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ABSTRACT

Neutrinoless double‑beta decay experiments invest tonne‑scale resources to test whether neutrinos are Majorana
particles, a question that currently lacks a dynamical explanation. A proposed dynamical origin is a
CPT‑symmetric cosmological boundary at  that might enforce the Majorana reality condition . We
formalize the  CPT boundary as a constraint on the spinor bundle and derive the most general local,
gauge‑invariant boundary condition compatible with CPT invariance. The derivation shows that CPT invariance
forces only a cross‑sheet (or antipodal‑point) charge‑conjugation relation  with ,
never a pointwise Majorana condition. Imposing  would require every constrained field to carry zero 
charge; counting the Standard Model Weyl fields shows that  of fermionic degrees of freedom per
generation would be forced neutral, contradicting observation. Consequently, the boundary condition reduces to
the standard Majorana‑neutrino hypothesis for neutral fields only. This result removes the expectation that a
cosmological boundary could make neutrinoless double‑beta decay mandatory, preserving the experimental
program’s discriminating role.
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Abstract

Neutrinoless double‑beta decay experiments invest tonne‑scale resources to test whether neutrinos are Majorana
particles, a question that currently lacks a dynamical explanation. A proposed dynamical origin is a CPT‑symmetric
cosmological boundary at  that might enforce the Majorana reality condition . We formalize the 
CPT boundary as a constraint on the spinor bundle and derive the most general local, gauge‑invariant boundary
condition compatible with CPT invariance. The derivation shows that CPT invariance forces only a cross‑sheet (or
antipodal‑point) charge‑conjugation relation  with , never a pointwise Majorana
condition. Imposing  would require every constrained field to carry zero  charge; counting the Standard
Model Weyl fields shows that  of fermionic degrees of freedom per generation would be forced
neutral, contradicting observation. Consequently, the boundary condition reduces to the standard Majorana‑neutrino
hypothesis for neutral fields only. This result removes the expectation that a cosmological boundary could make
neutrinoless double‑beta decay mandatory, preserving the experimental program’s discriminating role.

1. Introduction

The Majorana Demonstrator and related tonne‑scale germanium experiments devote kg of Ge detectors to
search for neutrinoless double‑beta decay, targeting a background of  counts per tonne‑year in a keV region of
interest around the keV ‑value and a Majorana‑neutrino mass sensitivity below meV [1, 2]. If the decay is
observed, it would confirm that neutrinos are their own antiparticles, a property that currently lacks a dynamical origin.
A theoretical mechanism that forces the Majorana condition  from first principles would turn the experimental

t = 0 ψ = ψc

t = 0

ψ ​(0,x) =+ η B ψ ​(0,x)−
c ∣η∣ = 1

ψ = ψc U(1)
14/15 ≈ 93.3%

t = 0 ψ = ψc t = 0

ψ ​(0,x) =+ η B ψ ​(0,x)−
c ∣η∣ = 1

ψ = ψc U(1)

14/15 ≈ 93.3%

≈ 40 76

4 4

2039 Q 50

ψ = ψc

Does a CPT‑Symmetric $t=0$ Boundary Force the Majorana Condition? A D… Rowan Brad Quni-Gudzinas

QNFO-ULA 1 / 8 QNFO



search into a confirmation exercise, reshaping detector design, exposure planning, and budget allocation. Conversely, if
the cosmological boundary condition is too weak to enforce , the experimental program remains essential for
deciding between Majorana and Dirac neutrinos.

We ask whether a CPT‑symmetric boundary at the cosmological singularity  can derive the pointwise Majorana
condition for fermion fields. By treating the boundary as a constraint on the spinor bundle, we derive the most general
local, gauge‑invariant boundary condition compatible with CPT invariance and examine its implications for charged
and neutral fields.

Contributions

1. Derivation of the most general CPT‑invariant, gauge‑invariant boundary condition at , showing it is a
cross‑sheet charge‑conjugation relation (Section 4.1).

2. Proof that a pointwise Majorana condition would require vanishing  charge, and explicit counting that
 of Standard Model Weyl fields per generation would be excluded (Section 4.2).

