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Abstract

Quantum computing leverages the principles of quantum mechanics to perform computations 

beyond the reach of classical systems. While most quantum computing architectures rely on 

qubits encoded in superconducting circuits, trapped ions, or photonic states, recent theoretical 

explorations suggest that fundamental particles—such as leptons (electrons, muons, and tau 

particles)—could serve as natural qubits. This paper examines the feasibility of using leptons 

as quantum qubits, discussing their inherent quantum properties, the challenges associated 

with their control and measurement, and their potential advantages over conventional qubit 

implementations. We explore the implications of lepton-based quantum computing, including 

coherence times, entanglement mechanisms, and scalability, while addressing the 

experimental and theoretical obstacles that must be overcome.

Keywords: Quantum computing, qubits, leptons, quantum information, coherence, 

entanglement
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What would I like to talk about today:

• Quantum Computing and Leptons

• Understanding Qubits

• Something about leptons

• Lepton’s Quantum Properties for Qubit Encoding

• Challenges in Lepton-Based Quantum Computing

• Potential Advantages of Lepton Qubits

• Future Directions and Conclusion
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Introduction

Quantum computing relies on quantum bits (qubits) that exploit superposition and entanglement to perform 

parallel computations. Traditional qubit implementations include superconducting circuits, trapped ions, and 

topological states. However, fundamental particles such as electrons (and other leptons) exhibit intrinsic 

quantum properties that could make them ideal candidates for qubits.

Leptons—electrons, muons, and tau particles—are elementary particles with spin-½, making them natural 

two-level quantum systems. Their quantum states can be manipulated through electromagnetic 

interactions, and their long coherence times (in certain environments) suggest potential advantages. 

However, challenges such as decoherence, measurement precision, and scalability must be addressed.

This paper explores:

• The quantum properties of leptons that make them suitable as qubits.

• Experimental challenges in controlling and measuring lepton states.

• Potential advantages over existing qubit technologies.

• Future directions for research in lepton-based quantum computing.
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Understanding Qubits 

A classical bit can only exist in either a 0 position or a 1 position. However, qubits can also occupy a third state known as a 

superposition. A superposition represents 0, 1, and all the positions in between taken at once, for a total of three separate

positions.

While qubits can encode three separate positions, they are still used to convey information through a binary system. In 

such systems, the term bit can refer to either the material or process used to represent a 0 or 1, or the measurement of 

that bit (that is a 0 or a 1).

A computer byte consists of eight bits, which is the minimum number of bits 

needed to convey a single textual character in binary.

As we well understand - any two-level quantum system can be used to make 

a qubit. A quantum system is described as two-level when certain system 

properties can be measured in binary positions, such as up or down. 

Multilevel quantum systems can be used to create qubits.

Since each bit can represent either a 0 or a 1, by pairing two bits of information, we can create up to four unique binary 

combinations: 0 0   0 1   1 0  1 1

While each bit can be either a 0 or a 1, a single qubit can be either a 0, a 1, or a superposition. A quantum superposition 

can be described as both 0 and 1, or as all the possible states between 0 and 1 because it actually represents the 

probability of the qubit’s state.
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On the quantum level, qubit probability is measured as a wave function. The probability amplitude of a qubit can be used 

to encode more than one bit of data and carry out extremely complex calculations when combined with other qubits.

When processing a complex problem, such as factoring a large prime number, traditional bits become bound up by 

holding large quantities of information. Quantum bits behave differently. Because qubits can hold a superposition and a 

entanglement (Quantum entanglement is a fundamental, experimentally proven property of nature where two particles 

become linked and share a common fate, regardless of distance. This connection means that measuring a property of 

one entangled particle instantaneously influences the same property of the other. While it appears as "spooky action at a 

distance," it doesn't allow for faster-than-light communication, as the measurement outcomes are correlated rather than 

containing information.  quantum computer that uses qubits can calculate a much larger volume of data. First described 

by Einstein as “spooky action at a distance,” quantum entanglement is a phenomenon in which two qubits (or any two or 

more quantum particles) intertwine in such a way that the state of one particle cannot be described independently of the 

state of the other, regardless of the distance between them.
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When two qubits are entangled, they both exist in a superposition until either is measured. Once 

observed, the quantum superposition of both is collapsed and whichever qubit isn’t observed assumes the 

opposite position of the one that was observed. Entangled qubits seemingly can transfer information 

across even lightyears instantaneously, faster than the speed of light. While qubits do not actually transfer 

data faster than light, quantum entanglement can dramatically increase the power of quantum circuits.

