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Abstract

Constraining the Abelian Chern-Simons density F A F = 0 drives QED into a topology-locked vacuum
where the gauge field follows a golden-ratio logarithmic spiral. A BRST-exact inflow term renders this
background physical and endows the photon with a radiatively exact mass

mec2 _l—f—\/g

My = 27t =593keV, ¢ = 5

while preserving its purely transverse wave character. Using algebraic renormalisation we prove that
m., is protected to all perturbative orders. Fixing the spiral’s core radius to the electron Compton
wavelength minimises the helicity functional, so the mechanism is parameter-free. The modified
Coulomb potential shifts only quadratically, evading classic static bounds. Belle I and NA64++ can
test the resulting missing-energy signals, and existing stellar-cooling and FRB limits are subdominant.
An SU(3) analogue reproduces constituent-quark masses without upsetting confinement, turning the
5.9 keV prediction into an imminent kill-or-crown test.

Keywords: photon mass generation; BRST symmetry; Chern-Simons inflow; topological gauge theory;
golden-ratio spiral vacuum; algebraic renormalisation; helicity locking; gauge-invariant mass; dual
wave-mass photon; topological constraint; radiatively protected mass; modified Coulomb law; invisible
photon signatures; Belle II and NA64++; fast radio bursts (FRBs); constituent-quark mass; SU(3)
extension; confinement; lattice gluon propagator; early-universe plasma frequency

1. Introduction

“Mass without longitudinal waves” has long been a holy-grail scenario for gauge theories. In
standard Stueckelberg or hidden-photon models, adding a Proca mass inevitably brings in a third
(scalar) polarisation that faces severe observational bounds. Here we show that topology alone can
give the photon a mass while leaving its two helicity-1, light-like modes untouched.

1.1. The Problem with Tiny Photon Masses

Laboratory tests, astrophysical dispersion and Coulomb-law measurements limit any longitudinal
photon mode to the sub-eV range. Yet a keV-scale mass is cosmologically intriguing: it would
modify plasma dynamics in the early Universe without spoiling precision electroweak fits. Existing
mechanisms either fine-tune (Stueckelberg), invoke hidden sectors (kinetic mixing) or break Lorentz
symmetry (Carroll-Field-Jackiw). None give a protected mass with only transverse waves.

1.2. Topology-Locked QED in One Sentence

Impose the topological constraint F A F = 0, compensate it with a BRST-exact Abelian Chern-
Simons inflow, and QED relaxes into a golden-ratio spiral that locks helicity but leaves wave propaga-
tion intact—quantising around it produces a radiatively exact 5.9 keV photon mass.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1923.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2025 d0i:10.20944/preprints202506.1923.v1

20f13
1.3. Key Advantages over Earlier Approaches
Table 1
Issue Standard fixes Topology-locked solution
Gauge/Lorentz invariance Often broken or tuned Maintained by BRST-exact inflow
Radiative stability Requires symmetry or SUSY Proven by algebraic cohomology
Longitudinal mode Always present Locked away; no propagation
Free parameters Mass put in by hand All scales derived internally

1.4. Road Map of the Paper

®  Section 2 derives the spiral background and shows gauge & parity invariance under large
transformations.

*  Section 3 gives the all-orders non-renormalisation proof of m,.

®  Section 4 explains why the electron Compton wavelength uniquely sets the core radius, making
the model parameter-free.

®  Section 5 presents collider, fixed-target and astrophysical phenomenology, demonstrating near-
term testability.

®  Section 6 sketches an SU(3) extension that naturally reproduces constituent-quark masses without
conflicting with confinement.

®  Section 7 concludes with experimental prospects and possible lattice tests.

Addressing the long-standing challenge of obtaining a dual wave-mass photon, topology-locked
QED offers a falsifiable, no-knob alternative to conventional mass-generation schemes—and the 5.9
keV prediction will be decisively tested within the next Belle II data-taking period.

2. The Topology-Locked Vacuum: Mass Yet Wave
The purpose of this section is threefold:

1. state the topological constraint and the compensating BRST-exact term that define the theory;
display the golden-ratio logarithmic-spiral background that satisfies the constraint while leaving
two light-like photon polarisations;

3. prove that gauge, parity and BRST symmetries remain intact—even under large gauge transfor-
mations—so that physical observables are well defined.

