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We characterize how faithfully a commercial cloud photonic processor implements two nested
Walsh parity-check filters acting on the spatial-mode amplitudes of a single photon. Eight modes
are indexed by the vertices of the three-cube Qs; the filters realize the classical [8, 7, 2] single-parity-
check code (the zero-sum “neutral” subspace ') and the [8, 4, 4] extended Hamming code (the parity-
checked subspace & C N, with one DC and three face-parity syndrome channels). These are first-
quantized path/mode encodings of classical codes: nothing is corrected, and all reported probabilities
are conditional on postselected single-photon detection—photon loss, the platform’s dominant error,
is removed by the postselection and is not detected by the checks. On Quandela’s Belenos processor,
across more than 340,000 postselected detections, the implemented filters reproduce the intended
linear algebra to percent-level leakage floors: neutral inputs reach residual DC-port leakage of
0.02%-1.1% depending on input (mean 0.6%), a & 21x suppression relative to the ideal 0.125 DC-
capture baseline (31.6x relative to the measured non-neutral control, the gap quantifying an on-chip
calibration bias); injected DC contamination produces a monotonic, calibratable soft error signal;
and the three face-parity syndrome channels route to their predicted ports with 94-99% selectivity,
for which we report the full confusion matrix. Leakage remains far below non-neutral controls
after one to three applications of a sector-preserving unitary core, with cross-depth differences
dominated by per-compilation calibration systematics rather than gate-cycle physics. We identify
and quantify the systematics that limit all of these figures (fixed-pattern separator bias, +0.02
per-point calibration offsets, order-of-magnitude compilation scatter at the 1072 leakage level),
and report an opportunistic Hong-Ou—Mandel degradation episode, during which the suppression
vanished and recovered with recalibration, as a diagnostic observation. The measurements verify
leakage suppression and syndrome routing for one postselected single-photon block; they do not
demonstrate error correction, closed-loop recovery, feed-forward control, a fault-tolerance threshold,

or protection against photon loss.

I. INTRODUCTION

Quantum error protection requires encoding logical in-
formation into a subspace of a larger physical Hilbert
space [1, 2]. The overhead of this encoding (the ratio of
logical to physical resources) is a central figure of merit,
although its precise meaning depends on the physical
register. In multi-qubit fault-tolerance roadmaps, the
surface code [3] operates at code rates of order a few
percent at fault-tolerant distances [4, 5], and even re-
cent low-overhead constructions such as bivariate bicycle
codes [6] carry substantial qubit overhead, whereas small
error-detecting codes such as [4,2,2] [2, 7] reach high
rates only at low distance. These stabilizer-code rates
are quantified for context in Sec. VI; they are not directly
comparable to the single-photon spatial-mode dimension
rate used below, but they highlight a general design pres-
sure in quantum information experiments: the need for
experimentally accessible error-detecting subspaces with
directly measurable leakage or syndrome channels [8-10].

We present a single-photon construction on the three-
cube Q3 (the three-dimensional hypercube graph whose
eight vertices are the 3-bit binary strings, with edges join-
ing strings that differ in exactly one bit) that achieves
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spatial-mode dimension rate 7/8 for a 7-dimensional
error-detecting subspace on an 8-mode register, and test
representative states from this subspace on a commer-
cial photonic chip using more than 340,000 single-photon
events. The construction uses the geometry of the cube
to define two nested subspaces: a 7-dimensional neu-
tral subspace A for high-rate suppression, and a 4-
dimensional parity-checked subspace S C N with one
DC/sum syndrome and three independent face-parity
syndrome channels. Both subspaces are defined by lin-
ear constraints: N is the zero-sum hyperplane of C8,
and S is the kernel of a 4 x 8 Walsh parity-check ma-
trix (one DC/sum row and the three face-parity check
functionals of the cube), with coding-theoretic minimum
distances d(N) = 2 and d(S) = 4. As linear codes these
are the classical [8, 7, 2] single-parity-check code and the
[8,4,4] first-order Reed—Muller code RM(1,3) (equiva-
lently the extended Hamming code) [11-13]; our con-
tribution is not the codes themselves but their single-
photon spatial-mode realization on cloud photonic hard-
ware, the cube-derived Gray-code gate ordering, and the
unitary-core invariance test described below. The four
code states form a Z3-character basis, and the same con-
struction extends to the d-cube Q4 with d + 1 checks at
fixed distance 4. The encoding is first-quantized: states
are normalized vectors in C?® indexed by spatial mode, as
in high-dimensional photonic encodings based on discrete
path or mode degrees of freedom [14]. The error weight
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of a vector counts the number of perturbed mode am-
plitudes. This is a qudit-style encoding (throughout, a
single-photon path/mode qudit in dimension 8) and not
a multi-qubit stabilizer code, so the rate should be inter-
preted as a property of the single-photon spatial-mode
encoding. Relative to generic high-dimensional single-
photon encodings on path or mode degrees of freedom,
the cube geometry serves here as an organizing principle:
it ties the DC check, face-parity syndrome structure, and
Gray-code gate ordering to a single combinatorial object.
The experiments verify the resulting filter structure; they
do not isolate a hardware advantage attributable to the
cube labeling itself (Sec. VII).

