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Directional recoil detection
(for DM,  ν and BSM)

Ciaran O’Hare
University of Sydney



The neutrino fog

Directional dark matter detection

What else can we do?

Partially based on Snowmass white paper [2203.05914] and prior work
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The “neutrino floor” as it’s usually presented

•  ZEPLIN~12 kg

•   XENON100~34 kg

•  XENON1T~1 ton

•  LUX~118 kg CEvNS >
 re

quire
d D

M ev
en

ts

CEvNS <
 re

quire
d D

M ev
en

ts

e.g. for LXe TPCs

• DARWIN ~ 40 ton?

Neu
tri

no floor

Sensitivity to DM cross sections
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Neutrino fluxes relevant for 
dark matter searches 
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Neutrino fluxes relevant for 
dark matter searches 
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CEvNS event rates for Xe target
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Neutrino fluxes relevant for 
dark matter searches 

CEvNS event rates for Xe target



O’Hare [2109.03116]
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The “neutrino fog”
colour encodes how badly 

the neutrino background 
inhibits DM discovery

→ the parameter space is 
not uniformly foggy



How to venture into the neutrino fog:

Several methods, ordered (sort of) in increasing effectiveness

1. Detect a lot of events

2. Use annual modulation

3. Have multiple target nuclei

4. Improve neutrino flux measurements 

5. Use directional detectors
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The dark matter flux on Earth is anisotropic and should align with the 
direction of galactic rotation → a highly characteristic signal that is robust 

against theoretical and astrophysical uncertainties

vflab(v)
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A directional detector should be able to “see through” the neutrino fog

The dark matter flux on Earth is anisotropic and should align with the direction of galactic rotation 
→ a highly characteristic signal that is robust against theoretical and astrophysical uncertainties



A directional detector should be able to “see through” the neutrino fog

The dark matter flux on Earth is anisotropic and should align with the direction of galactic rotation 
→ a highly characteristic signal that is robust against theoretical and astrophysical uncertainties
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How to detect nuclear recoil directions at the keV-scale?



How well do nuclear recoil directions need to be measured?

Some rough benchmarks for dark matter: 
(see review [2102.04596] 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  background)ν



How well do nuclear recoil directions need to be measured?

Some rough benchmarks for dark matter: 
(see review [2102.04596] 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  background)ν

And achieved…
• At the level of individual events 
• In as high a density target as possible (maximise target mass)
• Below <10 keVr (target dependent but usually CEvNS recoils are sub-10-keVr)
• With a timing resolution better than a few hours



What technique to use?

Anisotropic materials Nuclear emulsions
Micro-pattern gas detectors

Columnar recombination

DNA

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

Crystal defects

A lot of directional detector ideas proposed
→ unfortunately many do not meet the performance goals even under the most 
optimistic scenarios imaginable
→ Need complete 3D time-resolved tracks with independent recoil energy 
measurements. Only a subset can do this, daily modulation is not enough.



Directionality in solids

[1604.04199] [2009.01028],[2203.06037] e.g. [1807.10291]

Nuclear emulsions Crystal defects Anisotropic materials

Need to image tracks after exposure, so have to 
figure out some method of reclaiming event time 
information or mitigating against Earth’s rotation

No event-by-event recoil directions. 
Have to use daily modulation as a 

proxy for directionality

Clear advantage: high target density

But:



 TPC + micro-pattern gas detector

High definition time projection chamberCathode
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Segmented readout

1901.06657

In principle could provide high signal-to-noise detection of nuclear and 
electronic recoils with 100 m -voxel sizeμ 3
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Segmented readout

1901.06657

In principle could provide high signal-to-noise detection of nuclear and 
electronic recoils with 100 m -voxel sizeμ 3
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Segmented readout

1901.06657

In principle could provide high signal-to-noise detection of nuclear and 
electronic recoils with 100 m -voxel sizeμ 3



[2008.12587]
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DM sensitivity



CYGNUS/DRIFT (UK)

CYGNUS-HD 40 L (USA)

CYGNO (Italy) CYGNUS-Oz (Australia)

CYGNUS/UNM (USA) CYGNUS/NEWAGE (Japan)



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)
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Cygnus: projected sensitivity
Target gas, volume, and threshold are still under investigation, but there is 
scope for world-leading limits even with a 10 m3  scale experiment (~2025–2030)

Vahsen, CAJO+ [2008.12587]



22

Directionality in MPGDs, beyond nuclear recoils
MPGDs can measure the directions of both electron recoils and nuclear recoils. 