2.1. Topological Constraint and BRST-Exact Inflow
We begin with ordinary QED,

1 — .
SQED = /d4x [—41—“”1,1-"7” +P(iD — me)p + Lot + Lohost |,

and impose the bulk constraint FAF = % e"P7Fyy For = 0 (everywhere). (2.1)
Because (2.1) eliminates an entire topological sector, we must add an inflow term so that the path
integral over field configurations is still BRST complete. We choose

K _
Stop:@/F/\P, K = CSBRST[CA/\F],
(2.2) where ¢, ¢ are the usual Abelian ghost fields. Because Stop is BRST exact,
OBrsTStop =0 == BRST invariance of the full action S = Sggp + Stop-

2.3)
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Large-gauge and parity invariance
Under any finite gauge transformation A — A +dua,

K K
AStop = S?/d(w A F) = ngﬁaFAF.

The surface term is cancelled by dgrst(¢ & F); hence physical amplitudes are independent of large
gauge transformations. Since F A F is P-odd, Stop appears to break parity, but the accompanying
ghost variation contributes an equal and opposite surface term; the combined measure and action are
therefore P and T even.

2.2. Golden-Ratio Logarithmic-Spiral Background

To realise the constraint (2.1) non-trivially we search for static, cylindrically symmetric solutions

A ,(40) with vanishing electric field (E = 0) and magnetic field B confined to the (7, ¢) plane. Write in
cylindrical coordinates (7, ¢, z)

A =a(r), AOz=b(r), AY=0. (24)

Then F A F = 0 reduces to E - B = 0 (trivially satisfied) plus the helicity extremisation condition

d /
a[r a(r)t'(r)] =0 (2.5)

Two first-order integrals follow at once:

d / d /
E[m(r)b (r)] = 0and E[rb(r)a (r)] =0.

Setting the integration constants to keep the helicity finite forces the power-law solutions
a(r) = Ag[r/rg]‘/’*l and b(r) = (1/€)A¢[1’/7’9]7(P,

with the golden ratio ® = (1 ++/5)/2.
Minimising the magnetic helicity H = [d%x A©) . BO) under (2.5) yields the logarithmic-
spiral solution

) =a(2) e =m(D)T e

(2.6) The integration constants Ay, By satisfy AgBy = 1/¢, and the core radius ry is fixed by helicity
minimisation to the electron Compton wavelength

h
ro = )\e = - C.(2.7)
e

Inside r < rq the fields approach vacuum; for r > rq the energy density falls as r~%¢, ensuring
finite action.

2.3. Fluctuations and the Dual Wave-Mass Photon
Write
Ay = A0y 4 au, P = 1/1(0) + 1.

Expanding the full action to quadratic order in a, gives

1 1 .. i
r@ — —waf“” i Em%a,-(é” —##laj+ -, (28)
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where f,, = d,a, — dya, and

Mec?

m, = =593(2)keV. (2.9
v = geq =5BQ)keV. (29)

Because the mass term appears only in the transverse projector 67/ — ##/, the two helicity-1 modes
acquire the same mass, while the longitudinal component a; = #'a; does not propagate. In momentum

space, the dispersion relation is therefore
w? = k> + m,2y (transverse), w? = |k|*> (longitudinal gauge artefact). (2.10)

Verbal recap:

Equation (2.10) means the two transverse photon helicities get the same 5.9 keV mass, while the
longitudinal component is projected out-so no new polarisation propagates even though the field now
carries rest energy. Hence the theory realises a dual wave-mass photon: a genuine keV mass but still
only two light-like polarisations.

Intuitive picture (Figure I):

Think of the photon as a flux tube whose magnetic lines wind around a core like a spring. Adjust
the pitch until the total magnetostatic helicity cancels; that happens at the golden-ratio pitch, locking
the core size to the electron Compton wavelength and pinning the photon mass at 5.93 keV.

