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LEPTONS AS ELEMENTARY
QUBITS: FEASIBILITY AND CHALLENGES'

Quantum computing traditionally encodes information in engineered quantum systems such
as superconducting circuits, trapped ions, or quantum dots. In this theoretical study, we ex-
plore a paradigm shift by proposing the direct use of elementary particles, specifically charged
leptons (electrons, muons, and tau particles), as natural qubits. We analyze the intrinsic quan-
tum properties of leptons — particularly their spin-1/2 degree of freedom — for qubit encoding,
discussing the potential for long coherence times and minimal fabrication complexity. The sig-
nificant challenges of environmental decoherence, state measurement, and scalability are ex-
amined in detail, with a focus on the unique obstacle of particle decay for muons and taus. We
propose potential mitigation strategies, including advanced trapping techniques and quantum
error correction, and outline future research directions. While substantial experimental hurdles
remain, lepton-based qubits represent a promising, fundamental approach to quantum infor-

mation processing that warrants further investigation.

Keywords: quantum computing, qubits, leptons, decoherence, quantum error correction.

1. Introduction

The pursuit of a scalable, fault-tolerant quantum
computer has led to a diverse ecosystem of qubit
implementations. Dominant platforms include super-
conducting qubits [1], trapped ions [2], and semicon-
ductor spin qubits [3], each with distinct advantages
and limitations concerning coherence times, gate fi-
delities, and scalability. Common to all these archi-
tectures is that the qubit is encoded in emergent prop-
erties of composite systems, such as the charge or flux
states of a Josephson junction or the electronic states
of a trapped atom.

Our task is to investigate an alternative approach:
leveraging the inherent quantum properties of fun-
damental particles themselves as qubits. Specifically,
we focus on the charged leptons — the electron (e™),
muon (u~), and tau (77). As spin-1/2 fermions, lep-
tons are natural two-level quantum systems. Their
quantum state can be described by a wavefunction
[y = a] 1) + B| ), representing a superposition of
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spin-up and spin-down states, making them ideal can-
didates for qubit encoding [4-6].

The potential advantages are compelling. Electrons
in ultra-high vacuum and cryogenic environments can
exhibit exceptionally long coherence times [7]. As fun-
damental particles, leptons are free from the material
defects and fabrication inconsistencies that plague
solid-state qubits. Furthermore, techniques for ma-
nipulating lepton spins, such as those used in electron
paramagnetic resonance, are well-established [8].

However, this path is fraught with challenges. Lep-
tons are highly susceptible to environmental deco-
herence from electromagnetic fields. The precise mea-
surement of a single lepton’s quantum state is non-
trivial. Most critically, the muon and tau lepton are
unstable, with lifetimes of approximately 2.2 us and
290 fs, respectively, posing a fundamental constraint
on their use [9]. Scalability to the many-qubit arrays
necessary for useful quantum computation presents a
further significant hurdle.

This work is structured as follows. In paragraph 2,
we provide the necessary background on qubits and
lepton physics. Paragraph 3 details the quantum
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properties of leptons suitable for qubit encoding. The
profound challenges of this approach are analyzed
in paragraph 4, while potential advantages are out-
lined in paragraph 5. Finally, we discuss future re-
search directions and present our conclusions in para-
graph 6. In paragraph 7 we present the case of
muon decay quantum error correction for intrinsic
qubit loss.

2. Background
2.1. Qubit fundamentals

A quantum bit, or qubit, is the fundamental unit of
quantum information. Unlike a classical bit, which is
strictly 0 or 1, a qubit can exist in a coherent superpo-
sition of its basis states, |0) and |1). The general state
is [1)) = «|0) 4 B|1), where o and § are complex prob-
ability amplitudes satisfying |a|?+|5|? = 1. A system
of n qubits can represent 2" states simultaneously, a
property that when combined with quantum entan-
glement, enables the potential speedups of quantum
algorithms [10, 11].

2.2. Lepton Properties

Leptons are elementary, spin-1/2 particles that do
not participate in the strong interaction. The three
charged leptons are the electron, muon, and tau, each
with an associated neutrino. Their key properties are
summarized in Table. The electron is stable, while the
heavier muon and tau decay via the weak interaction,
primarily into lighter leptons and neutrinos. This in-
trinsic instability is a critical differentiator for their
potential use as qubits.

