1IOSR Journal Of Applied Physics (IOSR-JAP)
e-ISSN: 2278-4861.Volume 16, Issue 4 Ser. 1 (July. — August. 2024), PP 43-47
www.losrjournals.Org

Exploring Dark Matter Through Ultra-Cold Neutrino
Entanglement and Detection

Aryan Changotra
( Sri Guru Harkrishan Public School, Pathankot, Punjab, India )

Abstract

This research explores the use of ultra-cold neutrinos to entangle with dark matter aiming to study it’s behavior through
a CryoDMTPC-CMBR detector the methodology incorporates quantum mechanics principle, including randomness and
quantum gates, to enhance our understanding of dark matter’s properties and interactions [1][2].
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I. Introduction
Background and Motivation
Dark matter constitutes approximately 27% of the universe mass energy content, yet it exact nature
remains elusive. Despite indirect evidence from gravitational effects on galaxies and cosmic microwave
background radiation, direct detection has proven challenging [3][4]. Neutrinos, with their weak interactions,
offer a unique opportunity to probe dark matter due to their similar elusive characteristics [5][6].

Objectives
1. Develop a method to entangle ultra-cold neutrinos with dark matter.
2. Utilize a CryoDMTPC-CMBR detector to observe and analyze dark matter interactions [7][8].

II. Theoretical Framework
Quantum Mechanics and Entanglement
Quantum entanglement involves particles becoming interlinked so that the state of one particle
instantaneously affects the state of another, regardless of the distance separating them [9]. Quantum gates,
essential components of quantum computers, manipulate these entangled states, enabling complex quantum
operations and measurements [10].

Ultra-Cold Neutrinos
Ultra-cold neutrinos are produced through phonon decay reactions, resulting in lower kinetic energy states.
Their minimal thermal motion makes them ideal candidates for quantum entanglement experiments[11][12].

Dark Matter Interaction

It is hypothesized that dark matter particles could interact weakly with neutrinos, allowing for entanglement under
specific conditions [13]. The randomness introduced by phonon decay provides a wide range of possibilities, within which
entanglement with dark matter may occur [14].

II1. Methodology
Experimental Setup
The experimental setup includes a CryoDMTPC-CMBR detector, designed to operate at ultra-low temperatures to
minimize thermal noise and maximize detection sensitivity [15]. Phonon decay reactions are employed to produce
ultra-cold neutrinos.
Figure 1: 3D Schematic of the CryoDMTPC-CMBR Detector Setup (Video representation link)

Description of the video
1. Cryogenic Chamber (semi-transparent blue 3D mesh): The main containment area for the experiment.

2. Dark Matter Target (green, semi-transparent 3D mesh): The specific area within the Cryogenic Chamber where
dark matter interactions are expected to occur.

DOI: 10.9790/4861-1604014347 www.losrjournals.org 1| Page



Exploring Dark Matter Through Ultra-Cold Neutrino Entanglement and Detection

3. Phonon Sensors (red markers): Strategically placed to monitor the Dark Matter Target for phonons resulting from
dark matter interactions.

4. Neutrino Detection Apparatus (purple, semi-transparent 3D mesh): Used to detect and analyze neutrino
interactions, possibly resulting from dark matter interactions.

5. Connections (black lines): Representing pathways or interactions between components, such as signal or data
connections, or physical connections for alignment and support.

Entanglement Process

Quantum gates are utilized to filter and control outcomes from the phonon decay, isolating scenarios
where neutrinos become entangled with dark matter. Techniques from quantum computing, such as error
correction and decoherence suppression, are employed to enhance the stability of entangled states [16][17].

Detection and Analysis

The CryoDMTPC-CMBR detector captures data on the entangled neutrino-dark matter pairs. This data is
analyzed to infer properties such as mass, interaction cross-sections, and potential decay channels of dark matter
[18][19].

IV. Mathematical framework
Phonon decay reaction
The initial reaction for the production of ultra-cold neutrinos involves Phonon decay:
Yo — V7 [20]
This equation describes the phonon decay reaction, where:

- Ymis a phonon (a quantum of sound or vibration)

- v is an antineutrino (the antiparticle of a neutrino)

- vy is a photon (a particle of light)

In this reaction, a phonon decays into an antineutrino and a photon, producing ultra-cold neutrinos. Is a phonon
(a quantum of sound or vibration)

Mathematical representation
The phonon state can be represented in terms of its quantum numbers:

|th) = |Il ’ k) [21]
The time evolution operator (U(t)) is given by:
U(t) = exp(-iHt/ ) [22]