As any two-level quantum system can be used to create a qubit, there are many types of qubits. 

Superconducting – operating at extremely low and manipulating by microwave pulses. 

Trapped ions can also be used as qubits. Trapped ion qubits are noteworthy for long coherence times as 

well as high-fidelity measurements.

Quantum dots are a small semiconductors capable of capturing a single electron and using it as a qubit. 

Quantum dot qubits can be manipulated by using magnetic fields and are particularly interesting to 

researchers for their potential scalability and compatibility with existing semiconductor technology.

Photons by setting and measuring the directional spin states of individual light particles, photon qubits can 

be used to send quantum information across long distances through optical fiber cables and are currently 

being used in quantum communication and quantum cryptography.

Neutral atoms are defined by a balanced positive and negative charge ionic charge. Using lasers, these 

atoms can be charged with energy into various excited states, any two of which can be used to create a 

qubit. 
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Qubit challenges
While powerful, qubits are also very temperamental. To function, qubits must be cooled to a 

temperature only a fraction of a degree higher than absolute zero, which is colder than outer space.

Quantum particles are said to have coherence when they are sufficiently controlled to function as 

qubits. When a qubit loses this ability, it is described as decoherent. The high-powered refrigeration 

required to create a state of coherence for functional qubits is a major challenge for quantum 

computing.

Even under the coldest conditions, qubit systems are also generally susceptible to failure caused by 

decoherence. Thankfully, advancements in the emerging field of algorithmic quantum error correction 

have the potential to stabilize previously tenuous quantum systems.

Figure: Visualizing qubit states and operations can be achieved 

through the Bloch sphere model. Each point on the sphere 

encodes a particular state of the qubit, expressed as a 

combination of ∣0⟩ and ∣1⟩ with complex coefficients. A π/2 pulse 

rotates the qubit from the ∣0⟩ state into a superposition involving 

both basis states. [Jazaeri et al. 2019]
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In particle physics, a lepton is an elementary particle of half-integer spin that does not undergo strong 

interactions. Two main classes of leptons exist: charged leptons, including the electron, muon, and tauon, 

and neutral leptons, better known as neutrinos.

There are six types of leptons, known as flavours, grouped in three generations.[2] The first-generation 

leptons, also called electronic leptons, comprise the electron (e−

) and the electron neutrino (ν

e); the second are the muonic leptons, comprising the muon (μ−

) and the muon neutrino (ν

μ); and the third are the tauonic leptons, comprising the tau (τ−

) and the tau neutrino (ν

τ). Electrons have the least mass of all the charged leptons. The heavier muons and taus will rapidly change 

into electrons and neutrinos through a process of particle decay: the transformation from a higher mass state 

to a lower mass state. Thus electrons are stable and the most common charged lepton in the universe, 

whereas muons and taus can only be produced in high-energy collisions (such as those involving cosmic 

rays and those carried out in particle accelerators).

Leptons have various intrinsic properties, including electric charge, spin, and mass.

Leptons

(color-free)

charged electron muon tau

neutral
electron 

neutrino

muon 

neutrino
tau neutrino

9

https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Muon
https://en.wikipedia.org/wiki/Tau_(particle)
https://en.wikipedia.org/wiki/Neutrino
https://en.wikipedia.org/wiki/Electron_neutrino
https://en.wikipedia.org/wiki/Muon_neutrino
https://en.wikipedia.org/wiki/Tau_neutrino


Lepton’s Quantum Properties for Qubit Encoding

Spin States as Qubits

Leptons possess an intrinsic spin of ½, meaning their states can be represented as:

∣ψ⟩=α∣↑⟩+β∣↓⟩∣ψ⟩=α∣↑⟩+β∣↓⟩
where ∣↑⟩∣↑⟩ and ∣↓⟩∣↓⟩ denote spin-up and spin-down states, respectively. These states can be 

manipulated using magnetic fields (via the Zeeman effect) or through laser interactions.

Charge and Flavor Degrees of Freedom

Beyond spin, leptons have additional quantum numbers (flavor: electron, muon, tau) that could, in 

principle, be used for multi-level quantum systems (qudits). However, flavor-changing interactions 

are rare, making spin a more practical basis for qubits.