The directionality and track shapes also help distinguish between them
→ Is there other physics we can do?
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CE NS physics case
→ recoil imaging detector in conjunction with neutrino beam could be used to measure CE NS. 

→ Increased background rejection against non-neutrino sources, as well as for searches for BSM interactions
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Being pursued by BDX-DRIFT collaboration [2103.10857] and under discussion 
within CYGNUS collaboration 
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Electron and nuclear recoils

Solar neutrinos can scatter off electrons and nuclei → detectors have both!
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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)



Nuclear recoil

Electron 
recoil

Could be confirmed directionally, using a small-scale optical TPC - 
MIGDAL collaboration exploring this in the UK

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

Migdal 
electron

Light DM



Summary
•The neutrino fog looms.
•Directionality is a smoking gun signature that could be used to most efficiently probe 
further into the neutrino fog, if it can be realised at scale.

•Cygnus is making steady progress towards a competitive network of modular gas time 
projection chambers. Important experimental milestones coming in the next few years.

•3d, time-resolved tracks with head-tail should be the ultimate goal. Any limitations in 
directionality incur a limitation in the distance you can go through the fog.

•Cygnus could potentially one day serve a dual purpose as a DM and neutrino detector, 
with the ability to distinguish the two signals

•Many other exciting applications of recoil imaging spanning dark matter, neutrinos and 
BSM physics



Extra slides



[2203.05914] - Snowmass white paper on recoil imaging
[2102.04596] - a review of directional detection
[2002.07499] - directional detection in Xe/Ar
[2008.12587] - directional detection with gas TPCs
[2105.11949] - directional detection with DNA
[2109.03116] - the neutrino fog

Further reading (of my own papers…)



2102.04596



Timeline for short and long-term developments 
 towards recoil imaging in MPGDs
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Solar neutrinos  
via electron recoils
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Reach neutrino  
floor

DM discovery  
into neutrino fog

Exceed CAST by 
factor xxx

Probe KSVZ at 
xxx eV

Probe  
DFSZ model at xxx eV

Probe some bsm physics to 
XYZ precision

e.g. measure 
Weinberg angle 
to ? precision

xxx xxx



Target gas mixture: 755:5 He+SF6 at 1 atm.

Why SF6?
Negative ion drift mixture: drift ions rather than electrons, results in lower 
diffusion and better track preservation 
Minority charge carriers which can be used to fiducialise the gas volume in the 
drift direction (z)
19F has very high  so sets powerful spin dependent WIMP limits (this is why 
PICO’s SD-p limits are so good)

⟨Sp⟩

Why He?
Light WIMPs still give large recoil energies with He: improves the low mass 
sensitivity 
High quenching factor in gas mixture (>70% above 10 keVr)
Doesn’t significantly impact Fluorine tracks, can be used simultaneously
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• Track lengths for recoils in He+SF6 
at 1 atm:

Electron discrimination

• Electrons have much longer 
tracks than nuclei so can 
discriminate based on this info.

Energy threshold will be based 
on how low this can be 
achieved, probably can do a lot 
better with more sophisticated 
track fit and comparison metric







Sites
Size of DRIFT-II (currently at Boulby)

Size of would-be 
CYGNUS-10 m3 module

✦ 1.6 km depth, still operational gold mine
✦ First underground site in Southern 

Hemisphere
✦ Will host one half of SABRE experiment
✦ Cygnus involvement as part of recently 

formed Centre of Excellence for Dark 
Matter Particle Physics

Stawell Underground Physics Laboratory (SUPL)
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μ-PIC (strip) readout currently looks 
the best in terms of cost vs. directional 
sensitivity  
A closer look at dependence on 
threshold:
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Threshold:
 → 8 keVr definitely feasible with 
simplest electron rejection strategy
→ 3 keVr is probably feasible with 
optimisation of gas, bespoke track 
fitting algorithms
 → 0.25 keVr is theoretical minimum 
(single electron)



Sensitivity (SI)

Important note: these limits are true 
discovery limits, i.e. a signal can be 
confirmed as DM, so comparison of 
Cygnus limits with other 
experiments undersells its potential 

→ Window worst/best case threshold
→ Search mode: 1 atm. of SF6 but no 
directionality (possible way to extend 
high mass sensitivity)
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3D tracking in high density targets?

