
CYGNUS-TPC Directional       
Dark Matter Search 

‣ WIMP Dark Matter Detection and Signal Identification!
‣ Power of Directionality and the gas TPC!
‣ Gas TPC Strategy and Latest Highlights (with DRIFT bias)!
‣ What is CYGNUS-TPC

Neil Spooner, University of Sheffield

Thanks to those from whom I have 
borrowed slides and info

Sorry not to cover all directional 
experiments



‣To know more —> IDM2016!

‣Sheffield, 18-22 July

For the Latest Come to IDM2016 

‣mini-CYGNUS, 23rd July



The Normal Route to WIMP Detection



~Current Situation
‣at High Mass
Nothing so far  
Consistent with the 
absence of SUSY@LHC

‣at Low Mass
Some closed contours, 
and strong limits#
What is going on?

“neutrino floor”
‣Are the closed 

regions a hint 
or just 
unreliable 
calibration 



WIMPs?



Many Recent Technical Advances

• try low WIMP mass

• try bigger targets for high WIMP mass

• double check old “signals”

• seek better signal  —> CYGNUS-TPC

but oh dear, what to do?:



~Current Situation

“neutrino floor”

‣Strategy
1. Improve sensitivity at low mass (lower the threshold)#
2. Improve sensitivity at large mass (increase target mass) 



Annual Modulation Attack

‣ ANAIS (Spain)!
‣ DM-ICE (US-UK)!
‣ KIMS (S. Korea)!
‣ Sabre (US-Italy)

COSINE (joint analysis)

‣Renewed global efforts of annual modulation in NaI

• double check old “signals”



50m

1450m

2450m

2820m

bedrock

IceCube lab

IceCube In-Ice array#
80 strings each with 
60 DOMs

AMANDA-II 
array#
(IceCube pre-
cursor)

DeepCore#
6 strings each with #
60 high quantum 
efficiency#
DOMs; optimized for 
low#
energies

First DM-ICE Result Just Published

‣Original UK NAIAD 
experiment NaI 
crystals from Boulby

‣17 kg, 2.5 km 
below South Pole



~Current Situation
‣at High Mass
Nothing so far  
Consistent with the 
absence of SUSY@LHC

‣at Low Mass
Some closed contours, 
and strong limits#
What is going on?

“neutrino floor”
‣Are the closed 

regions a hint 
or just 
unreliable 
calibration 



WIMP

Nucleus

SRIM simulation - 100 keV F recoil 
in 75 Torr CF4 (D3 collaboration)

What a WIMP Does

• seek better signal  —> CYGNUS-TPC



What About a Signal for WIMPs?

Galactic 
WIMP!
Halo

12:00h

42o

0:00h

WIMP Wind

Tail Head

WIMP
nuclear recoil track charge

‣A directional recoil signal is a very powerful proof

‣Measure the nuclear recoil track itself 
and determine the head from the tail

‣Lets be prepared!



2007 Boulby, UK!
2009 MIT, US!
2011 Modane, France!
2013 Toyama, Japan!
2015 Occidental, US

• Changing from workshop into a collaboration

• Recognise the challenge of scale-up
• Consider many techniques

CYGNUS Collaboration



Solid vs. Gas?
‣CYGNUS includes both, but focus here is gas TPC

• Nuclear Emulsions

• ZnWO4

• Carbon nanotubes

A directional technology with higher density would be nice? But a long 
history of looking has not so far produced much success.#

• Columnar recombination

non-gas

#
• D3#
• DM-TPC#
• DRIFT#
• MIMAC#
• NEWAGE#
• ITALY!

Currently low pressure gas remains most promising

gas



‣ Interest in gas TPCs just for low mass 
WIMPs with no directionality is growing

Low Mass Non-Directional TPCs

‣Low threshold gas TPC

NEWS

TREX
(SNOLAB)

(~CANFRANC)

‣Low aim for low energy 
threshold, ~no 
discrimination 



• Total ionisation
• Particle range
• dE/dX topology
• Track orientation (axial)
• Track sense (head-tail)(vector)

• Strong particle identification from topology
(at least in a gas TPC)

example high energy F recoil in 
optical TPC (D. Loomba et al.) 

Power and “Vision” of Directionality



• Potential for WIMP “Astronomy”

Standard Halo

WIMP flux

S recoil flux

simulations by Ben Morgan (Sheffield)

With Sagittarius Stream

Power of Directionality



• Potential to go beyond the “neutrino floor”

e.g. C.J.G. O’Hare 1505.0806 
• position of Sun never coincides with Cygnus

solar 
neutrinos

WIMPs

Power of Directionality



Galactic !
Recoil 

Observatory

Dark matter distribution in the galaxy
Directional Coherent scattering of 
astrophysical neutrinos

(1) 
(2) 

This is ambitious - but not impossible?



CYGNUS Groups

R&D 

Scale-up 



• 3 modules of 8 m3 

• 4 kg target mass 

• Simplified MWPC 

• Water shield 

thin cathode at -ve HHV

readout plane (GND)

DRIFT Scale-up Concepts



• What is optimum readout and DAQ?

• Can backgrounds be controlled (radon, neutron)?
• What is optimum gas mixture (-ve ion?) 

• Can we benefit from multiple underground site(s)
• What is optimum TPC structure and vessel design?

What Directional TPC Technology?



 A. Green et al., AstroP 27 (2007) 142

How many WIMPs are needed to get a directional (non-isotropic) signal?: 

head-tail discrimination (“vector”) may be more important than 3D 
reconstruction (however, 3D may be important for background rejection).