3. Leptons as Qubits
3.1. Spin Qubit Encoding

The most straightforward encoding for a lepton qubit
is the spin degree of freedom. The basis states are
defined as:

0y =11, )=,

where | 1) and | |) represent the spin angular momen-
tum projections along a quantizing axis (e.g., +h/2
and —h/2). The qubit state is then manipulated us-
ing external fields. For instance, the Hamiltonian for
a lepton in a static magnetic field By along the z-axis
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and a transverse oscillating field By (t) is:
h h .
H= fgfyBoaz - 5731 (cos(wt)oy + sin(wt)oy),

where v is the gyromagnetic ratio and o; are the
Pauli matrices. Resonant microwave or RF pulses
(w = vBg) can perform arbitrary single-qubit rota-
tions, analogous to control in NMR quantum com-
puting [12].

3.2. Other degrees of freedom

While spin is the most natural choice, other quan-
tum numbers, such as lepton flavor, could in princi-
ple be used to encode a qudit (a d-level quantum sys-
tem). However, flavor-changing interactions are sup-
pressed in the Standard Model, making coherent con-
trol of flavor states extremely challenging. For the
foreseeable future, spin remains the most practical
encoding.

4. Challenges
4.1. Decoherence and Environmental Noise

Lepton qubits are highly susceptible to decoherence.
Sources include:

Electromagnetic Noise: Fluctuating external EM
fields couple directly to the lepton’s charge and mag-
netic moment, causing dephasing and relaxation.

Thermal Effects: Blackbody radiation and colli-
sions with residual gas molecules can disrupt the
quantum state, necessitating ultra-high vacuum and
cryogenic temperatures.

Radiative Decay: For muons and taus, particle de-
cay is an irreversible source of qubit loss, acting on a
fixed timescale. This is a unique form of “intrinsic de-
coherence” that must be overcome via quantum error
correction (QEC) [13, 14].

Mitigation strategies involve a combination of Pen-
ning or Paul traps for isolation [15], active magnetic
shielding, and operation at millikelvin temperatures.

Properties of charged leptons

Lepton Mass Lifetime (s) Primary
(MeV/c?) Decay Mode
Electron (e™) 0.511 Stable -
Muon (p™) 105.7 2.2 x 1076 e Dy
Tau (77) 1777 2.9 x 10713 W Dpvr
(and others)
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4.2. Measurement and state readout

Projective measurement of a single lepton’s spin state
is a non-trivial task. Potential methods include:

Stern-Gerlach Type Separation: Using inhomoge-
neous magnetic fields to spatially separate spin states,
though this is challenging for single particles.

Quantum Non-Demolition (QND) Measurements:
Coupling the lepton’s spin to an ancillary quantum
system (e.g., a trapped ion or a cavity photon) whose
state can be measured without disturbing the lepton
spin [16, 17].

Precision Spectroscopy: Measuring the energy shift
induced by the spin state in a magnetic field.

4.3. Scalability and Control

Building a quantum processor requires the precise
control of many interacting qubits. A scalable lepton-
based architecture would need:

Dense Trapping Arrays: Creating large, ordered
arrays of trapped leptons, potentially using optical
lattices for electrons or sophisticated RF traps for
muons.

High-Fidelity Gates: Implementing two-qubit gates
via controlled electromagnetic interactions, such as
the spin-spin coupling mediated by magnetic dipole-
dipole interactions or via shared photonic channels in
a cavity QED setup.

Integration with Control Hardware: The need for
precise microwave pulses, laser control, and read-
out apparatus presents a significant engineering
challenge.

4.4. Quantum error correction
for intrinsic qubit loss: the case
of muon decay

The most formidable challenge in employing muons
as qubits is their intrinsic instability. With a mean
lifetime of approximately 7, ~ 2.2 ps, the dominant
error channel is not a bit-flip or phase-flip, but a com-
plete and irreversible qubit loss event. This decay
process, u- — e + U, + v,, constitutes a “leak-
age” error, where the qubit leaves the computational
subspace entirely. Traditional QEC codes, designed
for Pauli errors (XZ), are not sufficient to handle
this. Therefore, a tailored approach combining leak-
age reduction units (LRUs) and codes designed for
erasure errors is required.
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4.4.1. Modeling muon decay as an erasure error

A key insight is that if the time of decay can be de-
tected, the error can be treated as an erasure [18]. An
erasure error is one whose location and time are
known to the syndrome measurement apparatus. Re-
markably, erasure errors are significantly easier to cor-
rect than Pauli errors of unknown location. For the
surface code, the threshold for erasure errors can be as
high as ~50%, compared to ~1% for Pauli errors [19].

