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Searching for dark particles across disciplines
Ciaran O’Hare



Symmetry magazine



Symmetry magazine

+ dark matter?
+ dark energy?
+ Supersymmetric particles?
+ Right-handed neutrinos?
+ an inflaton?
+ an axion?



Dark matter



~100 pc

Affects
 nearby 

stars

~kpc

Dominates 
dwarf 

galaxies

~100 kpc

Supports
 galaxy

 rotation

~Mpc

Fills
 galaxy 
clusters

>Gpc

Seeds
large scale 
structure

Evidence for dark matter across all length scales and across cosmic time



Why is dark matter a problem for physics?

It is actually an incredibly elegant solution
→ you can explain the dynamics of 

structures across the Universe if you just 
make ~85% of all mass invisible 

For describing astrophysical systems “dark 
matter” is just a label given to a set of observations



Why is dark matter a problem for physics?

It is actually an incredibly elegant solution
→ you can explain the dynamics of 

structures across the Universe if you just 
make ~85% of all mass invisible 

The problem lies with particle physics 
we have no fundamental explanation for 
what the identity of dark matter is, how 
it was created, or how it connects to the 

Standard Model

For describing astrophysical systems “dark 
matter” is just a label given to a set of observations
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 Sector

Only 1 of these particles needs to be: 
- Massive
- Electrically neutral
- Cosmologically stable
- Non-relativistic
- Produced in large quantities in the 

early universe
Fifth

 

force Dark matter



Dark
 matter

Dark mediator

Dark
 Sector

Only 1 of these particles needs to be: 
- Massive
- Electrically neutral
- Cosmologically stable
- Non-relativistic
- Produced in large quantities in the 

early universe
Fifth

 

force Dark matter
But, we know for sure that they 
cannot interact strongly



CMS

ATLAS
LHCb

ALICE

No new heavy particles for the time being…
Could there be particles these experiments missed?



Beyond colliders: extremely light, feebly-coupled particles 

g ∼
1

Λn

Many new hypothetical particles associated with some new physics at a very high 
energy scale , their low-energy couplings to the Standard Model will be 

suppressed by that energy scale
Λ

→ By testing for very feeble interactions, indirectly we are able to access 
physics at high energies, potentially well above the collider scale



How to search for particles with tiny couplings
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Sample a lot of 
particles

Measure numbers 
very precisely
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How to search for particles with tiny couplings

Sample a lot of 
particles

Measure numbers 
very precisely

Precision tests 
of QED

Rare processes

Tiny 
microscopic 

forces

Astrophysical 
environments

Dark 
matter

High intensity collider 
experiments

The axion



What is the electric dipole moment of the neutron?
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What is the electric dipole moment of the neutron?
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Put some spin-
polarised neutrons 

in E, B fields

dn ⇠ e fm
<latexit sha1_base64="Xo/3u5QX+eiCvPYUr3A7ZgXR2Cw=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAIHiTsRkGPQS8eI5gHZMMyO9ubDJmZXWZmhbAE/BUvHhTx6nd482+cPA6aWNBQVHXT3RWmnGnjut9OYWV1bX2juFna2t7Z3SvvH7R0kikKTZrwRHVCooEzCU3DDIdOqoCIkEM7HN5O/PYjKM0S+WBGKfQE6UsWM0qMlYLyURRI7GsmMPjnOPeVwLEYB+WKW3WnwMvEm5MKmqMRlL/8KKGZAGkoJ1p3PTc1vZwowyiHccnPNKSEDkkfupZKIkD38un5Y3xqlQjHibIlDZ6qvydyIrQeidB2CmIGetGbiP953czE172cyTQzIOlsUZxxbBI8yQJHTAE1fGQJoYrZWzEdEEWosYmVbAje4svLpFWrehfV2v1lpX4zj6OIjtEJOkMeukJ1dIcaqIkoytEzekVvzpPz4rw7H7PWgjOfOUR/4Hz+AOBclMo=</latexit>



What is the electric dipole moment of the neutron?
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Put some spin-
polarised neutrons 

in E, B fields

Measure spin 
precession 
frequencies

⌫± = 2|µnB ± dnE|
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dn = (2.4± 1.0)✓ ⇥ 10�3e fm
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Recent measurement [2001.11966]

G. Pignol

|dn| < 1.8⇥ 10�26 e cm (90% CL)

What do they see?

