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Coherent Neutrino Scattering with Directionality
Australia, China, France, Italy, Japan, UK, US…

AIM
A WIMP dark matter search using  
gas TPC  technology to record  
nuclear recoil directions and hence 
probe below the neutrino floor.

 • CYGNUS introduction
 • Electron background rejection simulations and R&D (Sheffield work)
 • Hartlepool reactor neutrino prospects

Neil Spooner, University of Sheffield - CEvNS2019
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‣A directional recoil signal is a very powerful proof
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‣Measure the nuclear recoil track itself 
and determine the head from tail or sense

Directionality - A Real DM Signal

Neil Spooner, University of Sheffield - CEvNS2019



CYGNUS Science
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 • Search for low WIMP mass 

 • Observe galactic dipole, 
directionality

 • Detecting solar neutrinos

 • Penetrate the neutrino floor
 • Measure DM particle 

properties and physics

 • Measure Geoneutrinos

 • WIMP Astronomy

Mollweide 
projections of the 

WIMP plus 8B 
neutrino angular 

differential event rate

• position of Sun 
never coincides 
with Cygnus

Neil Spooner, University of Sheffield - CEvNS2019

-Nuclear recoils AND Electron recoils



with 1D, 2D, 3D, Head-Tail

thanks to O’Hare et al.

Below the Neutrino Floor 



CYGNUS paper draft
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CYGNUS Multi-site R&D
A multi-site Galactic Nuclear Recoil Observatory 

Neil Spooner, University of Sheffield - CEvNS2019



CYGNUS TPC for CEvNS Advantages?
 • Recoil directionality (track reconstruction 2D, 3D..) 
 • Multiple targets possible
 • Electron discrimination

• Ar, C, F, He, S….  

 • Modular construction
 • Low background

 • No cryogenics
 • Fiducialisation by minority carriers SF6, CS2 (-ve ion TPC)

 • Gas of choice
20 Torr SF6

740 Torr He

Neil Spooner, University of Sheffield - CEvNS2019



projection of the total angular distribution of a 10 GeV WIMP (blue) and solar neutrinos (red), with a fluorine (left) and a helium (right) 
assumed target. We show the projection in the laboratory coordinate system (North-West- Zenith) at 18:00 on September 6 in UK. The central 
horizontal axis is the horizon and the centre of each maps points South. Both distributions have been rescaled by their maximum values and 
displayed to show the region of the sky that they occupy. 

Penetrating the neutrino floor  
Power of Directionality

Mollweide projections of the WIMP plus 8B neutrino 
angular differential event rate
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Neutrino event rates
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Gas Time Projection Chamber (TPC) Offers 
Detailed Information
	• Measure spatial ionisation 

distribution resulting from 
nuclear recoils 

• Advantages: 

• Technologically 
challenging, but now 
achievable via multiple 
technologies  

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

Sven Vahsen et al. (Hawaii)

‣ Key is intrinsic low background
‣ High ER/NR discriminations
‣ Low threshold (keV)

Neil Spooner, University of Sheffield - CEvNS2019



Example GEANT4 et al. simulations

Neil Spooner, University of Sheffield - CEvNS2019

• 10 keV electron 
in 20 Torr SF6

• 50 keV fluorine 
in 20 Torr SF6



What Directional TPC Technology?
Several possibilities, CYGNUS is comparing them

Neil Spooner, University of Sheffield - CEvNS2019

1D, 2D, 3D;  backgrounds;  cost



CYGNUS Technology study

Signal from 20 keVr helium recoil in 20 
Torr of SF6 gas after 25 cm of drift.
From top left to bottom right: planar, 
pad, wire, CCD, strip, and pixel 
readout. 
For the first four readouts, all simulated 
effects except charge thresholds have 
been applied. 
For strips and pixels only, detector 
thresholds have also been applied, 
otherwise noise hits in the 3d display 
would obscure the signal. 

Neil Spooner, University of Sheffield - CEvNS2019

planar, pad, wire, CCD, 
strip, pixel readout 



Example study with BDT 
Warren Lynch (Sheffield)

• 100 μm resolution
• 25 cm diffusion
• 20 Torr SF6

• 6 keV e-

Neil Spooner, University of Sheffield - CEvNS2019



Diffusion issues 
1 cm 25 cm 50 cm

• 10 keV e-

• 10 μm 
resolution

• 20 μm 
resolution

• 50 μm 
resolution

• 20 Torr SF6- Warren Lynch (Sheffield)

Neil Spooner, University of Sheffield - CEvNS2019



Warren Lynch (Sheffield)

• e.g. 99% 
rejection at 4 
KeVee with 25 
cm diffusion 
and 600	μm 
resolution, 50% 
detection 
efficiency 

