialization 

Gas TPC offers detailed information 



DRIFT II a-d (BOULBY 2005…) 
Pioneering Negative Ion Drift 



DRIFT IId

DRIFT IIe
(CYGNUS-1)

New Boulby Laboratory 



Use of ML for low mass WIMPs  



CYGNUS workshops (2007-..) 
• CYGNUS Cooperation links most groups interested in 

directional detection from 2007

CYGNUS2007 meeting 
22-24 July 2007, Boulby, UK

CYGNUS2009
11-13 June 2009, Boston, USA

• Interest in directional detection rapidly increasing 
• DRIFT (US-UK), MIMAC (France), (CAST), NEWAGE (Japan), DMTPC 

(US), Emulsions (Japan) 
• Theory groups....

2007 Boulby, UK
2009 MIT, US
2011 Modane, France
2013 Toyama, Japan
2015 Los Angeles, USA
2017 JinPing, China
2018 l’Aquila, Italy
2019         Rome, Italy
2021         ANU, Australia



It would be nice! But a long history of looking has not so far produced much 

It is hard...but recent work...
Anisotropic Scintillators
Nuclear Emulsions
High pressure Xe, LAr - columnar recombination
DNA strands
Carbon nanotubes
Diamonds

Solids Revisited? 
• Can we find a directional technology with higher density?



Nuclear Emulsions - NEWS-DM
Nagoya University, OPERA...  

• no head-tail 
• small grains <40nm (OPERA had 

200 nm),  
• closely packed, and  
• sensitive to low ionisation  

• Progress made to produce stable very fine crystals by 
using the PVA techniques

• Look for tracks in emulsion grains <40 nm

Challenges:



Carbon Nan0tubes (CNT)
L. Capparelli et al., Rome Sapienza  

• Channel C-recoils from nano-tube to GEM readout 

Challenges for CNT and other fibre technologies:

• Need for low cost mass-production with correct encoded properties 
• Assembly into bulk detector of ton-scale 
• Is there a way to do head-tail discrimination 
• Can surface backgrounds be controlled



Can we push Anisotropic Scint.? 
• Old thoughts from 1990’s - CASPAR - CaF(Eu) grains in RI 

matched Lq. Scint.
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• Multilayer scintillator construction for directionality

WIMP

WIMP

λ1

λ2

• multi-layer with head-tail 
directionality

•modulating Tl doing in 
NaI(Tl) crystal?

• encoding stronger directionality in a bulk 
purpose-grown scintillator

Can we push Anisotropic Scint.? 



3m3 of CS2 - 3.4 years - 40 Torr - 20 keV S recoil energy

But Surprising Potential of Gas  
• DRIFT predictions 2007..



A multi-site Galactic Nuclear Recoil Observatory 
Probe Dark Matter below the Neutrino Floor 
Measure 8B solar neutrinos with directionality

Extend searches to low mass with electron and nuclear recoils

CYGNUS Collaboration Vision (TPC) 



Multiple Sites for directionality  
Boulby

Kamioka

Stawell

new lab 
funded in 
Australia



• Gases: SF6:He, CF4:SF6:He  (1atm)
• Can switch between higher density (search 

mode) and lower density gas for (improved) 
directional confirmation of WIMP signal

• Threshold at <1 keVe

• Use of high gain stages
• Ultimate is W~30 eV

• Reduced diffusion -ve ion drift 

• 3D Fiducialisation  
• SF6 minority carriers 
• charge cloud profile

• He target  
• Improved sensitivity to low mass WIMP  
• Extending directionality to lower energies 

• Detector volumes 10-1000 m3…. 

• Electron rejection at ~GeV

CYGNUS: Gas TPC Concept 



simulated examples of a 20 keV electron track after 25 cm of drift

Sensitivity per Unit Cost

Challenge - find optimum cost/benefit

Challenges:
(1) Readout
(2) Background
(3) Engineering



CYGNUS R&D 



CYGNUS Detectors 



arXiv:
2008.12587

CYGNUS Readout “Conclusions” 

For He:SF6 755:5 with negative ion drift
strips results the best choice in terms of costs versus performances



We have aimed to determine the feasibility of limiting electron recoils to a rate of 104 
recoils keV−1 yr−1 in the energy range 1–10 keVee, and nuclear recoils to a rate of < 1 yr−1 

between 1–100 keV. These numbers are compatible with zero electron background

Electron background and electron discrimination should take 
priority in future work.

CYGNUS Background Conclusions 



More than dark matter - Strawman design paper: arXiv:2008.12587

3D	Electronic	readout	(U.	Hawaii)

Migdal Effect measurement
Coherent Elastic Neutrino-Nucleus 
Scattering (CEνNS) at either NuMI 
or DUNE 
Competitive DM limits in SI and SD
CEνNS from solar neutrinos 
Efficiently penetrating the neutrino 
floor 
Observing galactic DM dipole
Measuring DM particle properties 
and physics
Geoneutrinos
WIMP astronomy

CYGNUS outlook 
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SF6 Gas Gain on Strips ~105 

• 55Fe gammas 

• Gas gain 6.15 x 104

• new multi-mesh 
gain stage

• CERN 
micromegas

• Sheffield update: Ali McLean, Callum Eldridge

• Highest SF6 gain achieved so far - upto x 105

preliminary new result



• The directional community has expanded to form a collaboration - 
CYGNUS - using gas to avoid thresholdinos

• Much recent progress on many key technical issues
• Help us proceed to build the next phase - into the neutrino fog

Conclusions 



Directional Trends 
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• Key intrinsic background issue is low energy electrons from the vessel and readout 
(GEANT4, Sheffield group).

• Needs new vessel design, possible 1 atm. operation will help this.

• Light truss structure design (Ti + Acrylic) looks best.

Tiziano	Baroncelli	(Melbourne	group)

CYGNUS Engineering Conclusions 



One Tonne CYGNUS sensitivity 