Coherence and Decoherence Factors

Leptons in isolated environments (e.g., trapped electrons in Penning traps) exhibit long 

coherence times. However, interactions with electromagnetic fields and other particles can lead to 

decoherence. Mitigation strategies include:

• Cryogenic environments to minimize thermal noise.

• Magnetic shielding to reduce stray field interference.

• Quantum error correction protocols tailored to lepton systems.
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Challenges in Lepton-Based Quantum Computing

Decoherence and Environmental Noise

Unlike superconducting qubits, which operate in controlled cryogenic environments, free leptons are highly 

susceptible to electromagnetic disturbances. Even trapped leptons face challenges from radiative decay 

(especially for muons and tau particles).

Example of the geometrical surface of a                       

drift shell in a quasi-trapping belt.  

Notice the typical nonclosed

structure, in the vicinity of the South 

Atlantic Anomaly (SAA) (Space 

Environment Information System  

(SPENVIS) package, TREND program). 

Emanuele Fiandrini et al. Leptons with E>200 MeV trapped in the Earth's radiation belts. July 2001Journal of 

Geophysical Research Atmospheres 107(A6), DOI:10.1029/2001JA900151
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Measurement and State Readout

Precise measurement of lepton spin states 

requires advanced techniques such as:

• Stern-Gerlach apparatus for spatial 

separation.

• Quantum non-demolition (QND) 

measurements to preserve state integrity.

• High-precision spectroscopy for energy-

level detection.

Scalability and Control

Current quantum computing architectures rely 

on scalable qubit arrays. Implementing large-

scale lepton-based systems would require:

• Advanced trapping mechanisms (e.g., 

optical lattices for electrons).

• High-fidelity quantum gates via controlled 

electromagnetic pulses.

• Integration with existing quantum 

computing frameworks.

Fig. The historical polyprism. a, 

Basic experiment showing the 

polyprism manufactured by H. 

Soleil in its brass mount, a laser 

pointer and a polarizer. b, Detail 

of the schematics engraved on 

the prism mount showing the 

internal design with 9 individual 

prisms. D stands for the French 

“droit” (right) and G for the 

French “gauche” (left). c, The 

spots projected on the screen 

for a 532 nm laser (left image) 

and a 405 nm laser (right 

image). In this experiment D = 

208 cm. The camera was facing 

the polyprism. d, screen 

projection when the laser light 

was pre-filtered to be left- and 

right-CPL respectively.
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Potential Advantages of Lepton Qubits

High Natural Coherence

Electrons in ultra-high vacuum and cryogenic conditions can exhibit long coherence times, potentially 

surpassing those of superconducting qubits.

Minimal Fabrication Complexity

Unlike manufactured qubits (e.g., transmons), leptons are fundamental particles, avoiding material defects 

and fabrication inconsistencies.

Compatibility with Existing Technologies

Lepton control techniques (e.g., magnetic resonance) align with established quantum control methods, 

facilitating integration with hybrid quantum systems.



Future Directions and Conclusion

The concept of using leptons as qubits presents intriguing possibilities but requires significant 

experimental and theoretical advancements. Key research directions include:

• Developing ultra-stable lepton trapping techniques.

• Investigating error mitigation strategies for lepton-qubit systems.

• Exploring hybrid quantum systems combining leptons with photonic or solid-state qubits.

While challenges remain, lepton-based quantum computing could offer unique advantages in coherence 

and scalability, warranting further investigation as a complementary approach to existing quantum 

technologies.

Key Gaps & Future Directions

• Muon/Tau Challenges: Short lifetimes (~2.2 μs for muons) require quantum error correction (cite 

Terhal 2015).

• Electron Qubits: Leverage hybrid systems (e.g., electron-photon coupling in cavities).

• Theory Needs: Proposals for lepton-flavor qudits (unexplored in literature).
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Types of Qubits Driving Quantum Computing 

Forward. Mar 28, 2025

Major Players in Superconducting Quantum Computing

1. IBM Q: IBM's superconducting quantum processors use 

transmon qubits.

2. Google Willow: On December 9th 2024, Google 

announced its latest quantum chip: a 105-qubit 

superconducting Willow chip.

3. SpinQ: SpinQ uses its superconducting QPU in its 

SpinQ Superconducting Quantum Computer aimed at 

commercial applications.
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