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Dark matter, neutrinos, and 
directional detection 

Ciaran O’Hare
University of Sydney
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The dark matter flux on Earth is anisotropic and aligns with the direction of 
galactic rotation

→ What are the ways in which this statement could be false?

1. There is no dark matter around to detect 
2. The dark matter halo is rotating (i.e. no DM wind)
3. There is a DM wind, but it doesn’t align with Cygnus 



Halos for ~GeV scale DM should imply a smooth 
density field around the Earth’s position. We 
know this from measurements of our galaxy, and 
from simulations, but there is a question of scales:
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Halos for ~GeV scale DM should imply a smooth 
density field around the Earth’s position. We 
know this from measurements of our galaxy, and 
from simulations, but there is a question of scales:

10 lig
htyears

• Density = 0.4 GeV/cm  
→ know this from nearby stars ~100 pc away

3

• Length scale probed by an experiment 
operating for 10 years   pc ≈ 10−3

→ The smallest scale we have evidence for a 
nonzero DM density is still ~5 orders of 
magnitude larger than the scale we are probing

1. What if there is no dark matter around to detect? 



Knowledge about the DM density on 
sub-mpc scales is inaccessible to both 
observations and simulations. So the 
DM distribution could well be clumpy 
and we wouldn’t have seen evidence 
for this.
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Knowledge about the DM density on 
sub-mpc scales is inaccessible to both 
observations and simulations. So the 
DM distribution could well be clumpy 
and we wouldn’t have seen evidence 
for this.

1. What if there is no dark matter around to detect? 

→ If we were in between clumps that 
were > mpc apart, a direct detection 
experiment would never work



• This problem is thought to have been 
resolved by this paper from 2010, but 
very few followups using more 
sophisticated simulations.

• This is an open problem that almost no 
one ever talks about. Needless to say it 
would doom all experiments, not just 
directional ones.

arXiv:[1002.3162]

1. What if there is no dark matter around to detect? 
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Anisotropy in DM flux is the ratio of forward-going 
particles to backward-going particles

2. What if the DM halo is rotating?
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f(v)

 DM velocity along Cygnus-axis
CygnusAnti-Cygnus

Rotating DM in 
Galactic frame Lab 

frame
Boost

What if the DM had some net rotation to begin with?

vrot

If rotation speed of DM is comparable to our galactic rotation 
speed then the anisotropy will be reduced 

→ If  km/s there is no DM wind at allvrot = 230



Can the DM halo be rotating?
→ Two possible scenarios

1. Figure rotation aka “tumbling”
Triaxial halos like the MW’s are 
expected to accumulate angular 
momentum via hierarchical formation. 
However, in simulations pattern speeds 
are typically very slow (~1 km/s in the 
inner halo). The figure rotation of the 
MW has not been well-measured yet 
(see e.g. 2110.11490, 2009.09004), so 
cannot be anomalously fast



Can the DM halo be rotating?
→ Two possible scenarios

2. Dark disk
It is possible that some of the dark 
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Enceladus, Sagittarius dwarf) 



Can the DM halo be rotating?
→ Two possible scenarios

2. Dark disk
It is possible that some of the dark 
matter halo collects in a disk-like 
configuration that co-rotates with the 
baryonic disk. However,

• Dark disks forming via merger require very 
specific conditions (see 1605.02770) that are not 
matched by the known MW mergers (e.g. Gaia-
Enceladus, Sagittarius dwarf) 

• A thin dark disk formed via dissipative DM 
self-interactions is constrained to be a sub-
percent fraction of the DM (see e.g. 1808.05603)
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What about a DM-wind away from Cygnus?

The fact that the DM wind aligns with Cygnus is a result of our motion, not the 
DM’s. Our velocity vector through the galaxy is pinned down precisely by Gaia, so to 

get a DM wind pointing away from Cygnus, we need to mess with the halo model



O’Hare+ [1909.04684]

The last significant merger the MW underwent (called Gaia-Enceladus-Sausage) could 
give rise to peak directions of DM recoils off-centre from Cygnus

→ However, the forward-backward anisotropy persists, even in this model
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The dark matter flux on Earth is anisotropic and should align with the 
direction of galactic rotation

vflab(v)

→ Conclusion: this seems to be true, and in fact is probably one of the only robust 
statements we can make about a generic signal of direct DM detection
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(or equivalently, # bg events)

�� = 8B flux
 uncertainty

Background 
saturation

Idea behind the “neutrino floor”
→ Experiment can’t probe cross 
sections smaller than those that 

generate an excess in events 
smaller than estimated 

background fluctuations 
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The full story: neutrino “fog” 
Strictly there is no hard floor, 

recoil energy information 
distinguishes DM/neutrinos 

with high-enough statistics 
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→ Quantify fogginess by looking 
how far the scaling departs from 
the Poissonian expectation:

n = �(d ln�/d lnN)�1
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So  for Poissonian 
background subtraction and 

 for worse than Poissonian

n = 2

n > 2

The full story: neutrino “fog” 
Strictly there is no hard floor, 

recoil energy information 
distinguishes DM/neutrinos 

with high-enough statistics 
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If we want to..
1. Continue the search for DM into the neutrino fog

2. Be able to study both DM and neutrino signals in experiments

Reasons to want that: Athron+ [1705.07935], Beskidt+ [1703.01255], 
Roskowski+ [1411.5214] , Hisano+[1104.0228], Arcadi+[1711.02110], 

Baker+ [1912.02830], Arina+[1912.04008] …

Reasons to want that: Harnik+ [1202.6073], Pospelov+ [1103.3261], Franco+[1510.04196], 
Schumann+[1506.08309], Strigari [1604.00729], Dent+[1612.06350], Chen+[1610.04177], 
Cerdeño+[1604.01025], Dutta+[1901.08876], Lang+[1606.09243], Bertuzzo+[1701.07443], 

