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Which of the following doesn’t belong in the group?
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CYGNUS 2023: the 8th CYGNUS workshop
But first one on Directional Recoil Detection
The scope has broadened!



From the organizers

• The aim of CYGNUS 2023 is to bring together experimentalists and 
theorists interested in developing detectors with the capability of 
detecting the directions of recoiling particles, especially for low-
energy applications.

• The scientific scope of the workshop is broad and will cover 
applications from across particle physics, astroparticle physics, and 
nuclear physics.
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Dark Matter via Nuclear Recoils (<2019)
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https://arxiv.org/abs/2008.12587 (2020)

https://arxiv.org/abs/2008.12587


“Directional Recoil Detection”: 
Expanded physics program for 
directional detectors (link)

12/10/23 Sven Vahsen, CYGNUS 2023 7

20222021

“Recoil imaging”:
Also expanded community 
(167 physicists)

arXiv:2203.05914

https://doi.org/10.1146/annurev-nucl-020821-035016
https://arxiv.org/abs/2203.05914
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Dark Matter via Nuclear Recoils
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Neutrinos via nuclear and electronic recoils
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Other applications
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Opportunities for a 30+ year physics program

• Quenching factor and recoil physics (TUNL)

• Migdal Effect measurement

• Coherent Elastic Neutrino-Nucleus Scattering (CEνNS)

at ORNL (SNS) or Fermilab (NuMI and later LBNF) 

• Competitive DM limits in SI and SD

• CEνNS and e-recoils from solar neutrinos

• Efficiently penetrating the LDM ν floor

• Observing galactic DM dipole

• Measuring DM particle properties and physics

• Geoneutrinos

• WIMP astronomy

Ex
p

o
su

re
, s

iz
e

Sven Vahsen, CYGNUS 2023 11

arxiv:2102.04596 Approx. volume of gas TPC required. 
Expect 10 m3 modules eventually

• New physics opportunities for each factor of 10 increase in exposure
• Both guaranteed measurements (yellow text) and novel, exciting searches --- across frontiers!

12/10/23

https://arxiv:2102.04596


Types of directionality
Has to match physics requirements



Statistical directionality

• Example
• Light yield from recoil depends on 

recoil angle w.r.t. crystal axis
• Assume only integrated light yield is 

measured, event-by-event

• One pro
• Condensed medium → high target 

mass (event rate)

• One con
• Recoil energy and direction 

measurements not independent

• Directional Performance metric
• % variation in light yield versus 

angle and energy
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Event level directionality

• Example: measure recoil 
ionization track

• Pro:
• Independent energy and 

direction info

• Con:
• Better directionality typically 

requires lower target density
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He recoils in HeC02 gas, E>~200keV



Event level directionality

• Directional Performance 
metrics:

1. Head tail efficiency

2. Average recoil-angle 
(axial) error

[both versus recoil energy]
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Columnar recombination

‣ Event-level 1d directions

‣ No head/ tail

‣ Direction and energy are 

not independent

Nuclear emulsions

‣ 2d recoil tracks, without 

head/ tail

‣ No event times 

information recorded

Anisotropic scintillators

‣No event-level directions

‣ Exploits modulation of 

DM with respect to 

crystal axes

Modulation-based 

directionality

Indirect recoil 

event directionality

Time-integrated

recoil imaging

DNA detector

‣ 3d recoils without head/ tail

‣ No event times recorded

Time-resolved

recoil imaging 

Gas TPC

‣ Head/ tail measurable

‣ 1d, 2d or 3d

‣ Independent energy/

direction measurement

Crystal defects

‣ 3d track topology

‣ Head/ tail measurable 

Event-level

Detector classes by directional information

Statistical

Recoil imagingIndirect

Demonstrated
R&D

Proposed

https://arxiv.org/abs/2102.04596

12/10/23
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A Combined Dark Matter & 
Neutrino Observatory
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Do we live in a WIMP halo?

• Dark Matter exists
• Overwhelming evidence at 

distance scales from Milky Way to 
visible universe

• All gravitational

• WIMPs are one hypothesis

• Direct DM Detection seeks to 
answer
• Does the local Milky Way DM halo 

contain WIMP-like particles?
• What are their properties?
• What is their local density and 

velocity distribution ?

