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Abstract

The origin of biological homochirality — the near-universal preference for L-amino acids and D- sugars in living
systems — remains one of the most consequential unsolved problems in the chem- istry of life’s origins. Existing
hypotheses, including asymmetric photolysis by circularly polarised light and spontaneous amplilcation via
autocatalytic processes, fail to provide a satisfactory ac- count of either the initial symmetry-breaking event or its
apparent universality. Here we propose a novel mechanistic framework in which weak neutral current (WNC)
interactions between left- handed neutrinos and alpha-methyl amino acid precursors generate a small but
consistent L- enantiomeric excess in the prebiotic environment. This initial excess — potentially as small as
0.01% — 1s then ampliled to functional homochirality via well-characterised autocatalytic pro- cesses analogous
to the Soai reaction. The proposed mechanism is consistent with the observed L- excess in alpha-methyl amino
acids in carbonaceous chondrites, provides a natural account of the universality of biological chirality, and generates
specilc, falsilable experimental predictions. We outline a two-stage experimental programme for testing the
central prediction, including a near- term proposal utilising existing reactor neutrino infrastructure. Parity-violating
energy dilerence (PVED) calculations for the specilc molecular candidates identiled here are deferred to future
computational work and represent a critical next step in validating this framework.
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a racemic mixture of L- and D-amino acids cannot
replicate the in- formational and catalytic properties of
a homochiral polymer chain.

1. Introduction: The Homochirality Problem

Life as we know it is emphatically chiral. With
negligible exceptions, the amino acids incorporated

into proteins across all known biology are left-handed
(L-enantiomers), while the sugars constitut- ing nucleic
acids are uniformly right-handed (D-enantiomers). This
is not a trivial biochemical de- tail but a foundational
feature: the enzymatic and structural functions of
biomolecules depend critically on this chirality, and

The problem of explaining this universality has two
distinct components that are often con- Rated but
must be addressed separately. The 1rst is the symmetry-
breaking problem: what physical mechanism converts an
initially racemic mixture of chiral precursors into one
with a non-zero enantiomeric excess (ee)? The second
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is the amplification and universality problem: how does
a small initial bias achieve functional homochirality, and
why does it do so consistently across all life on Earth?

The second problem has a well-developed solution in the
form of autocatalytic amplilcation, of which the Soai
reaction is the most thoroughly characterised example.
U The Soai reaction — the asymmetric autocatalysis
of pyrimidyl alkanol — can amplify an initial ee of less
than 0.1% to near-complete homochirality (>99% ee)
via iterative catalyst-substrate feedback. Crucially, this
means the initial symmetry-breaking event need not be
large; it need only be consistent in direc- tion.

The first problem remains genuinely open. The principal
competing hypotheses are as follows. Circularly
polarisedlight (CPL),produced by electron synchrotron
radiationinstar-formingre-gions,caninduceasymmetric
photodestruction of chiral molecules, yielding an ee of
approxi- mately 0.1-1%.%! However, the handedness of
CPL varies with the specilc astronomical environ- ment
and viewing geometry, making it difficult to account
for the apparent universality of L- chirality rather than
a statistical mixture of L- and D-dominated biosystems.
Spontaneous parity vi- olation via the weak nuclear
force introduces a thermodynamic energy dilerence
between L- and D-enantiomers — the parity-violating
ener%/ dllerence (PVED) — calculated to be of order

to 10720 KT for most amino acids at biological
temperatures.”) While this is in the correct direction
(favouring L-forms), it is generally considered too small
to drive spontaneous ee under prebiotic conditions
without a amplilcation mechanism that itself requires
a prior ee. Meteoritic delivery of chiral organic
molecules represents a particularly important empirical
observation: the Murchison carbonaceous chondrite
contains alpha-methyl amino acids with L-excesses of
2-15%, 51 demonstrating that non-terrestrial processes
can generate meaningful ee in exactly the molecu- lar
class of interest here.

None of these mechanisms, individually or in
combination, provides a complete account of the
symmetry-breaking event that is both physically well-
grounded and universal in its directional prediction.
We propose here that weak neutral current interactions
between the pervasive cosmic left-handed neutrino Rux
and alpha-methyl amino acid precursors constitute
precisely such a mechanism.