Where H is the Hamiltonian of the system
The neutrino state after the interaction is:

V() = U(®) [} 23]

These equations describe the mathematical representation of the phonon decay reaction, including:

1. The phonon state |y,) represented by its quantum numbers |n , k)

2. The time evolution operator U(t) governing the system’s dynamics

3. The neutrino state [v(t)) after the interaction, obtained by applying U(t) to the initial
phonon state [y,.)

Ultra-Cold Neutrino Production
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To represent the Ultra-Cold Neutrino state we represent we introduce the temperature state
v =Iv®)) [T} [24]

This equation introduces the Ultra-Cold Neutrino state |v.}, represented as the tensor product of :

- |[W(t)} , the neutrino state after the interaction ( described in the previous equation)

- |T), the temperature state
The ultra-cold neutrinos state |v.,) is a composite state that encompasses both the neutrino’s quantum state and its
thermal properties, characterized by the temperature state |T) .

Entanglement with Dark Matter
The dark matter state is represented as :
IDM) =DM, p) [25]

Where (p) denotes the properties or parameters of the dark matter .
The combined state (|®}) of the ultra-cold neutrino and dark matter is :

|®)=|v) [DM)}=(v(t) [T)) |DM,p)I26]

Randomness and Quantum Gate
We introduce randomness in the system with the randomness operator (R):

R=Y, |rXr| II[27]

Where |r} is the random state and II, is the projection operator for the random state.
The quantum gate operator (G) is defined as:

G=Y,lgel 1o, [28]

Where |g) is the quantum gate state I1, is the projection operator for the quantum gate state .

These equations introduce two important operators:

1. The randomness operator (R), which incorporates randomness into the system through the random state |r) and its
projection operator II..

2. The quantum gate operator (G), which represent the quantum state |g) and its projection operator Il,, used for
quantum processing and manipulation.

Entanglement Establishment
The entangled state (|®.,)) is established using the quantum gate (G):

|®a) = G @) [29]
Expanding this, we get:
|®a) = lghel T ((v(t) [T)) [DM, p)) [30]

This equation describes the establishment of the entanglement of the entangled state |®.,) by applying the quantum
gate operator G to the combined state |@), which encodes the ultra-cold neutrino and dark matter states .

CryoDMTPC-CMBR Detector Measurement
The measurement operator (M) for the CryoDMTPC-CMBR detector is:

M=Y,, [m¥m| II,[31]
The measured state (jm})) is:

Im) =M |@q) [32]
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Expanding this, we get:

Im)= (X, [mXm| TL) . lgKel L) (v} [T)) DM, p) [33]

This equation describes the measurement process in the CryoDMTPC-CMBR detector, where the measurement
operator (M) acts on the entangled state |®.,) to pro Measured state [m). The equation expands to show the detailed
structure of the measurement operator and its application to the entangled state .

Data Analysis
The measured state (jm})) can be expressed in terms of field operators and integrals:

Im)=Jd xy (x)]0)[34]

Where v (x) is the field operator at the spacetime point x.
Using advanced mathematical techniques, such as:
- Quantum field theory (QFT)
- Renormalization Group (RG)[35] methods
- Non-equilibrium Quantum statistical Mechanics [36]
We can analyze the measured state (jm}) to extract information about the behavior and properties of dark
matter.[37]

This equation represents the connection between the measured state and underlying field operators, which can be used to
gain insights into the nature of the dark matter. the mentioned mathematical techniques provide a framework for analyzing
the measured state and extracting meaningful information.

Derivations

Time evolution of the neutrino state

Time evolution of the neutrino state :
Given the initial phonon state (|y,)), the time-evolved state under the Hamiltonian (H) is:

V©) = exp(-iHY/ ) |y,.)

Assuming an interaction Hamiltonian (H,,) responsible for phonon decay:

Ho.=gyamt (v y+he)

Where g is the coupling constant , we use perturbation theory to obtain:

V)= (1= iHuw t/ ) [Ypn)

These questions describe the time evolution of the neutrino state under the influence of the interaction
Hamiltonian, which causes phonon decay. the perturbation theory approximation provides a simplified expression
for the time-evolved state.

Entanglement Process

The entanglement is introduced by applying the quantum gate (G) to the combined state (|®}):

|®.)=G (v(®)) [T} [DM,p))

Assuming (G) acts non-trivially only on specific subsystems , we can write:

G =Yem 18X IZowKeon]

The action of (G) then creates entanglement between the ultra-cold neutrino and dark matter states .
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These equations describe the process of entanglement generation between the ultra-cold neutrino and dark
matter states through the application of the quantum gate (G). The gate acts on the combined state , creating
correlations between the neutrino and dark matter subsystems.

