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Recoil imaging for directional detection 
of dark matter, neutrinos and BSM 

Ciaran O’Hare
University of Sydney



Snowmass inter-frontier white paper [2203.05914]
Strong community support: 167 signing authors, many contributing text/ideas/LOIs
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8B Solar neutrinos
8B → 8Be* + e+ + νe

6 GeV mχ =
100 GeV mχ =

CE NS rates in a Xe targetν

e+ + νe + ν̄μ

π+ → μ+ + νμ

Atmospheric

→

Atmospheric and B solar 
neutrinos are going to be 
the troublemakers—their 

CE NS rates look just like 
6 GeV and 100 GeV 

WIMPs in Xenon

8

ν

Neutrinos will be observed in 
LZ or XENONnT very soon

Current experiments only 
access observables 

dependent on recoil energy, 
this makes their signal 

degenerate with an 
unshieldable background
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Cygnus

Directional detection



A directional detector should be able to “see through” the neutrino fog
The DM flux on Earth is highly anisotropic and should align with our galactic rotation 
→ a highly characteristic signal that is not mimicked by any background, and is robust 

against particle-model and astrophysical uncertainties



[2008.12587]
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CYGNUS-10 m3 module2020 CYGNUS paper discussed the 
feasibility of making a directional 
DM/neutrino observatory at the 
>10  scale (potentially up 1000  
and beyond)

Compared the cost per physics 
potential of different readout 
technologies, keeping all other 
quantities (i.e gas properties) fixed.
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Cygnus: projected sensitivity
Vahsen, CAJO+ [2008.12587]
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Cygnus £ 6 yrs • 10 m3: world leading DM limits 
(assuming using gas that 
contains 19F)

• 1000 m3: enter neutrino fog

• 100k m3: competitive with late-
stage xenon experiments 
(DARWIN)



CYGNUS/DRIFT (UK)

CYGNUS-HD 40 L (USA)

CYGNO (Italy) CYGNUS-Oz (Australia)

CYGNUS/UNM (USA) CYGNUS/NEWAGE (Japan)
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Key issue: performance of low energy (<10 keVr) nuclear recoil track reconstruction

S. Vahsen



What is required to clear the neutrino fog?
(see our review [2102.04596] and Snowmass WP [2203.05914] for reasoning)

• Angular resolution <30
• Correct head/tail >75% of the time
• Fractional energy resolution < 20%

∘
If you don’t achieve these then directionality 
adds nothing to the sensitivity 
(in the context of the  fog)ν

And achieved…
• At the level of individual events 
• In as high a density target as possible 
• Below <10 keVr
• With a timing resolution better than a few hours

All arrows point towards:
1. “Recoil imaging“ Gas TPCs with MPGD readout (over other proposals in the field)

 2. Specifically 3D, high-definition, electronic readout, using NID



HD TPC performance studies
Final goal for high-definition imaging of recoils in 3D, meeting low-energy 
performance goals may not be so far away…

CNN reconstruction of neutron-induced He recoils in BEAST TPC
J. Schueler, S. Vahsen (U. Hawaii)



In the meantime turn a background into a signal: CE NS physics case
→ CE NS one of the least well-studied neutrino interactions

→ recoil imaging detector in conjunction with neutrino beam could be used to measure it. 
→ Increased background rejection against non-neutrino sources, as well as for searches for BSM interactions
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with Oakridge to place 1 m3 TPC at SNS
ν



14

Directionality in MPGDs, beyond nuclear recoils
MPGDs can measure and distinguish electrons and nuclear recoils. 
Physics case should clearly be expanded to include electron recoils
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Electron and nuclear recoils

Solar neutrinos can scatter off electrons and nuclei → gas detectors have both!
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Solar neutrinos
Given known direction to the Sun, directional 

information allows one to reconstruct the 
neutrino energy spectrum event-by-event

Recoil energy-angle spectrum: (Er, cos θ⊙)

Measure recoil energies and angles

Empirically measure flux, Φ(Eν)



•O(10) m3 accesses only pp

•O(100) m3 accesses pp, 7Be, CNO

•O(1000) m3 access all fluxes except hep

What can directional give you: Empirical flux reconstruction
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To do this precisely need to achieve 
similar performance, O(10 deg.) 
angular resolution and O(10%) 
energy resolution, on electrons. 
Probably less demanding on head/
tail as background can be measured 
in side-bands



Applied physics: The Migdal effect

Migdal 
electron

Light DM

Emission of a low-energy electron 
during an almost immeasurably low-
energy nuclear recoil 

→ Dark matter experiments like 
XENON are using this to lower their 
reach to extremely small DM masses

→ But the neutral Migdal effect from 
NRs has never been measured



Measuring the Migdal effect using 
neutrons and an O-TPC

Slide credit: Chris McCabe @ IDM



R&D directions
Use of negative ion drift in 

MPGDs
Scalable readout 

electronics
CYGNUS-Nm3
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Optical readout

A critical issue will therefore be to develop next-generation MPGDs that retain sufficient 
avalanche gain with negative ion drift gases, so as to count individual electrons above the noise 

floor while keeping cost low-enough for eventual scale-up



Timeline for short and long-term developments 
 towards recoil imaging in MPGDs

Dark 
matter

Neutrinos

BSM 
physics

Other 
physics

Detector 
R&D

2020 2025 2030 2035 2040
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Directional neutron detection,   X-ray polarimetry,   Rare nuclear decays

R&D into 1 m3 
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10 m3 TPC at LBNF
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HD demonstrator 
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 module
Modular/multisite  

experiment: CYGNUS-1000 
Solar neutrinos  

via electron recoils  
& CYGNUS-HD  

at a neutrino source

World-leading  
SD-p DM limits

Reach edge of neutrino 
 fog at 10 GeV

DM discovery  
into neutrino fog

Improve upon CAST limit on 
 by factor of 5gaγ ∼

• Constrain new physics contributions to CEvNS 
• Measure  
• Probe neutron distribution inside nuclei.

sin2 θW

IAXO (gas)
Probe KSVZ axions 
 above  eVma ≳ 0.01

Scalable readout system

Negative ion drift in MPGDs

Directionality in gaseous argon

Dual-readout TPC

Optical readout

Probe DFSZ axions 
above  eVma ≳ 0.02

M
IG

D
A

L

Optical TPC at a neutron source
Measure Migdal effect with 
neutrons scattering on CF4

Rough 10—20 year 
timeline in place

See arXiv:[2203.05914] 
for more



MPGD requirements needed to achieve ambitious physics case for dark 
matter, neutrinos and BSM:

→ High signal-to-noise electronic readouts with O(100 ) voxel size. Energy threshold/resolution 
should be driven towards ultimate theoretical limit of a single primary electron (~30 eV deposit)

→ Reconstruction of nuclear recoil vector directions with an angular resolution better than ~30  and 
>75% correct head/tail recognition. Modern machine learning techniques for track reconstruction 
should be investigated to achieve these at ~6 keVr energies and below.

→ Excellent particle ID and track reconstruction on both electrons and nuclei down to O(1) keVr 
energies, essential for detecting DM inside neutrino fog, and solar neutrino-physics studies

→ Significant radio purity reduction.

→ R&D into the use of negative ion drift gas mixtures in both electronic and optical readout MPGDs, as 
well as experimental validation of SF  in larger scale TPCs.

→ Scalable readout electronics systems suitable for the O( ) readout planes at a reasonable cost.  
Highly multiplexed DAQs utilizing programmable, topological triggers will be key for cost reduction. 
Ultimately mass production will be needed
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