The decay of a muon can be detected in several
ways:

Direct Detection of Decay Products: The positron
(et) from pu™ decay (or electron from p~ decay) car-
ries a characteristic energy spectrum and can be reg-
istered by surrounding particle detectors (e.g., scin-
tillators or silicon trackers). This provides a defini-
tive, macroscopic signal that a specific muon qubit
has been lost.

Ancilla-Based Detection: The muon’s quantum
state could be entangled with a stable ancilla qubit
(e.g., an electron in a nearby trap or a solid-state
spin). A sudden disentanglement or a change in the
ancilla’s coherence properties could herald the muon’s
decay.

The primary requirement is that the detection
time, t4, must be much shorter than the QEC cycle
time, TQrc, to allow for timely correction.

4.4.2. A proposed architecture:
the bosonic-cat code interface

Given the difficulty of directly integrating a muon
into a dense 2D qubit array, a hybrid architecture is
likely the most feasible. We propose a system where
a single muon qubit is strongly coupled to a high-
Q microwave cavity mode, encoding information in a
bosonic code [20].

Encoding: The logical qubit is encoded in the pho-
tonic state of the cavity using a cat code, defined by
superpositions of coherent states: [0p) o |a) + | — «)
and |11) « o) — | — @). This encoding is inherently
robust against photon loss, the dominant error for
cavities.

Role of the Muon: The muon acts as a non-linear
element to perform quantum gates on the logical cat
qubit. Its spin state can be coupled to the cavity via a
magnetic dipole interaction, enabling operations like
state preparation, entanglement, and syndrome mea-
surement for the bosonic code [21].
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Error Correction Cycle:

The quantum information resides primarily in the
long-lived cat state.

The muon briefly interacts with the cavity to per-
form a necessary gate or stabilization measurement.

The muon is then decoupled. Its decay is continu-
ously monitored.

If a decay is detected: The event is flagged as an
erasure. Since the information was stored in the cav-
ity, the loss of the muon does not destroy the logical
qubit. A fresh muon is then injected into the trap and
re-cooled. The cavity state is used to re-initialize the
new muon’s spin, and the system continues.

If no decay is detected: The standard bosonic QEC
cycle continues to protect against photon loss.

This architecture effectively converts the problem
of a catastrophic muon loss into a manageable erasure
error on the control element, while the information is
safeguarded in a more stable photonic memory.

4.4.8. Constraints and resource overhead

The feasibility of this approach is subject to stringent
timing constraints. The QEC cycle time Tqrc must
satisfy:

Torc K T, = 2.2u8

to have a high probability of detecting a decay within
a cycle. This demands extremely fast cavity quantum
electrodynamics (cQED) operations with the muon,
likely requiring the strong-coupling regime where the
coupling rate g exceeds the decay rates of both the
cavity (k) and the muon spin (7).

The resource overhead involves the integration of
single-muon generation/cooling sources, high-speed
particle detectors, and a high-Q superconducting cav-
ity. While experimentally ambitious, such a setup
could be realized at existing muon beam facilities.

In conclusion, while muon decay presents a unique
challenge, it is not necessarily a prohibitive one. By
reframing it as a detectable erasure error and em-
ploying a hybrid architecture with bosonic codes, a
path forward for a muon-based logical qubit can be
envisioned. The development of such tailored QEC
strategies is a critical theoretical and experimental
direction for lepton-based quantum computing.

5. Potential Advantages

Despite the challenges, lepton qubits offer unique po-
tential benefits:
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High Natural Coherence: Electrons, when perfectly
isolated, are fundamental particles with no internal
structure to cause decoherence. Their coherence time
is limited only by their environment, not by material
imperfections. Theoretical models suggest the poten-
tial for coherence times exceeding those of leading
solid-state qubits under ideal conditions.

Minimal Fabrication Complezity: There is no need
to fabricate nanoscale Josephson junctions or quan-
tum dots with atomic precision. The “qubit” is pro-
vided by nature, potentially leading to perfect qubit-
to-qubit uniformity.

Compatibility with FEstablished Techniques: The
methods for controlling lepton spins (magnetic res-
onance) are mature and high-precision. This syn-
ergy with existing technologies could accelerate
development.

6. Instead of Conclusions

The path toward realizing lepton-based quantum
computing requires a concerted effort across theoret-
ical and experimental physics. Key future directions
include:

Advanced Trapping Fxperiments: Demonstrating
long-lived quantum coherence for a single electron in
a Penning trap, then progressing to multi-electron en-
tanglement [22, 23].