Optimising Detectors

A conclusion



What Directional TPC Technology?
“high definition - 3D”  

e.g. D3 - pixel e.g. DM-TPC - CCD
“low definition ~ 1.5D”  

e.g. DRIFT - wires 

Head-Tail 

small volume R&D larger volume R&D, low background



What Directional TPC Technology?
Trade-offs 

High Definition 3D Low Definition 1D with HT

Higher cost/volume Lower cost/volume

Lower WIMP mass Higher WIMP mass

Lower target mass Higher target mass



Is there a compromise? 
MWPC-GEM Hybrid? 

• Use GEMs at amplifier 
stage for wires#

• Garfield++ simulations

Dan walker (Sheffield)



Some Exciting Advances - DRIFT

Significant advances recently:

‣Use low pressure negative ion gas

‣Z-fiducialisation using minority carriers in CS2:CF4:O2

‣Head-tail sensitivity with this mixture

‣Use of SF6 -ve ion drift - improved target mass  (UNM)

Real prospects for “zero” background

‣Large volume TPCs are quite feasible



How Not to be Afraid of Large TPCs
• Example - something the size of ICARUS (used for LAr) 
• Size: 2 x ~18 x 3 x 3 m, central cathode, 1.5m drift
• Would contain ~ 0.5 Tonne Fluorine (SF6) @ 200 Torr
• Size of full CYGNUS-TPC  is <100th scale of proposed DUNE liquid 

argon TPC



• We can learn from the UK-US funded Liquid Argon neutrino TPC 
community at FNAL 

• SBND experiment new TPC - UK construction

4m

• Sheffield is building the Anode Plane Frames

• Tests of steel and carbon fibre

How Not to be Afraid of Large TPCs

• Proposed DUNE TPC is ~ x100 bigger than a 
full CYGNUS-TPC 



Drift direction
Proportionality constant 
can be measured for 
various gas mixtures, or 
calibrated in-situ.

MWPC

• Use of different drift speeds of carriers

z-Fiducialization



DRIFT - 3D Fiducial with Head-Tail
‣DRIFT-IId now runs zero background, only volume limited



DRIFT-II - 3D Fiducial with Head-Tail
‣Towards ruling out DAMA - with 1 m3

‣Achieved with 
~130 g target



New SF6 Breakthrough

• First demonstration of SF6 as a -ve gas (with GEMs) 

N. Phan, University of New Mexico

• 55Fe spectrum in 40 Torr SF6 with 0.4mm GEM#

• Gain curves up to 2.5 x 104#
• z-fidusialization with SF5- shown (20 Torr, laser events)



CYGNUS Proposal MOU



CYGNUS-TPC Proposal, MOU
General Strategy

‣ Multi-site across the globe

‣ Include HD pixel/optical component
‣ Compare technologies and down-select at first stage ~ 1m3

‣ Include LD larger scale TPC

‣ A staged approach 

‣ Allows leverage of resources, maximises underground space
‣ Allows control of systematics for a galactic signal

‣Pathfinder 1!
‣Pathfinder 2!
‣CYGNUS-TPC



CYGNUS-TPC Concept and Reach#

‣Fiducialisation, -ve ion drift, head-tail sensitivity!
‣Multi-tonne, multi-underground site, !
‣Staged programme - low WIMP mass, high WIMP mass

Australia, China, France, 
Italy, Japan, UK, US

CYGNUS - Pathfinder 1
CYGNUS - Pathfinder 2

CYGNUS - TPC

potential interest

Preliminary

~Current state



Boulby

Kamioka

Stawell

new lab 
funded in 
Australia

CYGNUS-TPC - Multiple Sites



A CYGNUS Site at New Boulby Lab



CYGNUS Proposal MOU Objectives

(1) Discovery of a SD directional DM particle signal in the 
1-1000 GeV region correlated to galactic motion, including 
SD cross section below the so-called neutrino floor level#

(2) Discovery of coherent solar neutrino events with direction 
correlated to the   motion of the Sun#

‣Objectives



CYGNUS Proposal MOU
The CYGNUS Pathfinder Experiments
CYGNUS-P1 -The Readout Pathfinder Experiment !

(a)# To reach for the first time with directional sensitivity cross sections for SI  
particle dark matter below both the DAMA-LIBRA allowed regions (at ~10 GeV 
and ~50 GeV) – an improvement of x100 over current directional sensitivity#

(b)# To achieve competitive SD sensitivity in the particle DM region below 15 GeV#
(c)# To set first directional limits on coherent neutrino scattering from the Sun#
(d)# To complete first searches for other exotic candidates including kk axions#

CYGNUS-P2 -The Engineering Pathfinder Module Experiment !

(a)# A further factor 100 improvement in SD and SI dark matter directional 
sensitivity, extending this to the low mass range below 10 GeV#

(b)# First detection in a direction sensitive experiment of events due to coherent 
scattering of solar neutrinos#



Coherent Neutrino Scattering
‣Solar Neutrino Spectrum



Coherent Neutrino Scattering



Trying to develop in WIMP “telescope” is fascinating 
and challenging… 

It needs more minds….and a global effort 

Conclusion

It will be needed to determine a definitive detection of 
WIMP dark matter 

It is not harder than non-directional, it’s different 

Join CYGNUS 

We want to build a Global Galactic Recoil Observatory 
(1) Dark Matter Directionality  (2) Coherent Astrophysical Neutrino


