Healthg%;é GLOSSARY

Quantum Physics and Engineering

Quantum Computing Principles

Amplitude

Related terms: Probability Amplitude, Wavefunction, Quantum State

Explanation: The complex number that multiplies a basis state in a quantum superposition. Its squared
magnitude gives the probability of measuring that basis state. Example: In the state ) = a|0) + B|1), o and B
are amplitudes. Practical application: Amplitudes are manipulated by quantum gates to perform algorithms
such as Grover's search. Challenges: Maintaining precise amplitudes in the presence of noise and
decoherence requires high-fidelity control.

Ancilla Qubit

Related terms: Helper Qubit, Auxiliary Qubit, Quantum Error Correction

Explanation: An extra qubit introduced to assist in operations like entanglement generation, measurement,
or error correction without storing problem data. Example: In the three-qubit bit-flip code, an ancilla qubit
records parity information. Practical application: Ancilla qubits enable fault-tolerant syndrome extraction in
surface-code error correction. Challenges: Adding ancilla increases hardware overhead and may introduce
additional decoherence pathways.

Bell State

Related terms: Entangled Pair, Einstein-Podolsky-Rosen (EPR) Pair, Quantum Teleportation

Explanation: One of four maximally entangled two-qubit states, e.G., |®*) = (|00) +|11))/V2. Example: Creating
a Bell state with a Hadamard gate on qubit A followed by a CNOT with qubitB as target. Practical
application: Bell states are the resource for quantum key distribution protocols such as BB84 and E91.
Challenges: Preserving Bell-state fidelity over long distances demands low-loss channels and entanglement
purification.

Bloch Sphere

Related terms: Qubit Representation, Quantum Rotation, Pauli Operators

Explanation: A geometric representation of a single qubit state as a point on the unit sphere, where latitude
and longitude correspond to relative phase and amplitude. Example: The state |+)lies on the equator at 0°
longitude. Practical application: Visualizing gate operations; e.g., a rotation about the X-axis corresponds to
a movement over the sphere. Challenges: Extending Bloch-sphere intuition to multi-qubit systems is
non-trivial due to exponential state-space growth.

Quantum Channel

Related terms: Noisy Channel, Quantum Communication, Channel Capacity

Explanation: A mathematical model describing the physical medium through which quantum information is
transmitted, often represented by a completely positive trace-preserving (CPTP) map. Example: The
depolarizing channel replaces the input state with the maximally mixed state with probability p. Practical
application: Designing error-corrected quantum networks for distributed computing. Challenges:
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Characterizing and mitigating channel noise, especially in fiber-optic or free-space links.

Quantum Circuit

Related terms: Gate Sequence, Quantum Algorithm, Depth

Explanation: A diagrammatic or programmatic description of quantum operations applied sequentially to
qubits, analogous to classical logic circuits. Example: The circuit for the Quantum Fourier Transform consists
of a series of Hadamard and controlled-phase gates. Practical application: Implementing Shor's algorithm
for integer factorization on superconducting processors. Challenges: Reducing circuit depth to stay within
coherence times while preserving algorithmic correctness.

Quantum Decoherence

Related terms: Environmental Interaction, Dephasing, Relaxation

Explanation: The process by which a quantum system loses its coherent superposition due to coupling with
its environment, effectively becoming classical. Example: A transmon qubit’'s phase coherence decays with a
characteristic time T,. Practical application: Understanding decoherence informs the design of
error-correcting codes and qubit materials. Challenges: Achieving long Ty and T, times simultaneously while
scaling up device count.

Quantum Entanglement

Related terms: Non-local Correlation, Entanglement Entropy, Bell Inequality

Explanation: A property of composite quantum systems where the state cannot be expressed as a product
of individual subsystem states, leading to correlations that defy classical explanation. Example: The GHZ
state |GHZ) = (|000) + |111))/V2 exhibits three-partite entanglement. Practical application: Entanglement is
the cornerstone of quantum cryptography, teleportation, and certain speed-up algorithms. Challenges:
Generating, distributing, and maintaining high-fidelity entanglement across many qubits.