2. Theoretical Groundwork
2.1 Parity Violation and the Weak Interaction

The weak nuclear force is the only fundamental
interactionthatviolatesparitysymmetry (P-symmetry).

This violation was established experimentally by Wu et
al. (1957) and is a founda- tional feature of the Standard
Model of particle physics.® A key consequence is that
all neutrinos produced by standard weak interaction
processes are left-handed: their spin is antiparallel to
their momentum. Antineutrinos are correspondingly
right-handed. This intrinsic chirality of the neu- trino
is not a contingent feature but a structural one, arising
from the V—A (vector minus axial vector) character of
the weak interaction.

The relevance of this to molecular chirality was
Irst proposed in general terms by Salam (1991),
who suggested that weak neutral current interactions
might provide a universal physical basis for biological
homochirality via a small but consistent PVED
between L- and D- enantiomers.”) Subsequent
theoretical work by Quack and collaborators has placed
PVED calcu- lations on a rigorous quantum chemical
footing, demonstrating that the weak neutral current
contributiontomolecular energy is calculable in principle
for specilc chiral molecules, and that it consistently
favours L-amino acids.**!

2.2 The Weak Neutral Current and Chiral
Molecules

The weak neutral current (WNC) is mediated by the
Z boson, the neutral carrier of the elec- troweak force.
Unlike charged-current weak interactions (mediated by
W bosons), WNC interac- tions do not require Ravour
change and can couple neutrinos to any fermion —
including the elec- trons and nuclei of organic molecules.
The relevant interaction is:

v + molecule — v + molecule™ icoherent forward scattering)

In coherent forward scattering, the neutrino is not
absorbed but transfers a small phase shiftto the molecular
wavefunction. Because left-handed neutrinos couple
asymmetrically to L- and D- enantiomers — due to the
intrinsic parity violation of the WNC — this phase shift
is enantiomer- dependent. The result is a dilerential
interaction cross-section that constitutes a physical
realisa- tion of PVED under neutrino Rux conditions.

The cross-sections for neutrino-molecule WNC
interactions are extremely small by collider standards,
of order 107&& ¢m?2 per nucleon at MeV energies.
However, the relevant quantity for prebiotic symmetry
breaking is not the per-molecule interaction probability
per unit time but the cumulative asymmetric bias over
geological timescales and under high-Rux conditions.
As dis- cussed in Section 3, supernova neutrino bursts
in particular provide conditions under which even small
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dilerential cross-sections can generate meaningful
cumulative ee.

2.3 Alpha-Methyl Amino Acids as the Primary
Candidates

Standard protein amino acids (glycine excepted) are
chiral at the alpha-carbon but undergo racem- ization on
geological timescales under typical prebiotic conditions
— hydrolysis, elevated tempera- tures, and UV exposure
all drive racemization. Alpha-methyl amino acids are
distinguished by an additional methyl group at the
alpha-carbon, which provides steric protection against
racemiza- tion. This class of molecules, which includes
isovaline (o-methylisovaline), a-methylisoleucine, and
related compounds, is therefore substantially more
resistant to loss of chiral information once ac- quired.

Critically, alpha-methyl amino acids are precisely the
molecular class in which meteoritic L- excess is most
consistently and substantially observed. Cronin and
Pizzarello (1997) reported L- excesses of 2.8-8.4% for
several alpha-methyl amino acids in the Murchison
meteorite” Subsequent analysis by Pizzarello and
Shock (2010) conlrmed and extended these 1ndings,
with some samples showing excesses up to 15%.*! The
selectivity for this class — rather than standard amino
acids, where meteoritic ee is small or absent — is
strongly suggestive of a mechanism that exploits exactly
the properties (resistance to racemization, distinct PVED
prolle) that make alpha- methyl amino acids the natural
candidates for WNC-mediated symmetry breaking.

2.3.1 Key Observation

The observed selectivity of meteoritic L-excess for
alpha-methyl amino acids is not readily explained
by CPL or spontancous PVED mechanisms, but is
naturally predicted by a WNC-based mechanismacting
preferentially on the more stable chiral conlguration
of this molecular class.

