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What is dark matter? A minimal definition for terrestrial searches 

→ Any massive and non-
relativistic cosmological relic 
that constitutes some or all 
of the halos of galaxies. 

Whatever lives 
here



Some possible signatures of new physics that we could see in the future: 
→ Do any of these constitute a discovery of dark matter under this definition? 

5  detection of missing 
transverse momentum 
in pp collisions 

σ 5  detection of excess 
nuclear recoil events above 
background model

σ 5  detection of an 
annually modulating 
event rate

σ



Some possible signatures of new physics that we could see in the future: 
→ Do any of these constitute a discovery of dark matter under this definition? 

5  detection of missing 
transverse momentum 
in pp collisions 

σ 5  detection of excess 
nuclear recoil events above 
background model

σ 5  detection of an 
annually modulating 
event rate

σ

No: colliders cannot 
determine what the 

dark matter is

No: information in 
recoil energies alone 

does not say their 
source came from the 

galaxy

No: many reasons why 
a count rate would 
modulate annually
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Directionality of the DM flux This is the only generic 
and unambiguous 

terrestrial signature of DM 
that results solely from the 

assumption that we live 
inside a DM halo.



Directionality of the DM flux

Depends on two assumptions 

1. Sun’s galactic velocity points 
towards constellation of 
Cygnus. 

2. Milky Way DM halo does not 
have any substantial net 
motion in galactocentric frame

Expectation is for the flux to peak towards the constellation 
Cygnus with dipole asymmetry of ! = Nfw/Nbw ∼ 25
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Assumption 1: Our velocity vector points towards Cygnus

• Thanks to GRAVITY [2101.12098] and 
PM of Sgr A* [astro-ph/0408107], we 
know our tangential motion with respect 
to central SMBH precisely: 

 

• Radial peculiar motion of Sun is 
 e.g. [1608.00971] 

• This means we know the direction of our 
motion with respect to the galactic centre 
to a precision of <1 degree on the sky.

vT = V2 + W2 = 250 ± 3 km/s

U = 8.3 ± 1 km/s

Not controversial: velocity of Sun relative to galactic centre  known preciselyv = (U, V, W)
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Assumption 2: DM halo is stationary in galactocentric frame

Rotation of the Milky Way DM halo not measured, but there are a few things we can say.

1. In simulations, triaxial DM halos undergo net figure 
rotation with pattern speeds at the level of: 

 

2. MW halo is triaxial and tilted relative to the disk 
[2208.04327], but anomalously fast rotation would 
already be seen to affect stellar streams, e.g. 
[2009.09004] 

3. The MW stellar halo has a slow prograde rotation 
<20 km/s [1703.09230], but there are also 
substantial retrograde subpopulations due to recent 
mergers like Gaia Sausage-Enceladus, Sequoia.

Ωp ∼ 0.15 − 0.6 km s−1 kpc−1 ∼ 9∘ − 35∘ Gyr−1

?



Potential caveats to Assumption 2
• MW has a central stellar bar. Stellar bars are expected to slow down through dynamical friction on 
the DM halo leading to exchange of angular momentum. 

• MW halo is being dragged towards LMC as it falls into our galaxy 
• Both interesting, but unlikely to substantially affect broad expectation for directionality of DM flux

Reconstructed map of MW 
bar using red clump stars 
[1504.01401]
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Simulated dark matter wake from 
rotating stellar bar [2109.10910]

Reflex motion MW halo due 
to LMC [2010.00816]
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There are a few examples where 
directionality is intrinsic to the 
primary DM signal, e.g.  

• CASPEr-gradient 
[2101.01241] 

• Sensor arrays (e.g. 
Windchime) [1903.00492] 

• “MIMPs” in LXe/LAr 
[2304.10931, 2402.08865] 

Most of the time it is not. 

In an ideal world, directionality would be built into the primary 
search strategy for a direct detection experiment

Windchime

CASPEr-gradient

https://windchimeproject.org/


The reason is fairly obvious: it is hard enough as it is just to find DM. Trying to 
tease out a directional signal at the same time is impossible or impractical in 
most cases. 

→ But is this a good enough reason to dismiss the idea of directional detection?

Why aren’t all direct detection experiments direction-sensitive?