Quantum Error Correction

Related terms: Fault Tolerance, Syndrome Measurement, Surface Code

Explanation: A set of protocols that encode logical qubits into multiple physical qubits, allowing detection
and correction of errors without measuring the quantum information directly. Example: The [[7,1,3]] Steane
code protects one logical qubit using seven physical qubits. Practical application: Enables scalable quantum
computation by suppressing error rates below the fault-tolerance threshold. Challenges: Overhead in qubit
count and gate operations; implementing fast, high-fidelity syndrome extraction.

Quantum Gate

Related terms: Unitary Operation, Single-Qubit Gate, Two-Qubit Gate

Explanation: A reversible transformation on qubits represented by a unitary matrix; the building blocks of
quantum circuits. Example: The CNOT gate flips the target qubit conditional on the control qubit being|1).
Practical application: Universal gate sets (e.g., {H, T, CNOT}) can approximate any quantum algorithm to
arbitrary precision. Challenges: Achieving low error rates (Quantum Hardware

Related terms: Superconducting Qubit, Trapped lon, Photonic Processor

Explanation: Physical platforms that implement qubits and quantum gates, each with distinct coherence
properties, control mechanisms, and scaling prospects. Example: A 27-qubit superconducting chip uses
microwave resonators for readout. Practical application: Benchmarks such as quantum volume assess
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hardware capability across gate fidelity, connectivity, and parallelism. Challenges: Balancing qubit quality,
interconnect density, and cryogenic engineering constraints.

Quantum Hamiltonian

Related terms: Energy Operator, Time Evolution, Adiabatic Quantum Computing

Explanation: An operator that describes the total energy of a quantum system; governs dynamics via the
Schrédinger equation. Example: The Ising HamiltonianH = - J_{ij}o_i*zo_j*z- Y h_io_i*xencodes spin
interactions used in quantum annealing. Practical application: Designing problem Hamiltonians for
variational algorithms that approximate ground-state energies of molecules. Challenges: Mapping complex
real-world problems onto physically realizable Hamiltonians without excessive overhead.

Quantum Logic

Related terms: Reversible Computing, Toffoli Gate, Quantum Circuit Synthesis

Explanation: The theoretical framework describing how logical operations can be performed on quantum

data while preserving unitarity. Example: The Toffoli (CCNOT) gate implements a reversible AND operation
essential for arithmetic in quantum algorithms. Practical application: Compiling high-level algorithms into
optimized gate sequences for specific hardware constraints. Challenges: Minimizing gate count and depth
while respecting hardware connectivity.

Quantum Measurement

Related terms: Projective Measurement, POVM, Readout Fidelity

Explanation: The process of extracting classical information from a quantum system, collapsing the
wavefunction onto an eigenstate of the measured observable. Example: Measuring a qubit in the Z-basis
yields outcome O or 1 with probabilities given by |a|* and |B|>. Practical application: High-fidelity readout is
crucial for error-correction cycles and algorithmic output extraction. Challenges: Reducing
measurement-induced back-action and improving signal-to-noise ratio in cryogenic environments.

Quantum Algorithm

Related terms: Quantum Speedup, Complexity Class, Oracle

Explanation: A step-by-step procedure that exploits quantum phenomena (superposition, entanglement) to
solve computational problems more efficiently than known classical algorithms. Example: Shor’s algorithm
factors integers in polynomial time, threatening RSA encryption. Practical application: Quantum chemistry
simulations, optimization, and machine learning benefit from algorithms like VQE and QAOA. Challenges:
Translating algorithmic advantages into real-world performance on noisy intermediate-scale quantum
(NISQ) devices.