12/10/23 Sven Vahsen, CYGNUS 2023

WIMP halo?

Milky Way

18



Challenges in Direct DM Detection

• Huge detectors

• Stringent requirements on
• Shielding
• Radiopurity
• Background rejection

12/10/23 Sven Vahsen, CYGNUS 2023

LUX detector
368 kg LXe

Water shield

19



Challenges in Direct Detection
• G2 experiments will probe cross-sections within factor 10-100 of the 

neutrino floor for m >  1 GeV/c2

• Challenges to further progress in this mass range
• Irreducible neutrino background 

• Lack of particle ID in ionization-only experiments for E ~< 10 keV

• Calibrations at lowest recoil energies

• Ever stricter requirements on radio purity and background rejection

• Lingering controversial signals from DAMA 

• Lack of clear discovery signal / way to demonstrate DM signal is galactic

• Directional Recoil Detection can help address most these challenges!

12/10/23 Sven Vahsen, CYGNUS 2023 20



Non-directional WIMP search

• Observable: excess count rate over 
predicted BG in signal region

• Requires ultra-clean detectors & 
precise understanding of remaining 
backgrounds

• Single-scattering neutrons produce 
identical events to WIMPs

12/10/23 Sven Vahsen, CYGNUS 2023

Xenon100

21



The WIMP Wind

• ~220 km / s

• blows from CYGNUS

• provides two additional WIMP signatures…
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Annual Rate Modulation

• due to motion of earth around sun

• %-level effect 

• requires thousands of signal events, and %-level control of BGs and gain 
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Diurnal (Daily) Directional Oscillation 

12/10/23 Sven Vahsen, CYGNUS 2023

• oscillation of the mean recoil direction, due to rotation of earth

• order 1 effect

• oscillation period = sidereal day ≠ solar day

• no known background with this signature 

WIMP wind

~42o

24



Neutrinos from the sun

WIMP wind, approx. from CYGNUS
The Power of Directionality

• Diurnal directional oscillation 
 dipole in galactic coordinates

• Can positively identify galactic origin of a 
potential dark matter signal w/ only 3-10 
recoil events (~ 102 -103 x stronger effect 
than annual oscillation)

• Distinguish dark matter and solar 
neutrinos → penetrate neutrino floor

• Neutrino physics
• Ideal case: 3D-vector-direction + energy 

measured for each event
• Fewest events for DM discovery
• Enables Neutrino spectroscopy

12/10/23 Sven Vahsen, CYGNUS 2023 25

arxiv:2102.04596

Directionality: highly beneficial… 
…but experimentally challenging!

https://arxiv.org/abs/2102.04596


Turning the Neutrino Fog into an Opportunity

• Dark matter direct detection experiments 
approaching ‘neutrino fog’
• Irreducible backgrounds from coherent 

elastic neutrino-nucleon scattering,  a.k.a. 
CE𝜐NS

• Solar neutrinos relevant first

• Neutrinos reduce DM sensitivity of 
detectors
• index n, which quantifies sensitivity reduction
• To reduce 𝜎 sensitivity by factor 10, 

need 10n larger exposure

• Directional detectors 
• can separate neutrino and DM signals! 
• n remains <2 even in the neutrino fog
• fog becomes a positive: A source of 

guaranteed signal in DM experiment!

Sven Vahsen, CYGNUS 2023 26

Directional detectors can separate neutrino and WIMP signals, hence are more motivated now than ever before

C. A. J. O'Hare et al., Snowmass White Paper on recoil imaging
O’Hare, PRL 127 (2021)  and

12/10/23

https://arxiv.org/abs/2203.05914


Detector Performance Requirements

(if targeting solar neutrinos and 
m= ~10 GeV Dark Matter)

• Event-level recoil directionality 
• angular resolution ≤ 30 degrees
• excellent head/tail sensitivity

• Rejection of internal electron 
backgrounds 
• by factor >= 105 for 1000 m3 detector

• All of above down to Erecoil ~ 5 keV 

• Energy resolution ~ 10% at 5.9 keV

• Timing resolution ~ 0.5 h
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Sven Vahsen, CYGNUS 2023