) ✓ . 10�10
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Recent measurement [2001.11966]

Conclusion: The strong interaction seems to be 
conserving CP when it generically shouldn’t

→ The strong CP problemG. Pignol

|dn| < 1.8⇥ 10�26 e cm (90% CL)

What do they see?

) ✓ . 10�10
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π 2π−π−2π

Λ4
QCD

E(θ)

θ

The solution is closer than it seems…
→ The problem is that  is simply a parameter that we cannot change but if it were 

dynamical it would be able to relax to its energy minimising configuration
θ



π 2π−π−2π

Λ4
QCD

E(θ)

Solution of Peccei & Quinn: what if this could happen?

θ

The solution is closer than it seems…
→ The problem is that  is simply a parameter that we cannot change but if it were 

dynamical it would be able to relax to its energy minimising configuration
θ



Interpret this energy as the potential of a new particle: the axion

π 2π−π−2π

Λ4
QCD

E(a/fa)
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✓
109GeV

fa

◆
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a
fa

Created at some very high energy scale, fa

Very light mass Suppressed couplings
(e.g. to the photon)

ga� ' ↵

2⇡fa
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Axion can couple to photons, electrons, …

Where could these processes be happening?



Stars contain a lot of ions, and a lot of photons
→ Stellar plasmas should be factories for particles 
with masses smaller than their core temperatures 

1-100 keV ma ≲

d γ

γ Axions emitted by stars,
 Axions cooling stars

axion
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Emission of axions influences stellar evolution 
Capozzi & Raffelt [2007.03694]

→ Emission of low mass particles provides 
additional cooling to the helium core, thereby 
delaying the onset of helium burning and 
allowing a brighter tip of the red giant branch 
(TRGB)

→ Gaia-based distance determination 
substantially reduced observational errors, now 
uncertainty dominated by theoretical 
uncertainties 



Axion-Photon coupling Axion-electron coupling
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Photon-axion conversion probability 
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Astrophysics has a lot to contribute to the search for new particles

In particular improved understanding of environments like stellar 
interiors, and the magnetic fields of galaxies and clusters, will help 
greatly in bounding the dauntingly large parameter spaces we have 

to search over… and potentially find something unexpected



How to search for particles with tiny couplings

Sample a lot of 
particles

Measure numbers 
very precisely

Precision 
tests of QED

Rare nuclear 
decays

Tiny 
microscopic 

forces

Astrophysical 
environments Dark 

matter

High intensity collider 
experiments (beam dump)



How to search for particles with tiny couplings

Sample a lot of 
particles

Measure numbers 
very precisely

Precision 
tests of QED

Rare nuclear 
decays

Tiny 
microscopic 

forces

Astrophysical 
environments Dark 

matter

High intensity collider 
experiments (beam dump)



~100 pc

Affects
 nearby 

stars

~kpc

Dominates 
dwarf 

galaxies

~100 kpc

Supports
 galaxy

 rotation

~Mpc

Fills
 galaxy 
clusters

>Gpc

Seeds
large scale 
structure

Evidence for dark matter



Local density of dark matter (i.e. in this room!)

~100 pc ~kpc ~100 kpc ~Mpc >Gpc
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htyears

⇢dm ⇡ 0.4GeV/cm3

⇡ 0.01M�/pc
3

⇡ 2 protons/teaspoon

⇡ 1 sand grain/Sydney harbour

⇡ 1 cockatoo/Earth

⇡ 1 asteroid/Solar System
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“Wave like dark matter”
Extremely light dark matter 
particles will behave collectively 
like an oscillating and 
undulating classical field

a(x, t) ⇡
p
2⇢a
ma

cos (!t� p · x+ ↵)

! ⇡ ma

Oscillating at the 
DM mass
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Frequency

FFT

Frequency 
~ DM mass

Width ~ DM speed 
distribution

But… If we try to convert the DM oscillations inside a device which has a resonance 
at the same frequency then we can get resonant amplification of the power output

→ “Haloscope” 

...Still need to overcome the extremely interaction strength

L ∼
h

mDMc
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Even in the zero-temperature case there is irreducible quantum noise 
that is now actually limiting the sensitivity of dark matter searches.