Nuclear emulsions-based 
directional detector being pursued 
by NEWSdm collaboration 
[1604.04199]



Another idea for a high-density directionality: 
Solid-State Quantum Sensing

Marshall+ [2009.01028]
Ebadi+ [2203.06037]

Nitrogen vacancy centres 
in diamond. Can 
spectroscopically 
interrogate crystal 
damage to detect tracks.

→ need slightly elaborate 
system to reclaim timing 
information



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
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Indirect directionality: anisotropic materials
Use some material with an anisotropic response to a DM signal (e.g. via phonons/light )
→ Detect directionality via daily modulation without needing to reconstruct a track in 3D. 
Could be an approach for very low mass DM-electron scattering
e.g. “Polar materials” Griffin+ [1807.10291]

SapphireGaAs



Indirect directionality: anisotropic materials
Use some material with an anisotropic response to a DM signal (e.g. via phonons/light )
→ Detect directionality via daily modulation without needing to reconstruct a track in 3D. 
Could be an approach for very low mass DM-electron scattering
e.g. “Polar materials” Griffin+ [1807.10291]

Important caveat: hard to do event-by-
event directionality this way
→ Need to use daily modulation

SapphireGaAs
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→ Less light 

→ More ionisation 

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

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

Liquids: columnar recombination



1406.4825
•Possible hint in LAr 

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

Liquids: columnar recombination
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Adding 
directional 
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O’Hare [2002.07499]

Columnar recombination 
doesn’t help much, even in 
wildly over-optimistic scenario 
→ directionality in liquids 
seems unfeasible for now
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•O(10) m3 accesses only pp

•O(100) m3 accesses pp, 7Be, CNO

•O(1000) m3 access all fluxes except hep

The dream: Empirical flux reconstruction
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10 m3 (7 events)
100 m3 (77 events)
1000 m3 (774 events)

Time: 6 years
He:SF6 at 755:5 Torr
Eth = 5 keV

Potentially less in fact. This assumes 755:5 
Torr He:SF6 which is good for ~10 keV NRs 
but >100 keV ERs may be more tolerant of 

higher pressures
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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 of all 
directional detection proposals
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• Decreasing quenching factor, means recoils are 

harder to detect
• Tracks get shorter → harder to measure directions
• Contrast in dE/dx is lower, harder to measure 

head-tail
• All this makes it harder to distinguish ER/NRs, so 

worse background rejection

Electron recoil

Nuclear recoil



Impact of energy/angular resolution on measuring solar neutrino energies

• Perfect reconstruction (for reference purposes)
•“Good” resolution, ,  and        → close to best possible
•“Medium” resolution, ,  and       → optimistic

σ/E ∼ 5 % σθ ∼ 15∘ ϵHT ∼ 0.9
σ/E ∼ 10 % σθ ∼ 30∘ ϵHT ∼ 0.75
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Perfect reconstruction

Anti-Sun Sun

(~best possible from gas sim. 1 atm of 
CF4, quantifying the effects of 
multiple scattering, diffusion, and 
readout resolution)
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Another key issue → background rate

• A directional experiment can tolerate higher 
background, however Solar neutrino sensitivity 
(e.g. accuracy of pp flux reconstruction) crucially 
dependent on size of electron background (which 
is typically large)

• Using pp ER rate as a reference point, competitive 
sensitivity achievable even with background 
~10–100 times higher than # neutrinos

• Electron backgrounds at ~100 keV energies not 
well studied in gas TPCs as they are irrelevant 
for DM, however CYGNO study suggests this is 
still a little too high
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Background rate = Rpp

Solar neutrino spectroscopy

• Assuming optimistic configuration: 
CYGNUS-1000 with a good directional 
sensitivity on ~100 keV ERs, and 
isotropic backgrounds at a similar level 
to the neutrino rate 

→  Potentially complementary to 
experiments like Borexino due to the fact 
that directionality enables reconstruction 
of fluxes that are degenerate with each 
other in recoil energy (e.g. CNO vs pep flux)
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Solar neutrino spectroscopy
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NB: not intending on beating Borexino! These 
measurements will be complementary, and 