I am arguing the answer is no, for 3 main reasons: 
1. Majority of existing and proposed detection strategies are unable to claim that a positive 
signal is the dark matter. 
2. There are irreducible backgrounds in some experiments that could prevent even the initial 
identification of that signal in the first place. 
3. Directionality provides additional information that will allow us to learn about the particle/
astrophysical nature of a signal (i.e. do science with DM rather than just identify it)



Making a discovery claim for wave-like DM (e.g. axions)

• Axion experiments are called ‘haloscopes’ 
for good reason. They can measure the DM 
mass and kinetic energy distribution 
independently, so can check if a putative 
signal is coming from some non-relativistic 
particle with a velocity dispersion consistent 
with our halo.  

• Several haloscopes already build this cross-
check into their discovery pipeline. 

• Directionality manifests as a sidereal 
modulation in the lineshape which would 
require high S/N to see, but no fundamental 
obstacle preventing this from being done.
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Directional detection of particle-like DM
Take ~MeV—TeV dark matter interacting with atoms in some way, main signal will usually be 
recoils with energies O(eV - 100 keV) with directions aligning with incoming DM velocity to some 
extent. The question then becomes finding a medium where those directions are preserved and a 
resulting signature which traces that direction.

mχ
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Directional detection of particle-like DM
Take ~MeV—TeV dark matter interacting with atoms in some way, main signal will usually be 
recoils with energies O(eV - 100 keV) with directions aligning with incoming DM velocity to some 
extent. The question then becomes finding a medium where those directions are preserved and a 
resulting signature which traces that direction.
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DM

Solids: Recoils are physically small (nanoscale), but 
in some materials information can be preserved 

Liquids: Recoils are physically small and 
information about them (e.g. ionisation) is washed 
away by recombination and diffusion 

Gases: Recoils are not microscopic, diffusion much 
lower and controllable through gas pressure

High definition time projection chamberCathode

Time-
projection

x
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Discovering DM through recoil directions

• Assuming backgrounds are isotropic, a 
background-only hypothesis can be excluded at 
3  with O(10) recoil directions and a discovery 
claim made with factor ~few more.  

• The true power is that this can be done non-
parametrically, e.g. test for whether the recoil 
directions are isotropic to exclude the 
background, and test if they align with Cygnus 
to claim discovery

σ

• However, doing this requires that directionality is fully 3-dimensional. If only 2d/1d projections 
of vectors available, or if not measurable at the event level, then this directionality becomes a 
precision effect and requires more detailed modelling of signal.

Nuclear recoil angular distribution



One of the most obvious motivations for pursuing directionality for particle DM is to confront the neutrino 
fog. CEvNS angular distribution due to solar neutrinos is highly anisotropic, and ~isotropic for 
atmospheric neutrinos. Directionality provides the only realistic way to subtract this otherwise irreducible 
background. As of yesterday, neutrinos are no longer “on the horizon”, they are in the room.

Discriminating against neutrinos
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Neutrino fog for directional experiments
There is essentially no neutrino fog for direction-sensitive experiments. Even low levels of 
directionality (e.g. 2D) can fully subtract the solar neutrino background.
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Recoil energies and annual modulation 1D directionality with no Head-Tail 2D directionality with Head-Tail
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Recoil imaging
The DM signal is a dipole, so does not demand extremely fine angular 
resolution. However because the signal is a dipole, distinguishing it from 
isotropic backgrounds requires (ideally) 3D recoil vectors with sense 
information (referred to as “head-tail”).

±

x [cm]°0.2

°0.1
0.0

y
[cm

]
°0.1

0.0

0.1

z
[cm

]

24.9

25.0

Tail

Head

Initial ionisation
After diffusion
True recoil dir.
Straggled recoil dir.

Challenges: 
→ 3D ionisation distribution often cannot be obtained all at once, 
instead a 2D projection is imaged and 3rd projection inferred 
through timing 
→ Head/tail information stored in dE/dx profile, so need to resolve 
ionisation density as well as just the track shape 
→ Straggling, diffusion, and charge amplification all limit how much 
of the initial directionality is preserved. 
→ Nuclear recoils are small. In atmospheric pressure gas, spatial 
resolution of O(100 m ) required for keV-scale recoils from DM 
and neutrinos

μ 3

Ionisation from He recoil in 1 

Atmosphere
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Cygnus

y x

In the detector, directionality manifests as a sidereal daily modulation of the rate 
across its angular coordinates. Events must be time-resolved, otherwise Earth 
rotation washes out this signal.