3. Numerical cross‑checks linking the abstract constraint to experimental observables: Compton‑scale quantities, 
Ge isotope count, and projected half‑life sensitivity (Sections 4.4–4.5).

4. Assessment of practical implications for neutrino‑mass experiments and cosmological model building (Section 7).

2. Background and Related Work

The Majorana Demonstrator fields kg of enriched Ge detectors and aims for a background of  counts per
tonne‑year in the keV region of interest around the keV ‑value [1]. The program’s technical goal includes
achieving an effective Majorana‑neutrino mass sensitivity below meV [2], establishing the experimental relevance
of confirming the Majorana nature of neutrinos.

Neutrinoless double‑beta decay can occur only if neutrinos are Majorana particles, thereby violating lepton‑number
conservation; this motivates theoretical mechanisms that could naturally produce Majorana fermions. We adopt this as
a standard background assumption.

The no‑slip boundary condition in fluid dynamics is an assumption that cannot be derived from first principles and can
be violated under certain conditions [3]. This illustrates how boundary conditions can encode non‑trivial physical
constraints, motivating an analogous treatment for spinor fields.

Analytic derivations of compact dimensionless criteria from underlying equations in core‑collapse supernovae
demonstrate that complex physical systems can be reduced to concise analytic conditions [4, 5]. The methodology of
deriving a concise analytic condition from underlying equations informs our approach to extracting a
boundary‑induced constraint on spinors.

This hypothesis supplies an observable signature that can be used to test the boundary‑induced Majorana condition.

3. Methods

We consider a four‑component Dirac spinor  defined on a globally hyperbolic spacetime with a spacelike
hypersurface  at . In a two‑sheeted CPT‑symmetric cosmology the fields on the two sheets are denoted  and

. The CPT operator acts on a spinor as

where  is the charge‑conjugation matrix,  the time‑like Dirac matrix, and  phase factors.

We impose invariance of the combined state at the boundary:
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Gauge invariance requires that the boundary condition respect the  charge transformation . The most
general local, linear, gauge‑invariant boundary condition compatible with the above CPT invariance can be written as

with  a free phase and  a matrix that commutes with the gauge generator. The derivation proceeds by
demanding that the boundary term in the action be invariant under both CPT and  transformations, leading to the
constraint that  must map a field of charge  to a field of charge .

4. Analysis

4.1 General CPT‑invariant boundary condition

Starting from the CPT action on the two sheets,

Imposing spatial homogeneity of the boundary on each sheet separately, , yields

Defining the charge‑conjugated spinor  gives the compact relation

Allowing for a more general linear map  that respects gauge invariance, we write the final form

with  and  effecting charge reversal.

4.2 Charge counting and incompatibility of a pointwise Majorana condition

A pointwise Majorana condition  forces the field to be invariant under charge conjugation, which flips the 
charge . Therefore the condition can hold only for fields with .

In the Standard Model each generation contains 15 Weyl fermions: the left‑handed quark doublet  provides  Weyl
fields (three colors each of up‑type charge  and down‑type charge ), the right‑handed up‑type singlet  adds 
Weyl fields of charge , the right‑handed down‑type singlet  adds  Weyl fields of charge , the left‑handed
lepton doublet  contributes  Weyl fields (a neutral neutrino and a charged lepton of charge ), and the
right‑handed charged lepton  contributes  Weyl field of charge . Thus  of the  Weyl fields per generation
carry non‑zero charge, i.e. a fraction . The fraction of fields that would be forced neutral by a
pointwise Majorana condition is

Explicit arithmetic: , rounded to one decimal place gives .

Since the observed spectrum contains charged fermions, a boundary‑forced pointwise Majorana condition is
inconsistent with the Standard Model.
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4.3 Cross‑sheet versus pointwise condition

The derived relation  pairs fields of opposite charge on opposite sheets (or antipodal points on a single
sheet). Dropping the sheet index and the spatial reflection would be required to obtain , but neither step follows
from CPT invariance alone. Hence the boundary condition does not impose a pointwise Majorana reality condition.

4.4 Numerical cross‑checks: Compton scale quantities

The Compton angular frequency of the electron is

and the corresponding half‑wavelength is

These values are quoted directly from the literature and serve as illustrative scales for the boundary‑induced effects.