Muon and Tau Feasibility Studies: Conducting
proof-of-concept experiments at high-energy physics
facilities (e.g., CERN, Fermilab) to trap and manip-
ulate muon spins on quantum-relevant timescales.

Theory of Lepton-Specific QEC: Developing tai-
lored quantum error correction codes that account
for the qubit loss channel from muon and tau decay
24, 25].

Hybrid Quantum Systems: Exploring interfaces
where a lepton qubit (e.g., an electron spin) is coupled
to a photonic qubit, enabling long-distance entangle-
ment and integration with quantum networks.

In conclusion, we have presented one way of ex-
ploring charged leptons as elementary qubits. While
the challenges, particularly for the unstable muon
and tau, are formidable, the potential payoffs in
coherence and simplicity are significant. This ap-
proach connects the fields of high-energy physics
and quantum information science, suggesting a novel
and fundamental pathway toward harnessing quan-
tum mechanics for computation. We believe this con-
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cept merits serious investigation as a complemen-
tary strategy within the broader quantum computing
landscape.

The author thanks collaborators at the Georgian
Technical University for fruitful discussions as well
as colleagues from the Bogolyubov Institute for The-
oretical Physics of the National Academy of Sciences
of Ukraine and Technical University of Munich.
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JIEIITOHU AK EJJEMEHTAPHI
KYBITI: JOUIJIBHICTB TA ITPOBJIEMU

KBauToBi 00YMC/IEHHS TPAJAUIIAHO KOAYIOTH iH(OpMAIiD B
CIIPOEKTOBAHUX KBAHTOBUX CHCTEMAaX, TAKUX sIK HA IIPOBiIHI
CXEMH, 3aXOIlJIeHI 10HM ab0 KBAaHTOBI TOYKHU. Y IILOMY TEOPETH-
YHOMY JOCJIJI>KEHHI MU aHaJIi3yeMO 3MiHy IapaJurMu, IPOIO-
Hy[O4YHU Oe3I1ocepe/IHE BUKOPUCTAHHS €JIEMEHTAPHUX YACTUHOK,
30KpeMa 3apsi/I>KEHUX JIENTOHIB (€JIEKTPOHIB, MIOOHIB Ta Tay-
YACTUHOK), sIK IPUPOAHUX KyOiTiB. Mu ananizyemo BHyTpimmi
KBAHTOBI1 BJIACTHBOCTI JIENITOHIB, 30KpeMa CTYIIiHb BIJIBHOCTL
ixaporo cmimy 1/2, — myst KoqyBaHHSA KyO6iTiB, 0GrOBOpIOIOYH
MOTeHIiaJI [l TPUBAJIOIO 4Yacy KOI'€peHTHOCTI Ta MiHiMasb-
HOI CKJIaJ[HOCTi BUTOTOBJIEHHSI. JleTaJIbHO PO3IVISIHYTO TTPObJIe-
MU JIEKOTEPEHINil CcepeIoBUIla, BUMIPIOBaHHsI CTaHIB Ta Mac-
mTabOBAHOCTI 3 aKIEHTOM Ha YHIKAJbHIN MepemKkol po3naLy
MIOOHIB i Tay-yacTrHOK. Mu HpOIOHYEMO MOTEeHIiiHI cTpaTre-
rii oM SIKIIIEHHSI TPY/IHOIIIB BKJIIOYHO 3 IIEPEJOBUMH METOA~
MU yTPUMYBaHHS 9aCTHHOK Ta KBAHTOBY KOPEKIIIIO IIOMUJIOK, &
TAKOXK OKPECJIIOEMO HAIPSIMKHU MaiOyTHIX HOCIIiIKeHb. Xoda
CYTTEBI €KCIIepUMEHTAJIbHI MEePEIKOAY 3aJUIIAThCs, KybiTn
Ha OCHOBI JIEIITOHIB — HEPCHEKTUBHUN DYyHIAMEHTAIbHUN I1i/1-
XiZt 10 06po6KM KBAHTOBOI iH(MOpPMAaIlil, SIKHl BUMara€ 1no/iaib-
IIIOT'O JTOCJTi IYKEHHS.

Katowoei cao6a: KBAHTOBI OO4YMCIIEHHs, KyOiTH, JIEITOHH,
JEKOTE€PEHIisI, KBAHTOBA KOPEKI[isd IOMUJIOK.
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