2.4 Autocatalytic Amplification

The Soai reaction demonstrates that an initial ee of
<0.1% is sufficient to drive near-complete asymmetric
amplilcation under autocatalytic conditions.! The
mechanism is well characterised: the chiral product
acts as a catalyst for its own formation, with the L- and
D-catalyst forms having markedly dilerent catalytic effi
ciencies for producing their respective enantiomers.
This creates a positive feedback loop that rapidly
consumes the racemic substrate and converts it to
near- homochiral product.

While the Soai reaction itself employs organozinc
chemistry not present in the prebiotic envi- ronment,
the general principle of asymmetric autocatalysis
is substrate-independent in principle, and several
prebiotic-compatible autocatalytic systems have been
identiled or proposed.”) The key point for present
purposes is that the threshold ee required to initiate
elective autocatalytic amplilcation is very low — well
within the range accessible to WNC-mediated symmetry
breaking under realistic Rux conditions.

3. The Proposed Mechanism

We propose a two-stage mechanism for the origin of
biological homochirality:

Stage I- Initial Symmetry Breaking. Left-handed
neutrinos from one or more astrophysi- cal sources
interact with racemic prebiotic mixtures containing
alpha-methyl amino acid precur- sors via weak neutral
current coherent forward scattering. The intrinsic left-
handedness of the neutrino Rux generates a dilerential
phase shift — electively a dilerential interaction
energy — between L- and D-enantiomers, constituting
a physical realisation of PVED under Rux condi-
tions. Over the duration of the neutrino Rux event,
this dilerential accumulates to produce a small but
non-zero L-enantiomeric excess, estimated at 0.001—
0.1% depending on Rux intensity, molecular PVED
magnitude, and environmental conditions. The alpha-
methyl conlguration pre- serves this excess against
subsequent racemization.

Stage II- Autocatalytic Amplification. The initial
L-excess seeds autocatalytic amplilcation processes in
appropriate prebiotic environments — likely aqueous
or ice-eutectic environments where concentration
gradients and freeze-thaw cycles provide the necessary
reaction conditions. The L-enriched alpha-methyl
amino acids act as chiral templates or catalysts, driving
the produc- tion of further L-enriched material until
functional homochirality is achieved. This homochirality
is then propagated and locked in by the emergence of
heritable information systems that depend on it.

3.1 The Supernova Neutrino Burst as Primary
Flux Source

The most compelling astrophysical source for the
requisite neutrino Rux is a nearby supernova event
during the prebiotic period. Core-collapse supernovae
emit approximately 3 X 105 ergs of energy, of
which roughly 99% is carried away by neutrinos —
approximately 1058 neutrinos in a burst lasting 10-30
seconds.’®’ The neutrino energies are in the range
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10-30 MeV, well suited to WNC interactions with
organic molecules. Neutrinos in this energy range are
produced predomi- nantly as electron neutrinos (ve)
with characteristic left-handed helicity.

Evidence for at least one nearby supernova during
the early Solar System is provided by the presence of
supernova-derived isotopic anomalies — including
short-lived radionuclides such as 26 Al and G0Fe — in
primitive meteorites.*! The supernova that is thought
to have triggered the collapse of the pre-solar nebula
would have irradiated prebiotic material in the inner
Solar System with an intense, directional neutrino
burst.

For a supernova at a distance of ~10 pc — consistent
with the triggering hypothesis — the neutrino Ruence
at Earth’s orbit is approximately 101& ¢cm™2 over
the burst duration. Even with cross-sections of order
10°&& ¢m2 per nucleon, this represents a non-trivial
interaction probability per molecule, and the cumulative
directional asymmetry over the full burst would be
expected to generate an ee in the range detectable by
the experimental methods proposed below.