(hopefully) in addition to DM detection



More experiments I didn’t have time to mention
CYGNO (various TPC projects) MIMAC (TPC)

ReD/DarkSide 
(columnar recombination in LAr)

Dark-PMT (Carbon nanotubes)

F. Pandolfini



More concepts for light DM directionality

•Graphene, Hochberg+ [1606.08849]
•Superfluid helium, Caputo+ [2012.01432]
•Anisotropic scintillators (ADAMO project)
…



Time-integrated directional detection

Experiments like NEWSdm need to develop 
tracks after exposure
 → rotation of Earth will wash out anisotropy 
unless some Cygnus-tracking is implemented

O’Hare et al. 1708.02959

T. Asada



Neutrino “floors” beyond SI

Newstead et al. 
[1602.05300] 

→ Non-rel. EFT 
operators

 → Not all possible DM-nucleon interactions suffer same saturation by CEvNS background  



Neutrino “floors” beyond SI

Newstead et al. 
[1602.05300] 

→ Non-rel. EFT 
operators

 → Not all possible DM-nucleon interactions suffer same saturation by CEvNS background  

Gelmini et al. 
[1804.01638] 
→ Various DM 

Interaction models



Based on standard assumptions, 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 =
2µ�N

mN
v2 cos2 ✓

f(v) ⇠ exp
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Standard prediction based on a few assumptions



Should the DM velocity distribution be a Gaussian?
→ Evidence of significant merger in the MW’s history

The Gaia Sausage

See e.g. Helmi et al. 1806.06038, O’Hare et al., 1810.11468,  Necib et al. 1810.12301 



Should the DM velocity distribution be a Gaussian?
→ Evidence of significant merger in the MW’s history

The Gaia Sausage

See e.g. Helmi et al. 1806.06038, O’Hare et al., 1810.11468,  Necib et al. 1810.12301 
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O’Hare+ [1909.04684]

The Gaia Sausage gives rise to peaks off center from Cygnus 

°60±

°30±

0±

+30±

+60±

S
H

M
+

+

1 ° 5 keV

°60±

°30±

0±

+30±

+60±

5 ° 10 keV

°60±

°30±

0±

+30±

+60±

10 ° 20 keV

°60±

°30±

0±

+30±

+60±

9
0
%

S
H

M
+

+

1
0
%

S
h
a
rd

s

1 ° 5 keV

°60±

°30±

0±

+30±

+60±

5 ° 10 keV

°60±

°30±

0±

+30±

+60±

10 ° 20 keV

°60±

°30±

0±

+30±

+60±

1
0
0
%

S
h
a
rd

s

1 ° 5 keV

°60±

°30±

0±

+30±

+60±

5 ° 10 keV

°60±

°30±

0±

+30±

+60±

10 ° 20 keV

0.0001 0.2125 0.4250 0.6375

d2R
dErd≠r

[ton°1 year°1 keV°1 sr°1]

Distribution for 5-10 keVr Fluorine recoils with a 100 GeV WIMP
Halo model = SHM + Sausage



Non-relativistic EFT of 
DM-nucleus interaction

   Allows for operators (e.g. O5, O7) 
dependent on transverse velocity:                          

→ Non-Gaussian angular distributions 

Kavanagh [1505.07406]



DNA detector?

1206.6809



DNA-based particle detector?

Step 1: acquire some double or single-stranded nucleic 
acids, each with a known sequences of bases

Step 2: Attach them in a regular pattern to a thin 
substrate made of a high density material

Step 3: Attach a paramagnetic bead to each strand

Step 4: Particles come in and break a sequence of bases

Step 5: Broken strand segments fall down

Step 6: System of microfluidics transports the strand 
segments to a PCR machine which amplifies them and 
the original (x,y,z) positions are reconstructed
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DNA-based particle detector?
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Step 1: acquire some double or single-stranded nucleic 
acids, each with a known sequences of bases

Step 2: Attach them in a regular pattern to a thin 
substrate made of a high density material

Step 3: Attach a paramagnetic bead to each strand

Step 4: Particles come in and break a sequence of bases

Step 5: Broken strand segments fall down

Step 6: System of microfluidics transports the strand 
segments to a PCR machine which amplifies them and 
the original (x,y,z) positions are reconstructed



DNA-based particle detector?