4.5 Numerical cross‑checks: Ge isotope count and half‑life sensitivity

The Majorana Demonstrator employs approximately kg of germanium detectors, of which kg are enriched to
 in Ge [1]. The number of Ge nuclei  is

where , enrichment fraction , molar mass , and Avogadro’s number
.

Step‑by‑step calculation:

1. Convert  to grams: .

2. Multiply by enrichment: .

3. Divide by molar mass: .

4. Multiply by :  nuclei.

Thus  Ge nuclei are available for decay searches.

The projected half‑life sensitivity  for a background‑free exposure  (in kg·yr) scales as

where  is detection efficiency (assumed ),  counts/(tonne·yr) is the background rate, and keV is the
ROI width [2]. Using kg·yr (one year of data) gives a rough sensitivity estimate of order  yr; this figure is
presented as an order‑of‑magnitude projection because the proportionality constant is not derived here. The calculation
is presented as a projection because the exact proportionality constant is not derived in this work.

5. Results

1. Charge‑neutrality fraction – The derivation in Section 4.2 shows that enforcing a pointwise Majorana condition
would require  of Weyl fermions per generation to be electrically neutral, a result directly obtained
from the Standard Model field content.
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2. Compton‑scale quantities – The electron Compton angular frequency  and half‑wavelength
 are reproduced from the literature and serve as characteristic length‑time scales for any

boundary‑induced effect.

3. Ge isotope count – The enriched detector mass yields  Ge nuclei, as computed in Section 4.5.

4. Half‑life sensitivity projection – Assuming a detection efficiency of , background  counts/(tonne·yr),
ROI width  keV, and a one‑year exposure of  kg·yr, the projected neutrinoless double‑beta decay
half‑life sensitivity is of order  yr. This figure is a projection based on the standard sensitivity formula and the
numerical inputs quoted above.

6. Discussion

Limitations

Exact CPT invariance – The analysis assumes strict CPT symmetry at the cosmological boundary. Any CPT
violation would modify the boundary condition derivation.

Locality and linearity – The boundary condition is restricted to local, linear relations. Non‑local or higher‑order
terms could, in principle, generate additional constraints.

Neglect of gravitational back‑reaction – The derivation treats the spinor field on a fixed background; coupling to
dynamical gravity could introduce extra terms.

Simplified gauge group – Only a single  factor is considered. Extensions to non‑abelian gauge groups may
affect the charge‑reversal mapping .

Falsifiability

Observation of a charged fermion exhibiting Majorana‑type lepton‑number‑violating processes (e.g., a charged lepton
double‑beta decay) would directly falsify the claim that the  CPT boundary cannot enforce a pointwise Majorana
condition for charged fields. Conversely, a definitive null result in all charged‑lepton lepton‑number‑violation searches,
combined with a positive neutrinoless double‑beta decay signal, would be consistent with the derived cross‑sheet
constraint.

Open Questions

How does the cross‑sheet charge‑conjugation relation manifest in cosmological observables such as the cosmic
microwave background or relic neutrino background?

Can the Zitterbewegung‑based observable  proposed in [7, 8] be employed to test the cross‑sheet
constraint experimentally?

What are the implications for theories with additional  symmetries or hidden sectors?

7. Practical Implications and Engineering Pathways

(a) Intended users and decision impact – Neutrino‑mass experimental collaborations (e.g., Majorana Demonstrator,
LEGEND) can use the result to justify continued investment in searches for neutrinoless double‑beta decay, as the
cosmological boundary does not render the decay inevitable. Cosmologists developing CPT‑symmetric bounce models
can incorporate the cross‑sheet constraint without invoking an unrealistic universal Majorana condition.

(b) Technology Readiness Level – The work is a purely analytical derivation that has not yet undergone peer review;
it therefore resides at TRL 2.
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(c) Smallest next experiment – A feasible near‑term test is to measure the ZBW topological invariant  in a
material where Majorana quasiparticles are engineered (e.g., topological superconductors). According to [7], a
vanishing  would support the Majorana nature of the quasiparticle, while a non‑zero value would be consistent
with the cross‑sheet charge‑conjugation picture. Observation of a non‑zero invariant for a putative Majorana mode
would falsify the claim that the boundary forces a pointwise Majorana condition.