The importance of time-resolved event-by-event directionality 
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Vahsen, CAJO, Loomba [2102.04596]
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Recoil imaging in solids
• Nuclear emulsions, e.g. NEWSdm 
[2310.06265]

• Image damage tracks in diamond using 
NV centres [2203.06037]

Note: In both cases tracks are lodged in the solid bulk and need to be imaged through some time-intensive microscopy. Earth rotation would 
therefore wash out the directionality if tracks were only collected after the exposure time. Different ways to tackle this include rotating the detector on 
an equatorial mount so tracks are always aligned in galactocentric coordinates, or by time-tagging events using some additional trigger.

See talk by Andrey 
Alexandrov



Directionality in gas (Micro-pattern gaseous detectors, MPGDs)
To fully image 3D ionisation tracks in gas, want to use a time-projection chamber with a finely-
segmented gas avalanche amplification stage and segmented charge/light readouts. High signal-to-
noise reconstruction of tracks with O(100) m -voxel size would be sufficient for DM and neutrino 
detection, but also needs to be implemented at scale, in as high-density gas as possible, and come with 
low-enough backgrounds. 

μ 3

High definition time projection chamberCathode

Time-
projection

E-field
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Segmented readout

Jaegle+ [1901.06657]
3d low-energy neutron-induced Helium recoils



Ultimate goal: CYGNUS “recoil observatory”
CYGNUS-Nm3

Neutron+gamma shielding
Vessel

0.5 m 0.5 m

Drift direction
Read

out

Read
out

Cath
ode

vet
o

vet
o

ve
to

veto

vet
o

vet
o

ve
to

veto

CYGNUS-10 m3 module

Challenges: 
→ Design must be chosen to limit the drift distance as much as possible (>25 cm of diffusion washes out 
~keV-scale tracks), but this raises cost per volume due to expensive readout planes. 
→ Gas choice: e.g. SF6 for negative ion drift or CF4 for electron drift. Adding helium enables atmospheric 
pressure operation without substantially impacting directional performance. 
→ Readout combination: e.g. fully 3D with fast pixel charge readout, or 2D + 1D with optical readout and use 
PMTs to reclaim third direction along drift axis (e.g. CYGNO). 
→ Background reduction for several materials such as kapton, acrylic, camera lenses 
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Experimental activity: Charge readout

3D Pixel readout: event-level Head-Tail recognition 
on He recoils enabled through CNN (Schueler, 
Vahsen)

U. Hawaii: 40l detector “Keiki” being built based on optimised 
readout choice of strip micromegas (Ghrear, Vahsen+ 2024). 
Dedicated machine learning-powered approaches for 
direction-finding and head-tail recognition for low-energy 
nuclear and electron recoil tracks being developed.



Experimental activity: Optical readout

•Talk by David 
Marques 

•Poster by Giorgio 
Dho

(He+CF4)



• Measurement of the Migdal effect (ER 
and NR tracks connected by common 
vertex) 

• Solar neutrino spectroscopy enabled 
through electron/nuclear recoil directions 
(Lisotti, O’Hare+ [2404.03690]) 

• Directional measurement of CEvNS cross-
section (e.g. at neutrino source, 
preliminary investigations ongoing) NR

ER

Beyond dark matter
 [2404.03690]

Expected Migdal  
event topology

Similar technology can be used for…

Talks by 
Timothy 

Marley, Kiseki 
Nakamura

https://arxiv.org/pdf/2404.03690
https://arxiv.org/pdf/2404.03690


CYGNUS Consortium
Workshop in Sydney December 2023, decision was made to unite groups working on gas-
detector development for DM + neutrinos + BSM physics under the “CYGNUS Consortium”. 
Slides from the meeting available here: https://indico.cern.ch/event/1258644/

Talk by Satoshi 
Higashino

•Talk by David Marques 
•Poster by Giorgio Dho

Talk by Alasdair 
McLean

https://indico.cern.ch/event/1258644/


Takeaways

• The anisotropy of the DM flux is the only generic signature of DM that is present for 
essentially all models and is robust against our limited knowledge of the Milky Way halo. 