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>

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

Step 1: acquire some double or single-stranded nucleic 
acids, each with a known sequences of bases

Step 2: Attach them in a regular pattern to a thin 
substrate made of a high density material

Step 3: Attach a paramagnetic bead to each strand

Step 4: Particles come in and break a sequence of bases

Step 5: Broken strand segments fall down

Step 6: System of microfluidics transports the strand 
segments to a PCR machine which amplifies them and 
the original (x,y,z) positions are reconstructed



DNA-based particle detector?

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>

Step 1: acquire some double or single-stranded nucleic 
acids, each with a known sequences of bases

Step 2: Attach them in a regular pattern to a thin 
substrate made of a high density material

Step 3: Attach a paramagnetic bead to each strand

Step 4: Particles come in and break a sequence of bases

Step 5: Broken strand segments fall down

Step 6: System of microfluidics transports the strand 
segments to a PCR machine which amplifies them and 
the original (x,y,z) positions are reconstructed



DNA-based particle detector?

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>How crazy is it?

Putting aside the obvious 
experimental challenge, there is a 
clear advantage in the context of 
directional detection
 → No diffusion and no nanoscale 
interrogation required



�x
<latexit sha1_base64="5mgUJ2IU7HOzd8OwPkSj+PAQQEY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXiMYB6QLGF2MkmGzM6uM71iWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqHscx90M6UKIvGEUrtTo3XCIlT91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9n907IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItPnSU9ozlCOLaFMC3srYUOqKUMbUcGG4C2+vEwalbJ3Vq7cnZeqV1kceTiCYzgFDy6gCrdQgzowkPAMr/DmPDgvzrvzMW/NOdnMIfyB8/kDltOPrA==</latexit>

t
<latexit sha1_base64="btWuKJH9/rrCxCKL5tGKBdwWU5A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4XeM/A==</latexit>

Adenine bases

r = 0.5 nm

Sugar phosphate

�z = 0.34 nm
<latexit sha1_base64="a1sUZ5m35s9M/d9/rtHS0jGtJIY="></latexit>

Adenine bases

r = 0.5 nm

Sugar phosphate

�z = 0.34 nm
<latexit sha1_base64="a1sUZ5m35s9M/d9/rtHS0jGtJIY="></latexit>

r2
<latexit sha1_base64="qRYq8+LBOBKrAYqfcugvOTPcEds=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAFXo2f</latexit>
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Idea: Lets make a crude 
model of the detector 
which roughly captures 
the geometry and 
material content and use 
Geant4 to simulate 
particle tracks
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Main conclusions from the m3 unit simulationμ

• Track directions well-preserved. Around 
25˚ angular res. for initial recoil direction

• Particle ID and energy reconstruction not 
really possible, need to look at tracks over 
many units and measure dE/dx
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• Need to find a good purpose for 
the idea…
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Experimental side

• Detector construction →                
DNA-origamists can make practically 
anything

• PCR machines → cheap, commercially 
available, portable, and fast.

• DNA-substrate attachment → 
standard protocols (looking at this in 
the lab right now!)

• Main challenge → stability of detector 
and ensuring strands are collected, 
maybe a total rethink of design is in 
order (DNA-based harddrive?)
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https://iopscience.iop.org/article/10.1088/1478-3975/12/4/046011

Attachment of 
paramagnetic beads 
to the DNA strands

https://iopscience.iop.org/article/10.1088/1478-3975/12/4/046011
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discovery limits
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This should not be surprising, HEP experiments deal with backgrounds 
orders of magnitude larger than their signals all the time. We are in an 

era where DM experiments are no longer “background free”.



→ Instead of a “floor” beyond which experiments cannot reach, there is a 
“fog” that makes identifying a DM signal more challenging and demands 

that we understand our background better.

This should not be surprising, HEP experiments deal with backgrounds 
orders of magnitude larger than their signals all the time. We are in an 

era where DM experiments are no longer “background free”.
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The neutrino fog
There is no “floor”, but we can give 
the fog a boundary by looking at 
where the scaling departs from the 
Poissonian expectation

�� = 8B flux
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Define:

So  for Poissonian 
background subtraction and 

 for worse than 
Poissonian

n = 2

n > 2



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] …
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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 strategies for dealing with the fog

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