3.2 Role of Environmental Conditions

The efficiency of WNC-mediated chiral symmetry
breaking is expected to be environmentally dependent
in ways that generate testable predictions. Aqueous
environments — particularly cold, slightly alkaline
pools consistent with proposed prebiotic environments
— should enhance the effiect relative to dry or high-
temperature conditions, for two reasons: (i) the reduced
thermal racem- ization rate allows the WNC-induced ee
to accumulate rather than being immediately destroyed,
and (i1) water provides a proton-rich environment that
may enhance the interaction cross-section for specilc
molecular configurations.

Ice-eutectic environments — patches of liquid water
trapped within ice matrices — are of par- ticular interest.
These provide natural concentration gradients and
extended reaction times, and have been shown to
facilitate a variety of otherwise kinetically unfavourable
prebiotic reactions*? The combination of WNC-
induced initial ee and ice-eutectic concentration
and amplilcation may represent the most plausible
integrated environmental context for Stage I of the
proposed mechanism.

4. Experimental Proposal

The central prediction of this framework is that a Rux of
left-handed neutrinos interacting with a racemic mixture

of alpha-methyl amino acids in aqueous solution will
generate a measurable L- enantiomeric excess. We
propose a two-stage experimental programme to test
this prediction.

4.1 Stagel-Near-Term - Estimated Cost : £2-5M
4.1.1 Reactor Neutrino Experiment

Nuclear fission reactors produce a high Rux of electron
antineutri- nos (ve) from beta decay of neutron-rich
Ission products, with energies of 1-8 MeV and
Ruxes of approximately 1013 em 2571 at reactor core
distances. While antineutrinos are right-handed — the
CP-conjugate of the left-handed neutrinos of primary
interest — they provide a critical control condition:
antineutrino exposure should produce a D-enantiomeric
excess if the WNC mechanism is operating, providing
a directional signature that distinguishes the proposed
mechanism from noise.

Experimental design: racemic solutions of isovaline
and o-methylisoleucine (10-100 mM in pH 8.5
aqueous buler) would be exposed at distances of 10—
50 m from an operating reactor core for periods of
G—24 months. Samples would be maintained at 4°C to
minimise thermal racemiza- tion. Enantiomeric excess
would be measured by chiral high-performance liquid
chromatography (HPLC) and polarimetry. The predicted
electsizeissmall—eeof 10 4to 1073 —requiring high-
sensitivity chiral detection at the limit of current HPLC
capability (~10_5 ee). This is achievable with existing
instrumentation with appropriate sample preparation
and statistical aggregation across multiple runs. Existing
reactor facilities at several UK and European sites could
in principle host such an experiment with appropriate
shielding and access agreements.

4.2 Stage2- Longer -Term Estimated Cost: £86M
4.2.1 Dedicated Neutrino Source Experiment

A purpose-built low-energy neutrino source with a
con- trolled energy spectrum in the 5-30 MeV range,
combined with a large-volume target containing
alpha-methyl amino acid solutions under optimised
conditions (cold aqueous, ice-eutectic vari- ants), and a
high-precision chiral detection array. This facility would
allow systematic variation of neutrino energy, Rux
intensity, target temperature, and molecular composition,
enabling construc- tion of a full mechanistic picture of
WNC-induced chiral symmetry breaking and direct
compari- son with theoretical PVED predictions once
available. The scale of the investment is consistent
with other mid-range particle physics and astrobiology
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infrastructure projects, and the experimental returns
extend beyond homochirality to broader questions of
neutrino-matter interactions in prebiotic chemistry

5. Predictions and Falsifiability

A theoretical framework earns scientilc standing only
insofar as it generates specilc, falsilable predictions.
We identify the following:

P1. A statistically signilcant L-enantiomeric excess will
be measurable in alpha-methyl amino acid solutions
exposed to a left-handed neutrino Rux of sufficient
intensity and duration. The predicted ee is in the range
1074-1073 for reactor-scale experiments over G—24
months. Failure to detect any ee above instrumental
noise under adequate Rux conditions would
constitute strong evidence against the mechanism
as proposed.

P2. Antineutrino Rux (right-handed) should produce a
D-excess of comparable magnitude. This directional

Table 1. Summary of falsifiable predictions and experimental tests.

reversal is the key signature distinguishing WNC-
mediated symmetry breaking from systematic
experimental artefact.