Dutta+[1705.00661], Aristizabal Sierra+[1712.09667] …



If we want to..
1. Continue the search for DM into the neutrino fog

2. Be able to study both DM and neutrino signals in experiments

Then, we need a strategy for dealing with the fog
→ directional detection

Reasons to want that: Athron+ [1705.07935], Beskidt+ [1703.01255], 
Roskowski+ [1411.5214] , Hisano+[1104.0228], Arcadi+[1711.02110], 

Baker+ [1912.02830], Arina+[1912.04008] …

Reasons to want that: Harnik+ [1202.6073], Pospelov+ [1103.3261], Franco+[1510.04196], 
Schumann+[1506.08309], Strigari [1604.00729], Dent+[1612.06350], Chen+[1610.04177], 
Cerdeño+[1604.01025], Dutta+[1901.08876], Lang+[1606.09243], Bertuzzo+[1701.07443], 

Dutta+[1705.00661], Aristizabal Sierra+[1712.09667] …
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Subtracting the neutrino background

Vahsen, CAJO, Loomba [2102.04596]
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A different way of seeing directionality: Daily modulation
From the detector’s perspective, the galactic dipole signature translates to a sidereal 

daily modulation in angle → this is also a smoking gun that allows 1d, 2d directionality 
to work, however need to ensure  hr timing resolution≲



The ideal directional detector should have the following characteristics:

Event-by-event: directionality can be measured using a single event, and not just 
inferred from a distribution of events 

Recoils resolved in time: sidereal event times are known so as to cancel off the 
effects of Earth rotation

Recoils imaged directly: recoil directions are fit using the recoils themselves, and 
not inferred via some other observable 

Measure recoil energy: ability to reconstruct direction and energy information 
independently



The ideal directional detector should have the following characteristics:

Event-by-event: directionality can be measured using a single event, and not just 
inferred from a distribution of events 

Recoils resolved in time: sidereal event times are known so as to cancel off the 
effects of Earth rotation

Recoils imaged directly: recoil directions are fit using the recoils themselves, and 
not inferred via some other observable 

Measure recoil energy: ability to reconstruct direction and energy information 
independently

Imposing these requirements we see that real-time recoil imaging is the 
optimal strategy, of which the gas TPC is the only demonstrated example 



Counter example: Indirect directionality via columnar recombination

D
ri

ft

✓
<latexit sha1_base64="UCRbW5+F1hj3DYIftSlmAFwhi1I=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK7T6OOdJBueJW3QXIOvFyUoEczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7lioaceNni2tn5MIqQxLG2pZCslB/T2Q0MmYaBbYzojg2q95c/M/rpRje+JlQSYpcseWiMJUEYzJ/nQyF5gzl1BLKtLC3EjammjK0AZVsCN7qy+ukXat6V9Xafb3SqOdxFOEMzuESPLiGBtxBE1rA4BGe4RXenNh5cd6dj2VrwclnTuEPnM8foQ+PHg==</latexit>

✓
<latexit sha1_base64="UCRbW5+F1hj3DYIftSlmAFwhi1I=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK7T6OOdJBueJW3QXIOvFyUoEczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7lioaceNni2tn5MIqQxLG2pZCslB/T2Q0MmYaBbYzojg2q95c/M/rpRje+JlQSYpcseWiMJUEYzJ/nQyF5gzl1BLKtLC3EjammjK0AZVsCN7qy+ukXat6V9Xafb3SqOdxFOEMzuESPLiGBtxBE1rA4BGe4RXenNh5cd6dj2VrwclnTuEPnM8foQ+PHg==</latexit>

D
ri

ft

✓
<latexit sha1_base64="UCRbW5+F1hj3DYIftSlmAFwhi1I=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2A9oQ9lsN+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1gNOE+xEdKREKRtFK7T6OOdJBueJW3QXIOvFyUoEczUH5qz+MWRpxhUxSY3qem6CfUY2CST4r9VPDE8omdMR7lioaceNni2tn5MIqQxLG2pZCslB/T2Q0MmYaBbYzojg2q95c/M/rpRje+JlQSYpcseWiMJUEYzJ/nQyF5gzl1BLKtLC3EjammjK0AZVsCN7qy+ukXat6V9Xafb3SqOdxFOEMzuESPLiGBtxBE1rA4BGe4RXenNh5cd6dj2VrwclnTuEPnM8foQ+PHg==</latexit>

→ More light 

→ Less ionisation 
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→ Less light 

→ More ionisation 

Small drift angles Large drift angles
→ Possible  directional 
effect where charge/light 
yield in LXe/LAr depends 
on angle of recoil w.r.t. 
electric field

Nygren 2013 J. Phys.: Conf. Ser. 460 012006



1406.4825•Almost certainly 
unobservable in LXe 
(at interesting energies, 
though GXe is a 
possibility)

•Possible hint in LAr. 
ReD collaboration/
DarkSide are 
investigating this

Counter example: Indirect directionality via columnar recombination



Even if the effect were observed in LAr, columnar recombination 
doesn’t seem too promising:

1. One-dimensional signal (only depends on drift angle)
2. No head-tail signature at all 
3. Effect is measured via scintillation/ionisation, so direction and 

recoil energy measurements will be correlated
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O’Hare [2002.07499]

Columnar recombination 
doesn’t help much, even in 
wildly over-optimistic scenario 
→ directionality in LAr seems 
impractical to me. 

Semi-realistic
Optimistic

No effect

Very optimistic
Impossible

Fully directional (e.g. gas TPC)



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
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