Quantum Supremacy

Related terms: Quantum Advantage, Random Circuit Sampling, Classical Simulation

Explanation: The milestone where a quantum processor performs a computational task that is infeasible for
the best classical supercomputers. Example: Demonstration by a 53-qubit superconducting device sampling
from a random circuit in minutes, whereas classical estimates required thousands of years. Practical
application: Serves as a proof-of-concept for scaling quantum hardware and motivating investment.
Challenges: Verifying supremacy claims, ensuring that the task has practical relevance beyond benchmark
demonstrations.
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Quantum Annealing

Related terms: Adiabatic Evolution, Ising Model, Quantum Tunneling

Explanation: A computational paradigm that solves optimization problems by slowly evolving a system from
an easy-to-prepare ground state to the ground state of a problem Hamiltonian, exploiting quantum
tunneling to escape local minima. Example: D-Wave machines implement quantum annealing on thousands
of flux qubits. Practical application: Approximate solutions for combinatorial optimization in logistics and
finance. Challenges: Distinguishing quantum tunneling effects from thermal hopping and improving
problem embedding efficiency.

Quantum Phase Estimation

Related terms: Eigenvalue Extraction, Controlled-U, Inverse QFT

Explanation: An algorithm that determines the eigenphase ¢ of a unitary operator U given an eigenstate |{),
using a series of controlled-U operations and a quantum Fourier transform. Example: Used as a subroutine
in Shor's factoring algorithm to find order-finding periods. Practical application: Estimating molecular
energy levels in quantum chemistry simulations. Challenges: Requires deep circuits with high-precision
controlled operations, which are difficult on NISQ hardware.

Quantum Fourier Transform

Related terms: QFT, Fast Fourier Transform, Phase Kickback

Explanation: The quantum analogue of the discrete Fourier transform, implemented via a sequence of
Hadamard and controlled-phase gates, transforming computational basis states into equal-superposition
phase-encoded states. Example: Central component of Shor's algorithm and order-finding subroutines.
Practical application: Enables efficient period-finding, crucial for factoring and discrete logarithm problems.
Challenges: Circuit depth scales quadratically with qubit count; approximate versions are needed for NISQ
devices.

Quantum Teleportation

Related terms: Entanglement Swapping, Classical Communication, Bell Measurement

Explanation: A protocol that transfers an arbitrary quantum state from one location to another using a
shared entangled pair and two bits of classical information, without moving the physical carrier. Example:
Teleporting a photonic qubit using a Bell-state measurement and a classical channel. Practical application:
Building quantum repeaters for long-distance quantum networks. Challenges: Generating high-fidelity Bell
pairs, performing reliable Bell measurements, and mitigating loss in transmission channels.

Qubit

Related terms: Quantum Bit, Two-Level System, Superposition

Explanation: The fundamental unit of quantum information, representing a two-dimensional Hilbert space
that can exist in a linear combination of basis states |0) and |1). Example: A superconducting transmon qubit,
an electron spin in a quantum dot, or a polarization photon. Practical application: Building blocks of all
quantum processors, from small NISQ devices to fault-tolerant architectures. Challenges: Balancing
coherence time, gate speed, and scalability across different physical implementations.

Qudit
Related terms: Higher-Dimensional Qubit, Quantum Alphabet, Multi-Level System
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Explanation: A quantum unit withd > 2 orthogonal states, offering a larger state space per physical carrier.
Example: A trapped-ion with three hyperfine levels forms a qutrit (d = 3). Practical application: Reducing
circuit depth for certain algorithms and increasing information density in quantum communication.
Challenges: Controlling and reading out multiple levels with equal fidelity, and adapting error-correction
schemes to higher dimensions.

Quantum Register

Related terms: Multi-Qubit Register, Memory Register, Entangled Register

Explanation: A collection of qubits that collectively store quantum information, enabling representation of
exponentially large state vectors. Example: A 5-qubit register can encode 2° = 32 amplitudes. Practical
application: Registers are used to hold problem data, intermediate results, and ancilla during algorithm
execution. Challenges: Managing crosstalk and ensuring simultaneous high-fidelity control across all qubits.