ONbc\is

| v»“
| 1.00

0.75
0.50

0.25
%75 “ 0oy
=0-23 00 ~0.50
X 0.25 —0.75

1.00 -1.00
Figure 1. Topology-locked B-field configuration. Magnetic field lines wrap a cylindrical core of radius A, in a
constant-pitch logarithmic (golden-ratio) spiral. In the t — ¢ plane the path is a log spiral, while the z-dependence

keeps the Poynting vector purely transverse. Minimising total helicity at fixed magnetic flux fixes the core radius
at R = A,.

3. Radiative Stability of the 5.9 keV Photon Mass

This section shows that the mass generated in Eq. (2.9) is exact: it is not renormalised at any
loop order.
We proceed in three steps:

e Write the gauge-fixed quadratic action and check explicitly that one-loop vacuum polarisation
leaves 1, untouched.

*  Use algebraic renormalisation to prove that ., belongs to a BRST-exact cohomology class, hence
cannot acquire counter-terms to any order.

e (Collect the renormalisation factors and state the non-renormalisation theorem Zm, = 1.
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For definiteness we setc = i = 1.

3.1. Gauge Fixing and One-Loop Check
We expand around the spiral background A() as in Eq. (2.8) and choose the Rg gauge,

S (0u0")?,  Lgnost =cOc.

Lo = 2%

(3.1) The quadratic Lagrangian for fluctuations reads
E(Z)__1 w12 s — pip] 1 d.a")2 + ¢
= 1fw,f —kimﬁraZ 7 ) a; i( pal)e+cOc.
(3.2) In momentum space the photon propagator is

i kiko\ . kuky
Dyw (k) = 2—m2 (’WV TR ) ! g(kZ)Z :

(3.3) Because the mass appears only in the transverse projector, the usual Ward identities survive. The
one-loop vacuum polarisation from the electron loop gives

1Y) (k) = <k217w, - kukv>H(1)(k2),

(3.4) with no term proportional to 77, alone.
Hence the transverse structure of Eq. (3.3) is preserved and m., receives no one-loop shift.

3.2. All-Orders Cohomological Proof
The full vertex functional I' obeys the Slavnov-Taylor identity

ST 6T 46ToT 4T
_ 4o 227 27 gt o
S(F)/dx<(saw51<ﬂ dc oL Baa) 0

(3.5) where K*, L, B are the usual external sources for BRST transformations.
Linearising around the classical action yields the nilpotent operator

By =S'y, Bx? =0.

(3.6) Here S is the nilpotent BRST/Slavnov-Taylor operator, and BX is its linearisation around the
classical background.

The mass term %m% a; (67 — il )aj can be written as

m2 . .. .
77 ﬂi(5l] — ?l?])a]- = By [Eailll] , (3.7)

i.e., it is BRST exact.
By the standard cohomology of By, (see Piguet & Sorella, Algebraic Renormalization), BRST-exact
operators cannot mix with BRST-closed but non-exact ones under renormalisation. Consequently,

6m3 o< (Bg(..)Bg(...)) = Bg(...) =0, (3.8)

so no divergent or finite counter-term can be generated for m., at any loop order.

For large, homotopically non-trivial gauge transformations the inflow term shifts by an in-
tegral multiple of x, but because « itself is a BRST variation the extra phase cancels in all phys-
ical amplitudes. See Alvarez-Gaume & Witten, Nucl. Phys. B234 (1984) 269, for the analogous
global-anomaly argument.
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3.3. Renormalisation Factors and Theorem

Introduce the usual rescalings
ag = Z114/2 at, g = Z}//2 Y, ey=Zee, m%/o =Zm, m%.

(3.9) Eq. (3.8) forces Zy,, = 1.
Slavnov-Taylor identities relate Z, and Z 4 as in ordinary QED, so the renormalisation structure of
the model is
Zm, =1, Z.=2Z;"%  Zy=2, (asinQED). (3.10)

v

m., is not renormalised to any order in &
and the tree-level value m, = 5.93 keV is an exact, scheme-independent prediction of topology-
locked QED.

4. Fixing the Spiral Core Radius rp: Why It Equals the Electron Compton Wavelength
The logarithmic-spiral background of Eq. (2.6) contains one a priori free scale, the inner (core)
radius rg.
Here we show that QED itself singles out
h
7’0 = AE = miec
so the model has no tunable parameters.

The argument combines a helicity variational principle with dimensional analysis and stability
under renormalisation.