• Directionality remains one of the only realistic ways a discovery claim on a dark matter signal 
can be made. Very few proposals exploit this fact. 

• For wave-like DM, directional detection can be achieved through phase correlation of 
spatially separated detectors or by measuring the field gradient. 

• For particle-like DM, directionality is best measured by spatially resolving ionisation 
distributions from their recoils through a medium.  

• To be useful for DM they need to be 3D, time-resolved, and measure energy+direction 
independently at the event level. 

• Gas TPCs with highly-segmented MPGDs can achieve this. R&D currently being pursued by 
several groups within the international CYGNUS consortium 



Directional detection of wave-like dark matter

1. Measure field at two spatial points where  
2. Measure gradient of the field 

|x1 − x2 | ≳ 1/mav
∇a ∼ v sin(mat − mav ⋅ x + ϕ)

a(x, t) ⇡
p
2⇢DM

ma
cos (mat�mav · x+ �)
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Directionality stored in spatial oscillations, how to extract it? 

e.g. CASPEr-Gradient

2. e.g.
MADMAX (final stage), mildly 
directionally sensitive, see e.g.  
[1806.05927]

Correlate measurements in two 
spatially separated experiments, 
e.g. [2009.14201]

1.



• Anisotropic scintillators, e.g. ZnWO4 [2002.09482] 
• Polar materials, e.g. GaAs [1807.10291] 
• Graphene [1606.08849] 
• Carbon nanotubes [1706.02487] 
• Superfluid helium [2012.01432, 2306.09726] 
• Biological nanostructures [1206.6809, 2105.11949] 

Some of these are particularly interesting for 
models where DM generates extremely low-
energy/single electron events

Other materials are available…

Recoil
<latexit sha1_base64="Y+0/Qv+SV4CmPetIPvIB7RIlxYE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx6jmAdklzA76SRD5rHMzAphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEwOcSWhaZjl0Eg1ExBza8fh25refQBum5KOdJBAJMpRswCixTgqzUAv8AFQxPu2VK37VnwOvkiAnFZSj0St/hX1FUwHSUk6M6QZ+YqOMaMsoh2kpTA0khI7JELqOSiLARNn85ik+c0ofD5R2JS2eq78nMiKMmYjYdQpiR2bZm4n/ed3UDq6jjMkktSDpYtEg5dgqPAsA95kGavnEEUI1c7diOiKaUOtiKrkQguWXV0mrVg0uqrX7y0r9Jo+jiE7QKTpHAbpCdXSHGqiJKErQM3pFb17qvXjv3seiteDlM8foD7zPH/3Ekac=</latexit>

Incoming particle
<latexit sha1_base64="57MisL+IVsCjlAiw/8qxdnSpCnQ=">AAACA3icbVDLSgMxFM34rPU16k43wSK4kDJTBV0W3eiugn1AZyiZNNOG5jEkGaEMBTf+ihsXirj1J9z5N6btCNp64MLhnHuTe0+UMKqN5305C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoOrsd+8J0pTKe7MMCEhRz1BY4qRsVLH3c8CxeGNwJJT0YPBCUyQMhQzMuq4Ja/sTQDniZ+TEshR67ifQVfilBNhMENat30vMWH2814xSDVJEB6gHmlbKhAnOswmN4zgkVW6MJbKljBwov6eyBDXesgj28mR6etZbyz+57VTE1+EGRVJaojA04/ilEEj4TgQ2KWKYMOGliCsqN0V4j5SCBsbW9GG4M+ePE8albJ/Wq7cnpWql3kcBXAADsEx8ME5qIJrUAN1gMEDeAIv4NV5dJ6dN+d92rrg5DN74A+cj29aK5dW</latexit>

Incoming particle
<latexit sha1_base64="57MisL+IVsCjlAiw/8qxdnSpCnQ=">AAACA3icbVDLSgMxFM34rPU16k43wSK4kDJTBV0W3eiugn1AZyiZNNOG5jEkGaEMBTf+ihsXirj1J9z5N6btCNp64MLhnHuTe0+UMKqN5305C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoOrsd+8J0pTKe7MMCEhRz1BY4qRsVLH3c8CxeGNwJJT0YPBCUyQMhQzMuq4Ja/sTQDniZ+TEshR67ifQVfilBNhMENat30vMWH2814xSDVJEB6gHmlbKhAnOswmN4zgkVW6MJbKljBwov6eyBDXesgj28mR6etZbyz+57VTE1+EGRVJaojA04/ilEEj4TgQ2KWKYMOGliCsqN0V4j5SCBsbW9GG4M+ePE8albJ/Wq7cnpWql3kcBXAADsEx8ME5qIJrUAN1gMEDeAIv4NV5dJ6dN+d92rrg5DN74A+cj29aK5dW</latexit>

