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Dark matter and
detection

* Approximately 27% of the universe
* Electromagnetically neutral

* Evidence - gravitational lensing, galaxy
rotation curves, Bullet Cluster, ...

* Detection strategies: collider-based
experiment, indirect, direct

* Direct detection - nuclear recoils
- thresholds above ~1GeV
- quantum dots
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Quantum dots as SanctioncondnctonCondnehe
detectors

. . s see Y
* Semiconductor-like nanocrystals
* Size-dependent electronic properties
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* Multi-exciton generation — coincident - = -

photons

Much lower energy thresholds than
experiments based on nuclear recoils

Potential scalability and financially
convenient production (a) (0) (c)

Relaxation pathways following dark matter interaction — (a) single
photon. (b) multiple coincident photons, (c) Auger recombination



Why asymmetric?

* Spherical QDs —isotropic systems

* Elongated QDs - directional sensitivity

e Scattering rate dependent on DM wind
direction relative to the system orientation

* Additional background suppression
* Two studied elongations
* 1:1.5:1 and 1:2:1

* Both systems consisting of 64 Si atoms
* Surfaces passivated by hydrogen
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Visualization of an 1:1.5:1 elongated QD with 64 Si atoms and
hydrogen surface passivation
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Visualization of a spherical QD with 64 Si atoms and
hydrogen surface passivation
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Visualization of an 1:2:1 elongated QD with 64 Si atoms and
hydrogen surface passivation




Workflow

e Quantum ESPRESSO

* DFT (Density Functional Theory)
* Gives electronic structure from first principles

e QEdark
* Quantum ESPRESSO extension
e Crystalresponse functions W
* C++ postprocessing
* Scattering rates




Scattering rate formula

* Spherical systems — angularly averaged formula
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* Velocity distribution computed explicitly
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Interaction operators
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* Wresponse functions
* 5scalarand 2 vector functions
* Vector functions average out in spherical systems
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 QEdark code alteration
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* Validation of the generalization

* Simulation of spherically symmetric system using the altered QEdark — followed
by integration over all directions
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Core results

e DFT underestimation of
bandgap width
e Diameter determination of the
QD

* Empirical fit

* W material response functions

 Computational complexity -
rapidly scaling with size

* Energy span-Dboth systems
around 6 eV

Highest analyzed conduction level

Lowest conduction level

Highest valance level

Lowest analyzed valance level

Lowest valence level

Bandgap

Energy span determination diagram
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Mass dependency

* Both systems nearly identical
results

* Difference — possibly due to
iIncorrect bandgap correction

Mass dependency for 1:1.5:1 and 1:2:1 QD for short-range operator c;
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Daily time
modulation

* Both systems follow very similar
patterns

 Maximum for all analyzed masses
exceed twice the daily average

* Daily minimum goes nearly to
zero for all masses

* Possible phase shift identified

* Expected - maximum at Oh and
minimum at 12h

* Computed - maximum at 19-20h
and minimum at 7-10h
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Time modulation for 1:2:1 QD of various masses and connected to c,operator
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Angular rate maps

* Clearly non-uniform distribution 02 0 08 08 10 12 14
d?R/dcos(8)dp (kg™ yr1] €
* Directional sensitivity confirmed Angular rate map for 1:2:1 QD at time Oh

* Pattern rotates with time of the day

* Connected to the computed daily
modulation

* Maxima at ¢ =~ +30°and +120°
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Angularrate map for 1:2:1 QD at time 6h
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Angular rate map for 1:2:1 QD at time 12h

Angularrate map for 1:2:1 QD at time 18h
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Summary

Quantum dots offer access to low-energy
transfers

3D generalization of QEdark enables directional
dark matter studies with elongated QDs

Strong daily modulation and angular sensitivity
confirmed for elongated Si QDs

Unexpected phase shift in daily modulation
identified — requires further treatment
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Thank you for your
attention
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