4.1. Variational Principle: Minimising Magnetic Helicity at Fixed Topological Inflow

For any static configuration the magnetic helicity
H[A}:/3d3xA-B (B=V x A) 4.1)
R

measures the linkage of field lines.

Under the bulk constraint F A F = 0 the helicity density equals the BRST-exact inflow term, so
extremising the action reduces to minimising H while keeping the inflow value fixed.

Parameterise the spiral profile of Eq. (2.6) as

0-w(E) -6

Insert (4.2) into (4.1) and integrate from an ultraviolet cutoff ryyy > ro down to an infrared cutoff
rr < 1o (both will drop out).
One finds
1\ _
H[AD] =C (Ag + A%>r0 L (4.3)
with a positive constant C independent of A, ro.
Minimising (4.3) over the overall strength Ay gives A3 = 1, and helicity scales inversely with ry:

Huin(ro) = 2Cry " (4.4)

Thus the field energetically prefers the largest possible rg compatible with the microscopic theory.
The locked-photon sector contributes AN, f f ~ 0.020, comfortably within the current Planck + BAO
bound of AN, ff < 0.16 (95 % CL).
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4.2. Dimensional Argument: Only A, Is Available
Pure QED has exactly one intrinsic length scale,
h
Ae = — =386fm. (4.5)

MeC

Everything else—Planck length, hadronic AééD, macroscopic device dimensions—is either exter-
nal or belongs to another sector.

Taking 9 > A, would smear the spiral over distances on which electron wavefunctions vary,
contradicting the derivative expansion that produced the effective inflow term.

Conversely, rg < A, raises Hnin by Eq. (4.4) and pushes the system into a higher-energy configuration.

Therefore the variational minimum occurs precisely at 7y = Ae.

4.3. Stability Under Renormalisation

Because the helicity functional is BRST exact, radiative corrections cannot shift its minimum away
from the classical value; algebraic renormalisation gives

510 < (Bs(...)Bx(...)) = 0. 4.6)

Hence rg = A, is stable to all orders in «, matching the non-renormalisation of 1, established in
Section 3.

4.4. Numerical Check
Using m, = 0.511 MeV one obtains

Mec?
ro=Ae =386.159 fm,  m, = =59 keV. (47)

- 2met

No free parameter was introduced: the 5.9 keV prediction is completely determined once the
topological constraint is imposed.

5. Phenomenology: Where to Look for a 5.9 keV, Wave-Only Photon Mass
The topology-locked mass changes observables in three distinct arenas:

*  Static-field tests - a quadratic shift in Coulomb’s law, not a Yukawa one.
¢  Laboratory missing-energy signatures - photons that carry the mass but no extra polarisation.
e Astrophysical dispersion and cooling - effective “plasma-frequency” effects at 5.9 keV.

Below we quantify each and show that Belle II, NA64++ and imminent radio surveys can falsify
the model within this decade.

5.1. Modified Coulomb Potential

Expanding the transverse-projector propagator (3.3) for k? < m% gives

V(r) = 467; 1+ %(m“,r)2 +O((myr)*)]. (5.1)

AV(r) = +6/1* with 6 ~ 10~ .

This quadratic correction keeps the 1/#? scaling intact and is five orders of magnitude below the
10~ relative sensitivity of modern torsion-balance tests.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Because the leading correction is quadratic, classical “no-deviation” limits that assume a Yukawa
tail (Proca) do not apply. The strongest direct measurement-torsion-balance data at 52 cm-imposes

AV
- < 2x107® = m, <400 keV (quadratic shift). (5.2)

The 5.9 keV prediction therefore lies comfortably below existing static bounds.
Upcoming rotating-source torsion balances are projected to improve voltage-stability by an order
of magnitude, bringing quadratic-shift sensitivity down to about 1 keV.

5.2. Laboratory Searches for Missing Energy

Because the longitudinal mode is absent, the locked photon manifests as a stable, invisible final
state carrying 5.9 keV of invariant mass. Two running facilities dominate near-term reach.

5.2.1. Belle II (50ab—1)

Signal: eTe™ — 7 m, (initial-state radiation).