Quantum State

Related terms: Density Matrix, Pure State, Mixed State

Explanation: A complete description of a quantum system, represented either by a state vector |) for pure
states or by a density operator p for mixed states. Example: The Bell state |®) is a pure entangled state,
while a statistical mixture of |00) and |11) is a mixed state. Practical application: State tomography
reconstructs p to assess preparation accuracy. Challenges: Exponential scaling of parameters makes full
characterization impractical for large registers.

Quantum Superposition

Related terms: Coherent Combination, Interference, Basis States

Explanation: The principle that a quantum system can simultaneously occupy multiple basis states, with
amplitudes dictating probabilities upon measurement. Example: The state|+) = (|0) +|1))/V2 is a
superposition of computational basis states. Practical application: Enables parallel evaluation of many
possibilities in algorithms like Grover's search. Challenges: Superposition is fragile; environmental
interactions cause decoherence.

Quantum Tunneling

Related terms: Barrier Penetration, Annealing, Potential Well

Explanation: The quantum phenomenon where a particle traverses an energy barrier higher than its kinetic
energy, owing to the wavefunction’s non-zero amplitude inside the barrier. Example: In quantum annealing,
tunneling allows the system to escape local minima of the problem Hamiltonian. Practical application:
Enables faster exploration of solution spaces compared to classical thermal hopping. Challenges:
Controlling tunneling rates and distinguishing quantum effects from thermal noise in hardware.

Quantum Cryptography

Related terms: Quantum Key Distribution, BB84 Protocol, Security Proofs

Explanation: The use of quantum mechanical principles to achieve cryptographic tasks with provable
security, notably the generation of shared secret keys immune to eavesdropping. Example: In BB84, Alice
sends randomly polarized photons; any interception introduces detectable errors. Practical application:
Secure communication links for governmental and financial institutions. Challenges: Implementing
long-distance QKD over fiber or satellite channels while managing loss and device imperfections.
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Quantum Key Distribution

Related terms: QKD, Entanglement-Based Protocols, Decoy States

Explanation: A method for two parties to establish a shared secret key by transmitting quantum states and
performing post-processing to detect eavesdropping. Example: The E91 protocol uses entangled photon
pairs to generate correlated bits. Practical application: Deployments in metropolitan fiber networks and
satellite-to-ground links. Challenges: Scaling to high key rates, integrating with existing telecom
infrastructure, and protecting against side-channel attacks.

Shor's Algorithm

Related terms: Integer Factorization, Period Finding, Quantum Phase Estimation

Explanation: A quantum algorithm that factors large integers in polynomial time by reducing the problem to
order-finding, which is solved efficiently using quantum Fourier transform. Example: Factoring 15 requires
only a few qubits, demonstrating the algorithm'’s principle. Practical application: Threatens RSA
cryptosystems; motivates post-quantum cryptography. Challenges: Requires deep circuits with
error-corrected qubits; currently beyond NISQ capabilities.

Grover's Algorithm

Related terms: Unstructured Search, Amplitude Amplification, Oracle

Explanation: Provides a quadratic speedup for searching an unsorted database of Nitems,

requiring O(VN) oracle queries instead of O(N). Example: Searching a 2°-item database needs

only = 8iterations. Practical application: Database search, optimization, and amplitude-amplification
subroutines in larger algorithms. Challenges: Implementing the oracle efficiently and coping with limited
coherence times on real hardware.

Variational Quantum Eigensolver

Related terms: VQE, Hybrid Algorithm, Ansatz

Explanation: A hybrid quantum-classical method that approximates the ground-state energy of a
Hamiltonian by preparing a parameterized quantum state (ansatz) and iteratively optimizing parameters to
minimize the measured energy. Example: Using a unitary coupled-cluster ansatz to compute the H,
molecule’s binding energy. Practical application: Quantum chemistry simulations on NISQ devices where
full-scale algorithms are infeasible. Challenges: Choosing expressive yet hardware-friendly ansatze and
avoiding barren-plateau cost landscapes.

