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Gravitational Evidence for Dark Matter

e Rotation Curve
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Theoretical Motivation

| Wave-like Particle-like | Macroscopic |
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rimordial BH, etc

Dark matter is non-baryonic, stable, cold, and
e PBHs form due to the gravitational collapse of overdensities

e Lifetime of PBHs can be longer than the age of the Universe
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e PBHs can be non-relativistic

10

PBHs are expected to only interact gravitationally
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https://github.com/bradkav/PBHbounds.




Hawking Radiation

Hawking Radiation

At the event horizon of a black hole, quantum
fluctuations can create particle-antiparticle pairs
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The differential neutrino flux can be separated into the galactic and extragalactic
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Constraints on PBHs by Neutrino Fluxes Upper limits

PBHs evaporation as a function of energy with freH

monochromatic mass distribution and 0 spin.
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The Sensitivity Floor for Primordial Black Holes Neutrino

® Since the DSNB is unavoidable, it is difficult
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for neutrino detectors to detect the PBH DM :
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Inverse Beta Decay Directionality

e \Water Cherenkov Detectors

Super-Kamiokande

No directionality before because positrons
direction is mostly isotropic

Adding Gadolinium make it possible

e ~49,000 barns for Gd (30pus for
capture with ~8MeV gamma cascade)

e 0.3 barns for H (200us for capture with
a 2.2MeV gamma ray)




KINEMATICS OF INVERSE BETA DECAY

E, Mp Fy E,
Eycosg | | O | _ | pncost| | pe
E,sin¢ 0 Py Sin 0 0

0 0 0 0

Five equations (2D):
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the momenta p., p,, particle energies F,, E., E,, and the two angles 6 and ¢



Geant4 Simulation for Neutron Capture Positions
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Neutron capture positions in Gd-loaded water 20 MeV (left), 50 MeV (middle) and 80 MeV (right)
neutron momenta are emitted along the x-axis

Some neutron directionality remains even after diffusion (3D)

The asymmetry is larger for larger neutron momentum
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Vertex Resolution

If the vertex resolution >>
neutron capture distance —> No

direction!
(T;/ n(E,, pn, my)
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Neutrino Direction Resolution (cos y)

Neutron Capture Information in Improving IBD Angular
Resolution
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Vertex resolution l —> reconstruction l

Neutron diffusion in water makes it impossible to reconstruct at the event-by-event level
but possible to statistically infer the direction of the neutrinos using multiple events
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Conclusion

In the first study, we present the first estimate of the neutrino sensitivity floor for
primordial black hole dark matter.

It is generally believed that the IBD events carry no directional information within
a water Cherenkov detector. In the second study, we introduce a novel method to
improve the reconstruction of neutrino direction by combining information from
both the positron and the neutron capture position.

This improved directional information is important for supernova pointing
applications, enabling early detection capabilities and is also invaluable in the
search for dark matter.



Research Plan

1. Fundamental analysis of commissioning data.

2. Developing and optimizing inverse beta decay neutrino direction
reconstruction in JUNO.

3. Using neutrino direction reconstruction for supernova pointing.

4. Investigating the detection of the diffuse supernova neutrino background.

5. Utilizing JUNO to search for signatures of boosted dark matter.



IBD Neutrino Direction Reconstruction

e Simulations in Geant4: Simulating the neutron
diffusion in liquid scintillator environment.
e Reconstruction Methodology:
o Try to distinguish the Cherenkov light from
scintillator light.
o Evaluate the impact of detector performance
o Explore the use of machine learning to
enhance the reconstruction.
e Physics Applications: supernova pointing, and
dark matter.

Hui-Ling Li et al., 2020

Mainak Mukhopadhyay et al., 2020



Supernova Pointing

e Neutrino fluxes and the expected
visible energy spectra for different
model

e The pointing ability by analyzing the
IBD events
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Searching for the Diffuse Supernova Neutrino Background

The DSNB is a faint flux of neutrinos from all past supernovae in the universe. JUNO’s
sensitivity to DSNB will complement searches at other detectors:
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Boosted Dark Matter in JUNO

Remaining Carbon Nucleus

e Signal Characteristics
e Background Rejection
e Parameter Space Exploration

Initial BDM direction

I

Carbon Nucleus

(v>> 10 =¢) _‘ i ;

CR (E) Boosted DM could trigger neutrino
(v~ 10 “e detectors, and possibly leave a

CR (E'<E) directional signature.
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Work Experience:

Research Assistant in Dmitry Budker Group - Helmholtz Institute, Johannes Gutenberg University, Mainz (February 2020- December 2020)
Teaching Assistant in The Chinese University of Hong Kong (August 2021 — July 2024)

Lectures:

Topics in Theoretical Physics (Astroparticle Physics) (57 42 2148 )

Engineering Physics: Mechanics and Thermodynamics (A4 {RF2)

Astronomy (AR}ERFE)

Other Experience:
Master Project about selecting tiny Higgs signal from a huge background, ‘from simple cuts to modern machine learning techniques’, directed
by Dr. Christian Schmitt (TEAP, JGU, August 2019)

Attend a workshop on dark matter physics in the Department of Physics and Astronomy at University of California, Riverside (April 2023)

Visit and join a symposium discussing Dark Matter related research topics in the University of California, Irvine, Department of Physics (April
2023)

Oral presentation in the APS April Meeting 2023, Minneapolis (April 2023)
Oral presentation in the 29th International Workshop on Weak Interactions and Neutrinos (WIN 2023), Sun Yat-sen University (July 2023)
Give a lecture on 'Standard Model of Particle Physics' to postgraduate students at The Chinese University of Hong Kong (October 5, 2023)

Oral presentation in the Scientific Committee of the International Symposium on Cosmology and Particle Astrophysics at the Chinese
University of Hong Kong (November 2023)

Give a lecture on "Astrophysics Il (Dark matter & astroparticles)" in SURIP Summer School 2024 (May 23™ 2024)

Give a talk on " Dark Matter Indirect Detections via Neutrinos" in Institute of High Energy Physics, Chinese Academy of Sciences (December
251 2024)
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Current Upper Bounds on PBHs
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PBHs alone cannot account for the entirety
of DM up to masses of 6.4 x 10*15 g.

This has an enhancement of 20% compared
to the previous upper limits.

Neutrino searches are robust with respect to
DM density profiles due to the all-sky nature
of the search.

Completely different systematics associated
with propagation of electromagnetic

messengers.
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Geant4 simulation
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IBD Angular Reconstruction Steps before Diffusion

n(E,, Pn, My)

Fix Neutrino energy (e.g., Dark matter) // i

20 evenly spaced Positron energies

The contribution of the positron energies
are weighted by the differential cross -
section 1000 |

Given neutrino and positron energy, ,
using kinematic to solve everything (2D) g

27.00 27.25 27.50 27.75 28.00 28.25 28.50 28.75 24
E.(MeV)



IBD Angular Reconstruction Steps after Diffusion

Simulate neutron diffusion with momenta
value from 1 to 800 MeV at intervals of 1
MeV, each constituting 10000 events oo (= >

TI(E”, Pns mn)

Match the corresponding neutron
momentum and their diffusion simulations
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Calculate 10000 neutron capture angles .5 [loece Averege Recondbniciid Angle
relative to the positron direction o

Given neutron capture angles and positron
energy, using kinematic to reconstruct
(3D)
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cos y
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