# detected WIMP events required to exclude 𝝼-hypothesis at 90% CL 

https://arxiv.org/abs/2102.04596

Assumptions: mχ = 10 GeV, He:SF6 gas 
2712/10/23

Recoil imaging in gas TPCs has performance 
approaching this, hence a main experimental 
approach being pursued

https://arxiv.org/abs/2102.04596


Prototypes and Experiments: CYGNUS

Sven Vahsen, CYGNUS 2023 28

Most gas TPC efforts now collaborating closely as CYGNUS
(not all efforts shown here)12/10/23



Long term CYGNUS Vision: Multi-site Galactic Recoil Observatory
with directional sensitivity to WIMPs and neutrinos

CYGNUS-US
SURF, USA
He:CF4:X
Strip readout

CYGNUS-UK
Boulby, UK
He:SF6

GEM+wire
readout

CYGNUS-KM
Kamioka, Japan
He:SF6(CF4)
Strip readout

CYGNO/INITIUM
Gran Sasso, Italy
HeCF4(SF6)
sCMOS+PMT

readout

CYGNUS-Oz
Stawell, Australia
R&D leading 
to 1-10 m3

CYGNUS-ANDES
New proposal
t.b.d.

Sven Vahsen, CYGNUS 2023 29

https://arxiv.org/abs/2008.12587

12/10/23

https://arxiv.org/abs/2008.12587


Gas TPCs / CYGNUS: Experimental Approach
• Gas Time Projection Chamber

• ~ 1-10 m3 unit cells

• ~ 100-1000 such cells. Flexible form factor.

• Gas mixture 1: 
• SF6:

4He:X, p<=1 atm

• Reduced diffusion via negative Ion drift (SF6 gas)

• Gas mixture 2:
• CF4:

4He:X, p<=1 atm
• Trades diffusion for higher gain

• Fluorine: SD WIMP sensitivity

• Helium target
• SI, low mass WIMP sensitivity
• Longer recoil tracks, extending directionality to 

lower energies

• 3D fiducialization techniques
• SF6 minority carriers

• charge cloud profile

WIMP

E

E

recoil (track)
ionization

SF6:
4He gas

gas vessel

neutron + gamma shielding

central cathode

~5
0

 c
m

Both electronic and optical charge readout being investigated. 
Larger detector would consist of ~1m3 unit-cell TPCs inside a single, large, gas vessel. 

Sven Vahsen, CYGNUS 2023 30
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Comparison of TPC charge readout technologies

Pixel readout extracts the entire directional information left after diffusion (red and yellow curves overlap fully)
Strip readout has almost same performance as pixel readout, but at approx. one order of magnitude lower cost

Helium recoils in 755:5 He:SF6
https://arxiv.org/abs/2008.12587
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Caveats: Quantitative performance depends strongly on gas pressure (density) and analysis algorithm

https://arxiv.org/abs/2008.12587


Result of cost vs performance analysis
Best raw performance –
optimal for precision 
studies of nuclear 
recoils

Best directional WIMP sensitivity 
per unit cost – optimal for large 
detectors!

12/10/23 Sven Vahsen, CYGNUS 2023 32

probably insufficient 
performance for 
CE𝜈NS measurements

https://arxiv.org/abs/2008.12587

CYGNUS
HD

https://arxiv.org/abs/2008.12587


2D Optical Readout and Negative Ion Drift R&D at UNM

• NID-gas doping key to 
cost-effective scaleup
• Lower diffusion →

longer driftlength
• 3D Fiducialization→

background 
reduction

• UNM pioneered use 
of SF6
• Safe
• Spin-dependent 

target

• Key challenge with 
NID is reduced gain
• Solved here with 

glass-GEMs

Sven Vahsen, CYGNUS 2023 3312/10/23
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Low diffusion, high spatial 

resolution enables detailed 

reconstruction of particle’s 

trajectory:

• Head/tail of track

• Initial direction

• Range

• dE/dx (Bragg curve):

D. Loomba, UNM

Directional detection of 5.9 keV electron recoils!