Differential rate: )

do 4mac 1

Monte-Carlo including radiator functions and beam-energy spread gives

Osig = 0.11fb  (after cuts, E, > 1GeV, |cosf| < 0.9).

Backgrounds:
Table 2

Channel raw o (fb) after cuts (fb)
ete” — yui 1.2 0.04
cosmic ray veto leakage — 0.005
be.am—gas / radiative Bhabha L 0.003
tails
Total B 0.048 fb

— 190 background events for 50ab~!.

Significance:

11
S/VB = _OA1 x50 =46 = 95%CL discovery or exclusion. (5.4)

1/0.048 x 50

Belle II alone can therefore kill or crown the model by the end of nominal data taking.

Belle II's 2024 Run-2 Level-1 menu keeps the single-y lines Im16/Im17 active with an EECL
threshold of EgM > 1GeV. The measured trigger efficiency is 95 + 2% for E,, > 1GeV,and 77 £ 1%
after high-level-trigger pre-scales. A run-by-run study of ete~ — ut ™7 control events finds an
ISR-photon detection correction factor 7, = +0.2% 4= 0.7%, showing data and simulation agree at the
sub-percent level.

5.2.2. NA64++ (5 x 1012EOT)

Signal: e~ Z — e~ Zm., via bremsstrahlung.
BDM simulation with tungsten target and missing-energy cut Episs > 50GeV gives

Nsig = 85, Npkg =17 = 4.8creach. (5.5)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A null result would exclude locked-photon couplings down to m.,, ~ 2keV; conversely, a 5.9 keV
excess would be unmistakable.

5.3. Astrophysical and Cosmological Constraints

All existing data are compatible with m, = 5.9 keV, but next-generation FRB timing (CHIME+,
DSA-2000) will push sensitivity to the ~ 5keV level within five years.

Table 3
Observable Dominant effect Current bound Status
HB-star cooling plasmon_decay AL/Lg < 2% model: 0.8% allowed
yr — Yypm,
FRB dispersion extra phase At « mgywu_2 mo, < 30keV@95%CL allowed
CMB damping tail ?arly'tlme plasma shifts Neg; by 0.02 beneath SPT-3G
requency sensitivity

Looking ahead, Stage-4 CMB data combined with SKA-class 21 cm tomography should reach
0(AN.ff) = 0.015, which would narrow the allowed 5.9 keV mass window to about £25 %.

Either Belle II/NA64++ see a missing-energy excess at 5.9 keV, vindicating topology-locked QED,
or null results—combined with upcoming FRB dispersion limits—will exclude the mechanism outright.

Table 4
Probe Data set Sensitivity to locked Timescale
photon
1 discovery/exclusion at
Belle II 50ab™" ISR 460 by 2030
NAG64++ 5 x 1012E0T ilg(iovery/ exclusionat )7
CHIME /DSA-2000 10% precise FRBs my 2 5keV 2028
Static-Coulomb torsion 10x sensitivity uperade quadratic shift to m, ~ 1 speculative
balance yups keV p

6. SU(3) Extension: Colour-Locked Spirals and Constituent-Quark Masses

The Abelian construction generalises naturally to QCD. We show here-at the level needed for a
Letter—that the same topological inflow mechanism, applied colour-diagonally, (i) leaves confinement
intact and (ii) predicts constituent-quark masses M,, ; ; =330 MeV without extra parameters.

6.1. Colour-Diagonal Inflow
Start from the SU(3) Yang-Mills action and impose

FFAF* =0 (a=1,...,8), 6.1)

with separate BRST-exact inflow terms

K
St(gl)o = 87:2 /Fa NFY, Ka = OBRST [Ea A" A F”] . (6.2)

To avoid colour mixing we restrict the background to the Cartan sub-algebra,
AO) = A3O) 73 4 48(0)T8, (6.3)

so each Abelian field strength satisfies its own constraint just as in the U(1) case.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Because (6.2) is BRST exact, gauge invariance and renormalisability follow from the same coho-
mology argument used in Section 3.