Noise temperature

kBTN = hv
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How to beat the Standard Quantum Limit (SQL)

Signal ~ X sin(ωt) + Y cos(ωt) ΔXΔY >
1
2

Quantum squeezing
e.g. HAYSTAC [2008.01853]

Single photon sensors
e.g. Qubits [2008.12231]

SNSPDs [2111.12103]



So far only discussed very light feebly interacting 
particles, what about more massive things?
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eVμ keV MeV GeV TeV 106 M⊙eVpeV M⊙M⊕kgneV meVfeVaeVzeV

  
de Broglie wavelength must fit 
inside dwarf galaxies ~ 100 pc

m ≳ 10−21 eV

Possible mass range only 
bounded by ~75 orders of 
magnitude, but it’s a start

 
Must fill dwarf galaxies

m ≲ 106M⊙



Wave-like
(Must be bosonic)
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Particle-like

Discrete particles 
occasionally colliding with 

each other or other stuff

Continuously oscillating 
and fluctuating field that 
can couple to other fields 

(e.g. the electromagnetic one)
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Object-like
(e.g. black holes)

Very sparse population of 
heavy bodies exerting 
distant gravitational 

interactions

Types of dark matter
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Wave-like
(Must be bosonic)
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Particle-like

Discrete particles 
occasionally colliding with 

each other or other stuff

Continuously oscillating 
and fluctuating field that 
can couple to other fields 

(e.g. the electromagnetic one)
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Object-like
(e.g. black holes)

Very sparse population of 
heavy bodies exerting 
distant gravitational 

interactions

Types of dark matter
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keV MeV GeV TeV

Particle-like dark matter
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and  km/s
from astrophysics

ρ ∼ 0.3 −3

v ∼ 300



keV MeV GeV TeV

Particle-like dark matter
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and  km/s
from astrophysics

ρ ∼ 0.3 −3

v ∼ 300

High number density, but low 
energy deposits

→ need to be sensitive to low-
energy signals



keV MeV GeV TeV

Particle-like dark matter
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" We know  GeV cm  

and  km/s
from astrophysics

ρ ∼ 0.3 −3

v ∼ 300

High number density, but low 
energy deposits

→ need to be sensitive to low-
energy signals

Energetic recoils (>keV) but very 
low number density

→ need to have huge detectors

Er =
2µ�N

mN
v2 cos2 ✓



Emphasis on low-energy
→ electronic recoils
→ collective excitations

Emphasis on big
→ large detector bulk of heavy material

keV MeV GeV TeV

Particle-like dark matter
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Is this what a “discovery” of dark matter could look like

XENON1T [2006.09721]



Is this what a “discovery” of dark matter could look like

XENON1T [2006.09721]



How do we make sure we 
can really discover DM 

interactions, and are not 
just on the road to seeing 

an anomaly we cannot 
explain?

Is this what a “discovery” of dark matter could look like

XENON1T [2006.09721]



Directional detection



Dec

Jun

Cygnus

Directional detection



CYGNUS



CYGNUS



Er =
2µ�N

mN
v2 cos2 ✓

Lx

Ly



What material do you need to do directional detection of 
particle interactions?

Liquid → particle tracks typically shorter (~10-100 nm) than the 
diffusion scale in the detector so are washed out almost straight away



What material do you need to do directional detection of 
particle interactions?

Liquid → particle tracks typically shorter (~10-100 nm) than the 
diffusion scale in the detector so are washed out almost straight away

Gas → tracks typically longer than diffusion scale, so this can work as 
long you can image ionisation at a high-enough resolution



What material do you need to do directional detection of 
particle interactions?