P3. The magnitude of the induced ee should scale
with neutrino Rux intensity and exposure duration,
subject to an upper bound set by the equilibrium
racemization rate of the target molecule at the
experimental temperature.

P4. Alpha-methyl amino acids should show larger
induced ee than standard (non-methylated) amino
acids under identical conditions, due to their lower
racemization rate and (predicted) more favourable
PVED prolle. This prediction will be sharpened once
PVED calculations for specilc candidate molecules
are available.

P5. Lower target temperatures (approaching 0°C) should
enhance the observed ee relative to room- temperature
controls, due to reduced thermal racemization
during the exposure period.

Prediction Experimental test Falsification condition Stage
P1. L-excess under v flux Reactor exposure, chiral HPLC Null result (ee < 107°) at adequate flux 1
P2. D-excess under v flux Reactor antineutrino control Null or same-sign result 1
P3. Flux scaling Variable distance from source Non-monotonic dose response 1-2
P4. Alpha-methyl selectivity | Parallel standard amino acid controls. Larger ee in standard amino acids. 1-2
P5. Temperature dependence Controlled temperature series No temperature effect on ee 1-2

6. Future Theoretical Work

The present paper establishes the mechanistic framework
and experimental programme but defers a critical
theoretical component: the explicit calculation of parity-
violating energy dilerences for alpha-methyl amino acid
candidates under weak neutral current interactions with
neutrino lelds. This deferral is made deliberately and
transparently.

Existing PVED calculations for standard amino acids,
principally by Quack and collaborators, **) demonstrate
that such calculations are tractable using relativistic
coupled-cluster and multi- conlguration Dirac-Hartree-
Fock methods. Extension to alpha-methyl amino acids
— isovaline, a-methylisoleucine, and related structures
— is a well-delned computational problem that is rec-
ommended as an urgent priority for quantum chemistry
groups with appropriate computational resources.

Specilcally, future theoretical work should address: (i)
PVED magnitudes for isovaline and a- methylisoleucine
at the relativistic DFT and coupled-cluster levels; (ii)
the dependence of elective PVED on the molecular
conformation adopted in aqueous solution versus gas

phase; (ii1) the modil cation of interaction cross-sections
by solvation elects in cold aqueous environments; and
(iv) a full quantum mechanical treatment of WNC
coherent forward scattering for chiral mole- cules at
MeV neutrino energies.

These calculations would substantially sharpen the
quantitative predictions of the framework and are
identiled here as the primary outstanding theoretical
requirement.

7. Conclusion

We have presented a theoretical framework in which
weak neutral current interactions between left-handed
neutrinos and alpha-methyl amino acid precursors
generate the initial enantiomeric excess required
to seed the autocatalytic amplilcation of biological
homochirality. The mechanism is physically well-
grounded in the parity-violating character of the weak
interaction, consistent with the selective L-excess
observed in alpha-methyl amino acids in carbonaceous
chondrites, and generates a set of specilc, falsilable
experimental predictions testable with existing and
near- future experimental infrastructure.

Open Access Journal of Physics V8. 13. 2026

89



Weak Neutral Current Interactions with Alpha-Methyl Amino Acids as a Mechanism for Prebiotic Chiral Symmetry Breaking: A

Theoretical Framework and Experimental Proposal

The framework does not require unusual or
speculative physics — it applies established Standard
Model interactions to a class of molecules and a set of
astrophysical conditions (super- nova neutrino bursts
in the early Solar System) that are independently well-
motivated. The pri- mary outstanding requirement
is a dedicated PVED calculation for the candidate
molecular sys- tems, which would provide the
quantitative theoretical underpinning the framework
currently lacks.

A near-term reactor neutrino experiment, estimated
at £2-5M using existing infrastructure, represents the
most immediately accessible empirical test. Detection
of a directional chiral signal

L-excess under neutrino Rux, D-excess under antineutrino
Rux — would constitute strong evi- dence for WNC-
mediated chiral symmetry breaking and open a new
experimental domain at the intersection of particle
physics, astrochemistry, and the chemistry of life’s
origins.
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