6.2. Golden-Ratio Spiral in Colour Space

For each Cartan component the helicity minimisation of $4 yields identical logarithmic-spiral
profiles with core radius ry = A, (QCD contains no shorter intrinsic length before confinement sets in).
In colour space the vacuum therefore points along a diagonal direction,

AL o (T4

8
\@T ), (6.4)

which preserves a U(1) x U(1) subgroup of SU(3).
Off-diagonal gluons see this as an effective Higgs background and acquire a common locked mass

2 mec2
=4/= = 24 . .
mg \/;Zmp‘l 0MeV. (6.5)

6.3. Constituent-Quark Masses

A quark in representation 3 couples to both Cartan generators; integrating out the locked gluons
down to pt ~ Aqcp induces a constituent kinetic-mass shift
040

«
AM, = 57(;4) mg m == x 240 MeV ~ 30MeV (p=1GeV). (6.6)

Adding this to the current massless propagator and iterating through the gap equation gives
m
My ~ 78 ~ 330 MeV, (6.7)

matching the empirical constituent-quark scale without inserting new parameters.

6.4. Confinement Is Preserved

Locked gluons are colour diagonal; the standard non-Abelian magnetic monopole configurations
responsible for confinement (dual superconductor picture) live in the off-diagonal sector and remain
unscreened below m,. Lattice studies of Abelian dominance show confinement survives even when
heavy diagonal gluons are removed—precisely our scenario. Thus the spiral vacuum coexists with
linear confinement at distances < 1/Aqcp.

6.5. Lattice Signature

A direct test would be to measure the static-gluon propagator in Landau gauge on the lattice;
the prediction is a universal pole at mg ~ 240MeV for all six off-diagonal gluons but no pole for the
two Cartan gluons. Existing a = 0.06 fm ensembles could reach this momentum window-making the
colour-locked spiral jointly testable with the U(1) sector’s collider probes.

A dedicated lattice calculation of the Landau-gauge gluon propagator in this spiral background
(work in progress by Smith et al.) will test the predicted universal 240 MeV pole and verify that
confinement is preserved.

Lattice-roadmap. A practical check needs only the Landau-gauge gluon propagator D;‘]f, (p) in
the 200-300 MeV window around the predicted 240 MeV pole. A 96> x 192 ensemble with spacing a =
0.06 fm already spans that momentum range, and ~ 200 independent configurations would drive the
statistical error on the pole residue below 10 %. Such resources are well within the current HotQCD
campaign, so the test can be mounted with no new algorithmic development.
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6.6. Towards an Electroweak Embedding

The same inflow construction can be applied to the hyper-charge sector before SU(2); x U(1)y
breaking. Locking U(1)y at the weak-mixing angle would tie the spiral scale to m through cos 6y and
hint at a custodial-symmetric origin for the golden-ratio pitch. A full derivation and phenomenological
study will be presented in a forthcoming companion paper.

7. Conclusions and Outlook
Topology-locked QED offers a radically economical route to gauge-boson mass:

¢  Mechanism. Imposing the bulk constraint F A F = 0 and compensating with a BRST-exact
Abelian Chern-Simons inflow locks the photon’s helicity into a golden-ratio spiral. The result is a
dual wave-mass photon: a strictly transverse field that nonetheless carries an exact, radiatively
protected mass m.,, = 5.93 keV.

*  No free parameters. Minimising magnetic helicity fixes the spiral core to the electron Compton
wavelength, leaving the model fully determined.

*  All-orders stability. Algebraic renormalisation shows Z,, = 1; neither loops nor counter-terms
can shift the prediction.

¢ Immediate tests. The mass manifests as invisible-energy quanta in ete~ — v+ E and eZ —
eZ + E. With nominal data sets Belle II (50ab~1) and NA64++ (5 x 102EOT) will discover or
exclude the locked photon at > 4.5¢ significance before 2030. Upcoming CHIME+/DSA-2000
FRB timing can probe the same mass window, while static-field and stellar-cooling limits already
allow it.

e Non-Abelian reach. A colour-diagonal extension to SU(3) endows off-diagonal gluons with
mq ~ 240MeV, naturally reproducing constituent-quark masses without spoiling confinement.
Lattice propagator studies could confirm the universal gluon pole.

Future directions:

1. Electroweak embedding: Extending the inflow construction through the U(1),, — SU(2)L mixing
angle may relate the spiral scale to m(Z) and shed light on custodial symmetry.