Microfluidics
<latexit sha1_base64="qd7361drf4J/xCgYEI/wEp/n6a8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GXRjRuhgn1AG8pkMmmHziPMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feEyaMauN5305pbX1jc6u8XdnZ3ds/cA+POlqmCpM2lkyqXog0YVSQtqGGkV6iCOIhI91wcjPzu49EaSrFg8kSEnA0EjSmGBkrDd1qPlAc3lGsZMxSGlGsp0O35tW9OeAq8QtSAwVaQ/drEEmcciIMZkjrvu8lJsiRMhQzMq0MUk0ShCdoRPqWCsSJDvL58VN4apUIxlLZEgbO1d8TOeJaZzy0nRyZsV72ZuJ/Xj818VWQU5Gkhgi8WBSnDBoJZ0nAiCqCDcssQVhReyvEY6QQNjavig3BX355lXQadf+83ri/qDWvizjK4BicgDPgg0vQBLegBdoAgww8g1fw5jw5L86787FoLTnFTBX8gfP5AxTclQ0=</latexit>

PCRmachine
<latexit sha1_base64="7sEW5uXrCWOfmxjSxy0yIl4L3ok=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkpSBV0Wu3FZxT6gCWUynbRDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM5987ce4KEM6Ud59taWl5ZXVsvbBQ3t7Z3du29/aaKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gmFt4rceqFQsju71KKG+wP2IhYxgbaSufZh5UqB67Q55Z0hgMjDvjLt2ySk7U6BF4uakBDnqXfvL68UkFTTShGOlOq6TaD/DUjPC6bjopYommAxxn3YMjbCgys+m24/RiVF6KIylqUijqfp7IsNCqZEITKfAeqDmvYn4n9dJdXjlZyxKUk0jMvsoTDnSMZpEgXpMUqL5yBBMJDO7IjLAEhNtAiuaENz5kxdJs1J2z8uV24tS9TqPowBHcAyn4MIlVOEG6tAAAo/wDK/wZj1ZL9a79TFrXbLymQP4A+vzBwIplEw=</latexit>

✓in
<latexit sha1_base64="LKVzei7kiuT9mJx/DnzNWdkyxDY=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0mqoMeiF48V7Ac0IWy2m3bp7ibsToQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8KBXcgOt+O2vrG5tb26Wd8u7e/kGlenjUMUmmKWvTRCS6FxHDBFesDRwE66WaERkJ1o3GtzO/+8i04Yl6gEnKAkmGisecErBSWK34MGJAwtzXEnM1Das1t+7OgVeJV5AaKtAKq1/+IKGZZAqoIMb0PTeFICcaOBVsWvYzw1JCx2TI+pYqIpkJ8vnhU3xmlQGOE21LAZ6rvydyIo2ZyMh2SgIjs+zNxP+8fgbxdZBzlWbAFF0sijOBIcGzFPCAa0ZBTCwhVHN7K6YjogkFm1XZhuAtv7xKOo26d1Fv3F/WmjdFHCV0gk7ROfLQFWqiO9RCbURRhp7RK3pznpwX5935WLSuOcXMMfoD5/MH6bqTQA==</latexit>

2105.11949

1807.10291

Dark-PMT/F. Pandolfi

1606.08849

https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012051/meta
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SF6 gas mixture for 
negative-ion drift comes 
with lower diffusion and 
enables high resolution 
reconstruction of tracks. 

SF6 has minority carriers 
with different drift speeds 
enabling fiducialisation 
along the drift direction via 
their arrival times.

D. Loomba (UNM)

Negative ion drift



Gaia skymap of line of sight velocities of stars 
Blue = moving towards us (relatively) 

Red = moving away from us



Gaia skymap of line of sight velocities of stars 
Blue = moving towards us (relatively) 

Red = moving away from us