Quantum Volume

Related terms: Benchmark Metric, Effective Qubit Count, Gate Fidelity

Explanation: A single-number metric that captures a quantum processor’s capability by combining qubit
count, connectivity, gate errors, and circuit depth into an effective “volume” of computable quantum states.
Example: A system with quantum volume 22 = 256 can reliably execute circuits of width 8and depth 8.
Practical application: Provides a hardware-agnostic performance indicator for comparing different
platforms. Challenges: Improving all contributing factors simultaneously; quantum volume can plateau
despite advances in isolated metrics.

Quantum Noise
Related terms: Decoherence, Stochastic Errors, Pauli Channels
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Explanation: Random fluctuations and unwanted interactions that cause errors in quantum states and
operations, often modeled as Pauli-type error channels. Example: Bit-flip noise applies o, with probability p,
flipping |0)~|1). Practical application: Noise models guide the design of error-mitigation techniques such as
dynamical decoupling. Challenges: Accurately characterizing non-Markovian noise and developing
mitigation strategies that scale with system size.

Quantum Parallelism

Related terms: Simultaneous Evaluation, Superposition, Interference

Explanation: The ability of a quantum computer to evaluate a function on many inputs at once by preparing
a superposition of all possible inputs and applying a unitary that encodes the function. Example:

Evaluating f(x) on all 2"inputs with a single oracle call. Practical application: Forms the basis of algorithms
that exploit constructive and destructive interference to extract global information. Challenges: Extracting
useful results from the superposition without collapsing the state prematurely.

Quantum Simulation

Related terms: Hamiltonian Emulation, Digital Quantum Simulation, Analog Quantum Simulator
Explanation: The use of a controllable quantum system to mimic the behavior of another quantum system
that is difficult to study directly, enabling exploration of many-body physics, chemistry, and material
properties. Example: Simulating the Hubbard model on a trapped-ion chain. Practical application: Predicting
molecular reaction rates, studying quantum phase transitions, and testing condensed-matter theories.
Challenges: Mapping target Hamiltonians onto available hardware and managing error accumulation over
long simulation times.

Quantum Control

Related terms: Pulse Shaping, Optimal Control Theory, Closed-Loop Calibration

Explanation: Techniques for designing and delivering precise control signals (microwave, laser, magnetic) to
manipulate quantum states with high fidelity and minimal leakage. Example: Using GRAPE (Gradient Ascent
Pulse Engineering) to find optimal pulses for a two-qubit gate. Practical application: Improves gate
performance, reduces cross-talk, and enables fast entanglement generation. Challenges: Accounting for
hardware imperfections, drift, and limited bandwidth in real-time implementations.

Quantum Optics

Related terms: Photonic Qubits, Beam Splitter, Entanglement Generation

Explanation: The study of light-matter interactions at the quantum level, providing platforms for encoding,
transmitting, and processing quantum information using photons. Example: Using spontaneous parametric
down-conversion to generate entangled photon pairs. Practical application: Building scalable quantum
networks, implementing linear-optical quantum computing, and performing high-precision metrology.
Challenges: Achieving deterministic photon sources, low-loss interferometers, and efficient single-photon
detectors.

Quantum Information

Related terms: Qubit, Entanglement, Quantum Channel

Explanation: The interdisciplinary field that studies how quantum systems store, process, and transmit
information, extending classical information theory to include phenomena like superposition and
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no-cloning. Example: The von Neumann entropy quantifies the information content of a quantum state.
Practical application: Foundations for quantum computing, communication, and sensing technologies.
Challenges: Developing unified frameworks that incorporate diverse physical platforms and error models.

Quantum Complexity

Related terms: BQP, QMA, Classical Simulation

Explanation: The study of computational resources required for quantum algorithms, defining complexity
classes such as Bounded-Error Quantum Polynomial time (BQP). Example: Factoring belongs to BQP, while
certain lattice problems are believed to be outside BQP. Practical application: Guides expectations for which
problems may receive quantum advantage. Challenges: Proving separations between quantum and classical
complexity classes remains an open research frontier.