Liquid → particle tracks typically shorter (~10-100 nm) than the 
diffusion scale in the detector so are washed out almost straight away

Gas → tracks typically longer than diffusion scale, so this can work as 
long you can image ionisation at a high-enough resolution

Solid → tracks tiny (~nm) in size but do not diffuse. Can work as long 
as you can do nanoscale imaging of the interior of a solid material



Directionality in solids Directionality in gases
2102.045962203.06037

High definition time projection chamberCathode

Time-
projection

E-field
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<latexit sha1_base64="2nJGzzoVtZOM+N/8kUwooO4SuzA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXQbde+q3nho1lq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gABCI42</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

z
<latexit sha1_base64="VLEo6VgUnu2TnOxoOkqsMPXvyTo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOqPjQI=</latexit>

Segmented readout



What material do you need to do directional detection of 
particle interactions?

Liquid → particle tracks typically shorter (~10 nm) than the diffusion 
scale in the detector (micron) so are washed out almost straight away

Gas → tracks typically longer than diffusion scale, works as long as you 
don’t allow them to diffuse much and can image ionisation at a high-
enough resolution

Solid → tracks ~nm in size but do not diffuse. Can work as long as you 
can do nanoscale imaging of the interior of a solid material



What material do you need to do directional detection of 
particle interactions?

Liquid → particle tracks typically shorter (~10 nm) than the diffusion 
scale in the detector (micron) so are washed out almost straight away

Gas → tracks typically longer than diffusion scale, works as long as you 
don’t allow them to diffuse much and can image ionisation at a high-
enough resolution

Solid → tracks ~nm in size but do not diffuse. Can work as long as you 
can do nanoscale imaging of the interior of a solid material

Nanoscale information storage?



DNA detector?
2105.11949



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?

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>

✓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
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Putting aside the obvious 
experimental challenge, there is a 
clear advantage in the context of 
directional detection
 → No diffusion and no nanoscale 
imaging required
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→ Conclusion: recoils >10 keV 
leave identifiable particle tracks,

Now need to build components of 
the detector in the lab



Summary

Astrophysics: High energy environments like stellar interiors are potentially factories for 
new feebly-coupled particles. Astrophysical arguments are essential for bounding the 
parameter spaces we have to search across
Quantum sensors: new techniques such as single photon counting are needed to improve 
searches for new light fields by helping us to beat the fundamental quantum noise limit. 
Solid state physics/nanoscience: novel materials are needed that can detect extremely low-
energy interactions below the band-gaps of semiconductors, e.g. via collective excitations
Biophysics: is there the possibility to use advances in biotechnology to create a new type of 
particle detector?

Many exciting for different fields to contribute to fundamental physics 
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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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• Detector construction →                
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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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Experimental side



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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→ Depends on size of Compton wavelength  relative to 
the size of some instrument, say (metres)

(1/ma)
𝒪

What kind of experiment do we need to measure this?



Haloscope strategies
< eV: Compton wavelength long relative to experiment. DC magnetic field 
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Haloscope strategies
< eV: Compton wavelength long relative to experiment. DC magnetic field 
induces oscillating magnetic field
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~1-100 eV: Compton wavelength similar scale to experiment. Axion sources 
oscillating E&M-fields → couple to an EM mode inside a cavity
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eV: Compton wavelength short relative to experiment. Axion 
generates radiation → arrange experiment to have constructive interference
≳ 100 μ
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Sensitivity with future telescopes
 e.g. ATHENA, Lynx
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Cosmology: Primarily constraining thermally produced 
ALPs, which can then decay into two photons

•BBN/Neff: ALP decays can alter element abundances 
and contribute to  [2002.08370]

•Ionisation fraction: ALP decays can ionise neutral 
hydrogen [1110.2895]

•EBL: photon line at  in the extragalactic 
background light [1110.2895]

•X-ray: photon line in X-ray data [1110.2895]
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Supernova 1987A: Production of 
~MeV ALPs would have altered the 
neutrino and -ray emission 
[2109.03244]
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Supernova 1987A: Production of 
~MeV ALPs would have altered the 
neutrino and -ray emission 
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γ

Telescopes: Dark matter ALPs 
inside galaxy halos, decaying into 
photons. eV ALPs → optical
 [astro-ph/0611502], [2009.01310]