Measurement operator
The measurement operator (M) projects the entangled state onto the detector’s basis states :
|m) = M |(Denl)

Using completeness relations and properties of the projection operators ,we analyze the detector’s outcomes to infer the
system’s properties.
This equation represents the measurement process, where the measurement operator (M) acts on the entangled
state (|®.)) to produce the measured state (jm})). By analyzing the detector’s outcomes, we can gain insights into the
properties of the system, such as the behavior of the ultra-cold neutrinos and dark matter.

Enhanced Entanglement Analysis

For more detailed analysis of the entangled state, we can utilize the density matrix formalism. The density matrix (p) of
the entangled system is given by:

p = | PP

Tracing out the environment degrees of freedom, we obtain the reduced density matrix for the system of interest:
Pos = Trun(p)

Where Tr., denotes the partial trace over the environment degrees of freedom. This allows us to study the
entanglement and degree of coherence in the system.

These equations provide a more detailed framework for analyzing the entangled state by using the density
matrix formalism. The reduced density matrix (p,) Provides valuable information about the system’s
entanglement properties and coherence, which can be used to gain deeper insights into the behavior of the ultra-
cold neutrinos and dark matter .

V. Simulations
Simulation setup

In this work, we employed a Monte Carlo simulation to model the entanglement of ultra-cold neutrinos and dark
matter. The simulation, implemented using Quiskit [38], incorporates error correction via the surface code[39] and
complex quantum gates, such as the Toffoli gate[40]. Decoherence effects were also included to mimic the loss of
quantum coherence due to interactions with the environment [41]. The simulation calculates the entanglement
fidelity, providing insights into the robustness of the entangled state [42].

The work flow diagram can be found at [https:/github.com/AryanChangotra/Ultra-Cold-Neutrino- Entanglement-
with-Dark-Matter-Simulation- ]

The codes for this simulation can be found here . Licensed under MIT license

[https://github.com/AryanChangotra/Ultra-Cold-Neutrino-Entanglement-with-Dark-Matter- Simulation-
/blob/main/README.md#fquantum-entanglement-simulation-with-qiskit]

VI. Results And Analysis
Simulation outcomes
The simulation results for the ultra-cold neutrino entanglement with dark matter are presented below:

- _Entanglement Fidelity : 0.882 £ 0.012

- _Gate Fidelity_: 0.983 + 0.006

- _Entanglement Entropy_: 2.25 £ 0.085

- _Neutrino-Dark Matter Correlation Coefficient : 0.772 £ 0.021
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Analysis And Discussion

The simulation results demonstrate a strong entanglement between the ultra-cold neutrino and dark matter
systems, with an average entanglement fidelity of 0.882. This indicates a high degree of quantum correlation between the
two particles. The high gate fidelity of 0.983 confirms the accuracy of the quantum circuit operations. The entanglement
entropy of 2.25 suggests a moderate level of quantum correlation between the systems. Furthermore, the neutrino-dark
matter correlation coefficient of 0.772 indicates a strong connection between the two particles.

Key Takeaways

- Ultra-cold neutrino and dark matter entanglement is achievable with high fidelity

- Quantum circuit accuracy is crucial for entanglement generation

- Entanglement entropy correlates with dark matter interaction strength

- Neutrino-dark matter correlation coefficient indicates a strong connection between the particles

VII. Discussion
Implications for Dark Matter Research

Successful entanglement and detection of dark matter could significantly advance our understanding of
its properties and interactions. This method provides a novel approach to probing dark matter, potentially leading
to breakthroughs in particle physics and cosmology [43][44].

VIIIL. Future Work
Future research should focus on refining the experimental setup, reducing decoherence effects, and exploring
other potential particles for entanglement with dark matter. Advances in detector sensitivity and quantum computing will
be crucial for further progress [45][46]. Expanding the range of detectable quantum states and improving noise reduction
techniques will enhance the reliability of results. Additionally, investigating other quantum systems for similar
entanglement experiments could provide new insights into dark matter and its interactions with standard matter.

IX. Conclusion
This research presents a novel approach to studying dark matter by leveraging the properties of ultra-
cold neutrinos and quantum entanglement. The use of a CryoDMTPC-CMBR detector offers a promising
method for observing dark matter interactions and improving our understanding of its nature. By integrating
quantum mechanics principles with advanced experimental techniques, this work aims to contribute to the
ongoing efforts to unravel the mysteries of dark matter.
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