Quantum Complexity Class

Related terms: BQP, QMA, Post-BQP

Explanation: Formal categories that classify decision problems based on the resources needed by quantum
computers, analogous to P, NP, and PSPACE in classical theory. Example: QMA (Quantum Merlin-Arthur)
captures problems verifiable by a quantum proof. Practical application: Determines feasibility of quantum
algorithms for optimization, verification, and cryptography. Challenges: Establishing tight bounds and
relationships among quantum and classical classes.

Quantum Gate Fidelity

Related terms: Process Fidelity, Average Gate Fidelity, Randomized Benchmarking

Explanation: A metric quantifying how closely an implemented quantum gate matches its ideal unitary
operation, often expressed as a percentage. Example: A CNOT gate with 99.5 % Fidelity deviates from the
target operation by 0.5%. Practical application: High fidelity is essential for error-corrected logical
operations and achieving fault-tolerance thresholds. Challenges: Isolating systematic errors from stochastic
noise and scaling benchmarking protocols to many qubits.

Quantum Error Mitigation

Related terms: Zero-Noise Extrapolation, Probabilistic Error Cancellation, Virtual Distillation

Explanation: Techniques that reduce the impact of errors on computation outcomes without full error
correction, often by post-processing measurement results. Example: Extrapolating expectation values to
zero noise by running circuits at amplified error rates. Practical application: Extends the usefulness of NISQ
devices for chemistry and optimization tasks. Challenges: Requires accurate noise models and can increase
sampling overhead dramatically.

Quantum Phase Transition

Related terms: Critical Point, Order Parameter, Quantum Criticality

Explanation: A transformation between distinct quantum phases at zero temperature driven by a change in
a Hamiltonian parameter, characterized by non-analytic changes in the ground state. Example: The
transition from paramagnetic to ferromagnetic order in the transverse-field Ising model. Practical
application: Studied using quantum simulators to explore exotic states of matter. Challenges: Requires
precise control of Hamiltonian parameters and low-temperature environments to avoid thermal smearing.
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Quantum Annealer

Related terms: Flux Qubit, Ising Solver, Embedding

Explanation: A specialized quantum processor designed to perform quantum annealing, typically employing
a large number of coupled superconducting flux qubits arranged in a sparse graph. Example: Commercial
devices with > 5000 qubits used for optimization benchmarks. Practical application: Solving combinatorial
problems such as vehicle routing and portfolio optimization. Challenges: Mapping arbitrary problems onto
the hardware's native graph (minor-embedding) and distinguishing quantum effects from classical thermal
dynamics.

Quantum Random Access Memory

Related terms: QRAM, Bucket-Brigade Architecture, Superposition Query

Explanation: A memory architecture that allows simultaneous access to multiple memory locations in
superposition, enabling quantum algorithms to retrieve data efficiently. Example: The bucket-brigade model
uses a binary tree of switches to route queries. Practical application: Provides the data-loading backbone for
algorithms such as Grover's search and quantum machine learning. Challenges: Implementing scalable,
low-error QRAM hardware while preserving coherence during memory access.

Quantum State Tomography

Related terms: Reconstruction, Maximum Likelihood Estimation, Compressed Sensing

Explanation: The process of experimentally determining the density matrix of a quantum system by
measuring many copies in different bases and applying statistical reconstruction techniques. Example:
Performing 3" different measurements for an n-qubit system to fully reconstruct its state. Practical
application: Validates state preparation, calibrates gates, and benchmarks error-correction performance.
Challenges: Exponential measurement overhead; advanced methods like compressed sensing aim to reduce
required data.