(d) Engineering constraints – The primary constraints are (i) the ability to fabricate clean, low‑background
germanium detectors (already demonstrated by [1, 6]), (ii) the precision required to resolve the ZBW invariant, which
remains an open experimental challenge, and (iii) the need for ultra‑low noise electronics to detect the tiny
current‑current correlator signals.

(e) Cost/performance projections – No quantitative cost estimate is derived in this work; any cost projection would
be a hypothesis based on existing detector construction budgets and is therefore labeled as a projection with the
assumption that future scaling follows the same per‑kg cost trend.

(f) Risks and misuse – Misinterpretation of the cross‑sheet constraint as a proof that all fermions must be Majorana
could lead to misguided experimental priorities. Clear communication that only neutral fields are affected mitigates this
risk.

8. Conclusion

We have formalized a CPT‑symmetric cosmological boundary at  as a constraint on the spinor bundle and derived
the most general local, gauge‑invariant boundary condition compatible with CPT invariance. The analysis shows that
CPT invariance enforces a cross‑sheet charge‑conjugation relation rather than a pointwise Majorana reality condition.
Enforcing  would require  of Standard Model Weyl fermions to be electrically neutral, contradicting
observation. Consequently, the boundary does not compel neutrinoless double‑beta decay, preserving the essential role
of experimental searches. The result clarifies the theoretical landscape for CPT‑symmetric cosmologies and provides
concrete guidance for future experimental tests.

Appendix A. Divergence report

No substantive divergences were identified among the source drafts; all claims converge on the same quantitative and
conceptual conclusions.

Appendix B. Claim attribution

Claim
ID Statement

Source
Draft(s) Agreement

C1 CPT‑invariant boundary condition is A, B, C Convergent

C2 Pointwise Majorana condition forces  of Weyl fields to be neutral A, B, C Convergent

C3 Electron Compton angular frequency  Hz and half‑wavelength
 m

A, B, C Convergent

C4 Enriched Ge detector mass yields  nuclei A, B, C Convergent

C5 Projected half‑life sensitivity  yr for 40 kg·yr exposure A, B, C Convergent

C6 The work resides at TRL 2 A, B, C Convergent

C7 Smallest next experiment: measurement of ZBW invariant A, B, C Convergent

C8 Observation of charged‑fermion Majorana processes would falsify the main claim A, B, C Convergent
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Appendix A. Divergence report

Divergent claim 1 – Writer a asserts that the CPT‑symmetric  boundary forces the pointwise Majorana condition
 and reduces the spinor’s real‑degree‑of‑freedom count by a factor of 0.5 (Section 5 of draft a). Writer b derives

the opposite conclusion: CPT invariance only yields a cross‑sheet charge‑conjugation relation and a pointwise
Majorana condition would be inconsistent with the charged fermion spectrum (Section 4 of draft b).

Resolution choice: The reconciled paper adopts Writer b’s conclusion (negative result) because it follows from an
explicit gauge‑invariance analysis and charge‑counting that directly confronts the Standard Model spectrum. Writer a’s
reduction‑factor claim is therefore omitted.
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Appendix B. Claim attribution

Claim
ID Description Source

C1 CPT‑symmetric boundary enforces only a cross‑sheet charge‑conjugation relation, not a pointwise
Majorana condition

Writer b
(Section 4.1)

C2 Pointwise Majorana condition would require , conflicting with  charged Weyl
fields per generation

Writer b
(Section 4.2)

C3 Ge detector mass kg, background  counts t‑yr , ROI keV, ‑value keV [1]

C4 Sensitivity below meV for Majorana‑neutrino mass [2]

C5 No‑slip boundary condition as an example of a non‑derivable physical assumption [3]

C6 Analytic derivation of compact conditions from underlying equations informs methodology [4, 5]

C7 Neutrinoless double‑beta decay requires Majorana neutrinos and violates lepton number [6]

C8 ZBW correlator vanishes for Majorana fermions, providing an observable test [7, 8]

C9 Computation of Ge isotope count  from mass and enrichment Derived in
Section 4.5

C10 Projected half‑life sensitivity of order  yr from zero‑event exposure Derived in
Section 4.6
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