12/10/23



3D single-electron sensitivity: 
Charge Readout via GEMs
and CMOS pixel ASICs
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Single electron efficiency ~1.0

Cosmics

each block: 
50x250x250 μm3

Through-
going alpha 
particle
Gain ~1500

Gain ~ 20kGain ~ 10k

• In high-gain mode, even single electrons of ionization easily detected
• Energy threshold is ~30 eVee, w/ virtually zero noise-occupancy

Fe55- 5.9keVFe55- 5.9keV

12/10/23



Event-level head/tail via Machine Vision: low gain 

Helium recoil tracks detected in a pixel-readout 
time projection chamber at low gain (900). Color 
of voxels indicates ionization density.

36

BEAST pixel-readout TPC 

Jeff Schueler

36Sven Vahsen, CYGNUS 2023

First experimental demonstration of significant event-level head/tail sensitivity below 20 keV
(still at low detector gain!) See talk today by Jeff Schueler.

Measured result is a lower limit, as it will incorrectly identify 
backscattered events

12/10/23



High gain operation: keV scale directionality

3D single electron counting

Sven Vahsen, CYGNUS 2023 37

3D single electron efficiency ~1.0
Have:

Want:

Directionality at  1keV scale

1. Without saturation
2. With negative ion drift +
3. optimized gas (e.g. He:SF6)

In progress 
(subject to change)

[keVee]

Directionality at 3 keVee for p=1 atm might be achievable in current detectors at higher gain. 
In future detectors, planning three improvements, aiming for 1keV recoil directionality.

Experiment

In progress and highly preliminary! 

12/10/23



Personal Outlook 
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𝛼 − particle
~1500 keV

Vision or madness? DUNE-scale gas TPC w/ 30 eV threshold

He-recoils, 0.4-20 keVee

X-ray
conversion
5.9 keV

𝛽-ray 
40 keV

- Prototype data in He:C02 gas @ 1 atm
- Each voxel: ionization density in 50 x 250 x 250 μm3

Spectroscopy of
Astrophysical 
neutrinos

Search for BSM
neutral currents
at 𝜐 sources

Topological
& directional
reconstruction of 
low-energy nuclear 
and electronic 
recoils in gas 
enables new 
experiments

Detect Exotic final states 
(e.g. Migdal effect)

~1 mm

Distinguish dark matter wind
from solar-𝜐→ probe 𝜐 fog

Sven Vahsen (Univ. of Hawaii) for CYGNUS

3912/10/23 Sven Vahsen, CYGNUS 2023

• Already near the fundamental performance limit – single electron counting in 3d – w/ 100 µm spatial resolution

- in small detectors using MPGD amplification and pixel ASIC readout

• A DUNE scale experiment with 30 eV energy threshold would be game changing

- multi-mesh strip micromegas, negative ion drift, and extreme trigger multiplexed readout schemes for cost reduction



CYGNUS: US Program Vision

Sven Vahsen, CYGNUS 2023 40

SNS, Oak Ridge, TN SURF, Lead, SD International, multi-site
1000m3 in the U.S.

Arxiv:2008.12587

• 3 years of R&D to establish electron counting & 1-keV recoil directionality
• Directional BSM search in 1 m3  ν-scattering experiment, aboveground 
• Radio-pure 10 m3 experiment, underground (DM)
• Large-scale, underground observatory (solar neutrinos + DM below neutrino floor)

Directional BSM-search in CEνNS World-leading DM limits
DM search in the neutrino fog!

1 m3

10 m3

12/10/23

time

https://arxiv.org/abs/2008.12587


Final remarks

• CYGNUS workshop has much widened scope this year
• I only scratched the surface on what can be done with directional reccoil detection
• I look forward to hearing your latest developments and new, exciting ideas

• We should get more organized
• R&D collaborations: DRDs (Europe), RDCs (US) now forming. May be an opportunity 

for more blue sky R&D funding for our field
• Even so, it may help us formalize the CYGNUS collaboration further

• To make the case for scale-up
• We need to report clear, practical performance metrics
• The ultimate performance metric is cost/unit-sensitivity

• Shoot for the stars!
• Demonstrate 3d electron counting
• Develop detailed plans for scaling up to DUNE scale: starting with >= 10 m3 designs
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