				100 μm 
resolution, 25 
cm diffusion

				100 μm 
resolution, no 
diffusion

				600 μm 
resolution, 25 
cm diffusion

fluorine sulfur

Neil Spooner, University of Sheffield - CEvNS2019

Electron rejection with BDT 



WIMP Sensitivity aims 
• This requires detection of solar neutrinos via coherent scattering, 

i.e. nuclear recoils, with directional information

Neil Spooner, University of Sheffield - CEvNS2019



CYGNUS-1000 

Neil Spooner, University of Sheffield - CEvNS2019

Warren Lynch (Sheffield)
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Eventually will need large structure 
with low background “simple” Readout 

Tiziano Baroncelli (Melbourne)



Example - Hybrid GEM+Wired

Electric field contour around three ThGEM holes and wires 
obtained with a Garfield simulation by biasing the induction 
and charge transfer sides of the ThGEM, read-out wires and 
drift field to +600 V, 450 V, 0 and 700 V cm1 , respectively. 

• What is the lowest background readout that might just work?
Sheffield group

• Novel concept is simple (CERN) 
ThGEM + MWPC combination

• High gain (106) from GEM, low 
noise from wires (600 μm pitch)

Neil Spooner, University of Sheffield - CEvNS2019

low background
just 20 μm 
wires,Cu 
and acrylic 



Example - SF6 Hybrid GEM+Wired
Sheffield group

Neil Spooner, University of Sheffield - CEvNS2019



Example - SF6 Hybrid GEM+Wires

• Alpha tracks in 15 Torr SF6  -ve ion 
drift, readout by wires (no gain) 
with ThGEM providing gain stage.

Neil Spooner, University of Sheffield - CEvNS2019

				5	MeV	α, 
15 Torr SF6

55Fe (5.9 keV), 50 Torr CF4

A.C. Ezeribe et al., arXiv:1909.13881 



May provide near-field opportunity to demonstrate 
coherent elastic neutrino-nucleus scattering

Neil Spooner, University of Sheffield - CEvNS2019
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Coherent Neutrino Scattering
at Hartlepool Reactor?

• Goal of CYGNUS is coherent solar 
neutrino detection

• Can we, should we, test this feasibility 
using a reactor (~same spectrum)?

• We have negotiated access to the HP 
civil reactor

• 1.5 GW thermal, 2 AGR reactors 

• 25 km from Boulby

• Access to space at ~10-40m from 
reactor

• Background survey campaign 
planned on Jan 2020 

Neil Spooner, University of Sheffield - CEvNS2019



Hartlepool Estimates
• We can estimate the spectrum and flux (see ref below)

• Potential labs at between 10m and 40m from reactor core

• 1.5 GW

• Backgrounds in the lab are normal natural levels

Callum Eldridge (Sheffield)
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Hartlepool Estimates

• 1lt Ar gas, STP, 10m

• from one reactor centre 

• ~3,300 per year in 1 m3 of SF6 = 13 
per day (from the two reactors)

at 1 keV - SF6 rate 
is 0.0589,  

2 keV = 0.015 

Callum Eldridge (Sheffield)
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Basic Requirements
• Space for gas vessel - probably pressure vessel but could be 1 atm

• Size - ~ 1.5 x 1.5 x 1.5 m  (test vessel is 0.6 x 0.6 x 0.6)

• Gas supplies, He, Ar, SF6 (looking at recirculation to avoid dumping)

• No cryogenics, no water, minimal power to run DAQ, internet

• Likely muon/neutron plastic veto (needs background study)

• Needs to be as close to reactor as possible

Neil Spooner, University of Sheffield - CEvNS2019

Maybe better to place at a spallation source



Conclusions
• The directional community has expanded and forming a larger 

collaboration - CYGNUS - a global directional network
• Enormous progress has been made on all key technical issues
• CEvNS experiments provide an opportunity for synergy



Backup



How Not to be Afraid of Larger TPCs

‣Size is ~ 100th scale of proposed DUNE liquid argon TPC
‣But would also be spread on multiple sites

DUNE

CYGNUS-TPC

~60 m



Low Energy Discrimination Measurements

(e.g. MIMAC group)

• Growing evidence from several groups

arXiv:1205.0973v2

(e.g. UNM group)
• Simple parameters 
• separation at 6 

keVee in 100 Torr 
CF4

arXiv:1510.02170v3

• Simulations with 
complex multi 
parameter fits

• Recoil discrimination below 10 KeVee looks feasible

claim 105 at 5 keV

claim 105 at 10keV (100 Torr CF4)

Neil Spooner, Zaragoza 2018