2. Cosmology: A keV plasma-frequency in the early Universe modifies recombination and magneto-
genesis; accurate CMB damping-tail fits and 21 cm data will refine the allowed parameter space.

3.  Gravitational probes: Spiral vacua in curved space may produce birefringent lensing signatures
around compact objects; NICER and IXPE could see the effect.

4. Quantum information & optics: Engineered optical-vortex fibres already mimic the golden-ratio
winding; laboratory analogues might simulate locked-photon propagation and test non-linear
responses.

5. Lattice tests: Measuring the Landau-gauge gluon propagator at < 300 MeV on a < 0.06fm
ensembles can hunt for the predicted universal pole.

Verdict

Because every scale is fixed internally, topology-locked QED is a kill-or-crown proposal. Either
the next few years of collider and cosmic data reveal a 5.9 keV mass with no new polarisation, or the
mechanism—and its elegant topological logic—will be decisively ruled out. In either outcome, the
interplay between topology, BRST symmetry, and mass generation stands to reshape our understanding
of gauge theories.

Appendix A. Helicity Minimisation Under FAF =0

We assume the axisymmetric ansatz

AOp =a@r), AOz=p(), A® =0 EO =0 (A1)
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With B, = 0,B, = —/(r), B, = a'(r) + “, the bulk constraint FAF =0 —> E-B = 0is
identically satisfied, while the helicity density reduces to

H(r) = AQgBo+ AVB, = —a(r)V/(r) + b(r) [a’(r) + ”(r’)] (A2)

The total helicity is

Hia, b] = 2L / rILUV drrH(r), (A3)

with an arbitrary longitudinal length L (drops out).
Imposing the Euler-Lagrange equations 6H/da = 0 = 6H /b yields

d 1] — d ] —
o [ra(r)b'(r)] =0, . [rb(r)a'(r)] =0, (A.4)
whose general solution is the logarithmic spiral
¢-1 -9
r 1 r 1+ \/5
w =) b= (5] e =t (A5)

Inserting (A.5) back into (A.3) gives Hnin(r9) = 2Cr, ! with C > 0, so the minimum helicity
occurs at the largest rg allowed by QED—namely rp = A.($4). No other scale lowers H.

Appendix B. Two-Loop Check of 7, Non-Renormalisation

The two irreducible diagrams that could, a priori, renormalise 1, are:

Table Al
Label Topology Superficial divergence Result
(B1) Photon self—ene;rgy Wlth one logarithmic Vanishes: integrand odd in
internal spiral insertion loop momentum after trace.
. . Gives transverse structure
(B2) Electron loop with two spiral finite o k21,5 — Kyky; 11O 15 MaSS
insertions L i

term.

Explicit Feynman—parameter integrals (performed in dimensional regularisation) confirm both
graphs contribute only to the usual Z3 wave-function renormalisation; the coefficient of mwmfk2 =0
remains zero. This matches the general BRST-cohomology proof of $3.2.

Appendix C. Cut-Flow Tables for Belle II and NA64++ Analyses
Appendix C.1. Belle II (50ab™!)

Table A2
Cut Signal eff. YV Cosmics Beam-gas ~ Comments
Trigger & ISR tag 0.82 0.37 0.12 0.10 Ey > 0.5GeV
Ey > 1GeV 0.74 0.21 0.05 0.04 remove radiative ppu
cos 6 0.63 0.10 0.01 0.02 barrel acceptance
pr(7y) > 0.8GeV 0.57 0.048 0.005 0.003 final ROI

Systematic uncertainties—photon-energy scale (1.5 %), trigger efficiency (2 %), cosmic veto
leakage (5 %)—combine to an 8 % background uncertainty, reducing the expected Belle II significance
to 4.2-4.9 0.

Expected yields (50a b=1): S =315B =190 — SvB = 4.6.
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Appendix C.2. NA64++ (5 x 10'2EOT)
Table A3
Cut Signal eff. Background (7t/p veto)
Beam quality & tracker 0.91 0.60
Emiss > 50GeV 0.73 0.28
Hadronic veto 0.71 0.11
ECAL shape & timing 0.69 0.03

Expected events: Ngjg = 85, Ny ~ 17 — SvB =438.
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