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Abstract

Quantum entanglement is a paradigmatic nonclassical phenomenon and a central physical resource
for quantum information science. Starting from the tensor-product structure of composite quantum
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systems, this paper explains the mathematical signatures of entanglement using Bell states, Schmidt
decomposition, and reduced density matrices. The EPR argument, the CHSH Bell inequality, and
loophole-free Bell tests are then reviewed to clarify the conflict between quantum correlations and
local realism. Representative applications in quantum key distribution, quantum teleportation, en-
tanglement swapping, quantum repeaters, and quantum computing are discussed. Major engineer-
ing limitations, including decoherence, channel loss, single-photon detection, quantum memory, in-
terface coupling, and system-level error budgeting, are summarized. The analysis shows that the
scientific significance of quantum entanglement has expanded from verifying nonclassical correla-
tions to manipulating them, and that its development is driving quantum information technology
from single-device and point-to-point experiments toward integrated, multi-node, and system-level
applications.
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