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Current status of direct detection: SI WIMP-nucleon cross section
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Monolithic liquid noble 
gas experiments

Low threshold detectors
e.g. cryogenic scintillators 

using semiconductors, 
light gas SPCs
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Why is there a neutrino floor?

Xe: 6 GeV

Ar: 7 GeV

F: 9 GeV

WIMPs
8B neutrinos

→ spectral match 
between DM and solar 
neutrinos
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Nothing mimics dark matter, including solar neutrinos
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Fluorine recoils [8–50 keVr] September 6
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From the detector’s perspective, the galactic dipole 
signature translates to a sidereal daily modulation in angle
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19F, Eth = 1 keVr

Orange region is inaccessible without directional information

Subtracting the neutrino background
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What would you use to detect keV-scale nuclear recoils?

Solid

Liquid

Gas

• High target mass
• Well-established technologies, 
e.g. scintillators

10

Pros Cons

• High target mass
• Readily scalable to large volumes

• Need nm— m resolution to image tracks
• No way to transport track topology to a 

readout
• Highly scrambled by straggling

μ

• Tracks much shorter than diffusion 
scale

• Tracks are at resolvable mm-scale
• Nuclear/Electronic tracks are easily 
distinguishable

• Recoil track imaging in gas TPC has 
been demonstrated since 1990s

• Low target mass



Liquid (Ar/Xe)
Columnar recombination

Solid
Crystal defect spectroscopy

+ other techniques in nano-engineered detectors, e.g. graphene, nanotubes, DNA/biomaterial

[2009.01028]

Many alternative approaches to directional detection not 
taken by Cygnus, but being investigated by others, e.g.



Focus of Cygnus: gas time projection chamber

High definition time projection chamberCathode

Time-
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Segmented readout
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Segmented readout
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Angular performance
Everything gets worse at lower energies:

→ Energy dependence of 
directional performance is 

very important, and needs to 
be the focus now
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Head• Decreasing quenching factor, means recoils 
are harder to detect

• Tracks get shorter → harder to measure 
directions

• Harder to distinguish ER/NRs since tracks 
are short

Electron recoil

Nuclear recoil



0 10 20 30 40 50 60 70 80
Energy [keVr]

0

10

20

30

40

50

60

 A
ng

ul
ar

 re
so

lu
tio

n 
[d

eg
re

es
]

Planar Wire Pad       Strip     
Pixel     Post drift Pre drift 

Example: angular resolution
Dispersion in measured angles relative to initial recoil direction (=1 rad if there is no 
correlation and angles are isotropic)

Simulated charge readout comparison
To realistically discriminate DM and 
neutrinos, need angular resolution 
better than ~30˚



Sensitivity
Fluorine-based fill gases have high proton spin  → naturally good SD-proton limits⟨Sp⟩

Spin dependent (proton)
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Cygnus £ 6 yrs To get below neutrino floor we need:
• Good directional sensitivity
• Low threshold O(1) keVr 
• ~1000 m3 volume

Important note: these limits are true 
discovery limits, i.e. a signal can be 
confirmed as DM

→ comparison of Cygnus limits with 
other experiments undersells its 
potential 
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Modularity is both necessary, and advantageous



Possible underground sites

17

CYGNUS-10 
Boulby, UK 

 CYGNO 
Gran Sasso, Italy 

CYGNUS-OZ 
Stawell, Aus. 

CYGNUS-KM 
Kamioka, Japan 

CYGNUS-HD10 
Lead, South Dakota 

CYGNUS

CYGNUS-Andes 
Chile/Argentina 
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What should the signal look like?
→  a Gaussian peaking towards Cygnus
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•The DM scatters elastically

•The DM velocity distribution is a Gaussian (SHM)

•DM-nucleus matrix element does not depend on velocity

Er =
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Standard prediction based on a few assumptions



Interesting to consider cases where these aren’t true, e.g.

Non-standard DM-nucleus kinematics/interactions,
 → inelastic DM
→ EFT operators with transverse velocity dependence
→ Luminous DM
→ Multi-scatter regime, e.g. superheavy/strongly interacting DM

Non-Gaussian velocity distributions
→ The Gaia Sausage/Enceladus
→ Streams and substructure

DM fluxes from directions other than Cygnus
→ Supernova-produced DM
→ Cosmic ray-upscattered DM
→ Boosted DM



Interesting to consider cases where these aren’t true, e.g.

Non-standard DM-nucleus kinematics/interactions,
 → inelastic DM
→ EFT operators with transverse velocity dependence
→ Luminous DM
→ Multi-scatter regime, e.g. superheavy/strongly interacting DM

Non-Gaussian velocity distributions
→ The Gaia Sausage/Enceladus
→ Streams and substructure

DM fluxes from directions other than Cygnus
→ Supernova-produced DM
→ Cosmic ray-upscattered DM
→ Boosted DM

Exciting prospects: 
These are all challenging for non-
directional experiments to probe 

→ Many opportunities for theoretical 
studies to determine the full physics 

potential of a directional TPC network



Directional neutrino measurements
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Recoil energy+angle spectrum

Beyond 10 m3 scale, start to get sizeable rate of solar neutrinos via electron recoils

Recoil energy spectrum



Could be confirmed directionally, using a small-scale TPC!

General physics: Measurement of the Migdal effect
→ Emission of ~keV electron for very low energy NRs. Important for sub-GeV 
DM searches, but on shaky ground theoretically as it has never been measured

NR

ER



Summary
• Directional TPC network “Cygnus” is an exciting possibility that 

appears increasingly plausible

• Primary physics goals are to set limits beyond the neutrino floor, and to 
provide a convincing confirmation of DM in the event of detection

• Exciting physics case for non-WIMP dark matter, neutrino physics, and 
general physics measurements, all deserving of further exploration now 
that the community is converging on a strategy
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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
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Sites
Size of DRIFT-II(currently at Boulby)

Size of would-be 
CYGNUS-10 m3 module

✦ 1.6 km depth
✦ First underground site in 

Southern Hemisphere

Stawell Underground Physics Laboratory (SUPL)