Quantum Phase Kickback

Related terms: Controlled-U, Eigenphase Encoding, QFT

Explanation: A phenomenon where the phase of a control qubit is altered by the action of a controlled
unitary on an eigenstate, effectively “kicking back” the eigenphase onto the control. Example: In phase
estimation, the control qubits acquire the phase of Uthrough repeated controlled-U applications. Practical
application: Enables efficient extraction of eigenvalues without directly measuring the target system.
Challenges: Requires high-precision controlled operations and careful error management.

Quantum Walk

Related terms: Discrete-Time Walk, Continuous-Time Walk, Search Algorithms

Explanation: The quantum analogue of a random walk, where the walker's amplitude evolves coherently,
leading to faster spreading and potential algorithmic speedups. Example: The coined quantum walk on a
line shows ballistic (linear) spread versus diffusive (Vn) spread of classical walks. Practical application: Basis
for algorithms like element-distinctness and spatial search. Challenges: Implementing the required coin
operator and maintaining coherence over many steps.

Quantum Non-Demolition Measurement
Related terms: QND, Back-Action Evasion, Dispersive Readout

Read online: https://certificates.HealthCareCourses.org.uk/glossaries/ HealthCareCourses (An LSIB brand) - 27 Jun 2026
5411406/quantum-computing-principles



Healthg¥e GLOSSARY

Explanation: A measurement that extracts information about a quantum observable without perturbing its
subsequent evolution, allowing repeated measurements of the same quantity. Example: Measuring photon
number in a cavity via a dispersively coupled qubit, leaving the photon state unchanged. Practical
application: Enables quantum feedback control and repeated syndrome extraction in error correction.
Challenges: Engineering interactions that satisfy the QND condition while preserving readout fidelity.

Quantum Phase Transition

Related terms: Critical Point, Order Parameter, Quantum Criticality

Explanation: A zero-temperature transition between distinct quantum phases driven by a non-thermal
control parameter, marked by a change in the ground-state wavefunction’s symmetry. Example: The
transition from a superfluid to a Mott insulator in the Bose-Hubbard model as the lattice depth increases.
Practical application: Probed using ultracold atom simulators to study many-body physics. Challenges:
Requires precise tuning of Hamiltonian parameters and isolation from thermal noise.

Quantum Metrology

Related terms: Heisenberg Limit, Squeezed States, Phase Estimation

Explanation: The use of quantum resources such as entanglement and squeezing to achieve measurement
precision beyond classical limits, approaching the fundamental Heisenberg bound. Example: Using NOON
states to improve interferometric phase sensitivity. Practical application: Enhances atomic clocks,
gravitational-wave detectors, and magnetic-field sensors. Challenges: Generating and preserving fragile
non-classical states in realistic experimental settings.

Quantum Machine Learning

Related terms: Quantum Neural Network, Quantum Kernel, Hybrid Algorithm

Explanation: The interdisciplinary area that explores how quantum computers can accelerate
machine-learning tasks, either by providing speedups for linear algebra subroutines or by implementing
intrinsically quantum models. Example: The Quantum Support Vector Machine uses a quantum kernel to
classify data. Practical application: Potential speedups in pattern recognition, drug discovery, and finance.
Challenges: Data loading bottlenecks, noise-induced errors, and lack of proven quantum advantage for
many tasks.

Quantum Annealing Schedule

Related terms: Adiabatic Path, Annealing Time, Energy Gap

Explanation: The time-dependent variation of Hamiltonian parameters (typically the transverse field) that
drives the system from the initial to the problem Hamiltonian, influencing success probability. Example: A
linear schedule ramps the transverse field from 1to 0 over a fixed annealing time. Practical application:
Optimizing schedules can increase ground-state success rates for hard optimization problems. Challenges:
Determining optimal non-linear schedules that avoid small energy gaps and minimize diabatic transitions.

Quantum Coherence Time

Related terms: Ty, T2, Relaxation

Explanation: The characteristic time over which a qubit retains its quantum phase information (T,) or energy
(T4) before decohering due to environmental interactions. Example: Superconducting qubits typically
exhibitT; = 100 ys and T, = 80 us.
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