On hardware, representative neutral-state inputs ex-
hibit ~ 21x leakage suppression relative to the ideal
0.125 DC-capture baseline (31.6x relative to the mea-
sured non-neutral control), and representative parity-
checked inputs exhibit 23.7x syndrome suppression with
94-99% dominant-port selectivity for the three face-
parity channels. The neutral-sector unitary core keeps
BALANCE leakage far below the non-neutral controls
over the tested depths. In the ideal limit these suppres-
sions are exact by construction; what the measurements
characterize is how faithfully the processor implements
the intended filters, the leakage floors at which imple-
mentation imperfections enter, and the systematics that
set those floors. The simulations of Sec. III provide ide-
alized reference points rather than additional hardware
measurements. The specific combination tested here is
nested single-photon spatial-mode subspaces with leak-
age suppression and resolved face-parity syndrome chan-
nels on a programmable, cloud-accessible photonic pro-
cessor; we have not performed a systematic survey of mul-
tiport Walsh- and parity-routing experiments, so we state
this as the configuration tested rather than as a priority
claim. To situate it, we contrast the present work with
the two closest integrated and all-optical baselines along
the axes that define it. Bell et al. [15] demonstrated a
graph-state error-correction code with syndrome extrac-
tion and correction, but in a multi-photon polarization-
entangled encoding of a single logical qubit realized on
a bulk and fibre source, not on a programmable, cloud-
accessible mesh. Zhang et al. [16] encoded error correc-
tion on a programmable integrated photonic chip, again
in a multi-qubit (dual-rail) encoding. Neither targets the
combination reported here: a single-photon spatial-mode
(path/mode-qudit) register laid out on the eight-vertex
cube geometry, carrying a high-rate neutral subspace,
three simultaneously resolved face-parity syndrome chan-
nels, and cloud-only access with no user-side cryogenics.
The distinguishing axes are therefore the single-photon
spatial-mode encoding and the resolved face-parity syn-
drome structure on a cloud-accessible programmable pro-
cessor. Generic programmable multiport interferome-
try on single photons is itself well established [10, 25],
and leakage suppression and programmability per se are
shared with this prior work; the specific element here is
the simultaneous exposure of the DC/sum channel and

three independently resolved face-parity syndrome chan-
nels on that platform. The experiment should therefore
be read as a single-block demonstration of leakage sup-
pression, syndrome routing, and neutral-sector retention
in a single-photon spatial-mode register, not as a demon-
stration of closed-loop recovery, feed-forward correction,
or a fault-tolerance threshold.

II. THEORY
A. Physical register and error model

The state space is C®, with modes indexed by the ver-
tices of QY3 via 3-bit labels byb1by. A single photon occu-
pies a normalized superposition of these 8 spatial modes
(Fig. 1). For a subspace C C C8®, the minimum support
weight

) =

i )

is the minimum number of nonzero mode amplitudes
in any nonzero element of C; equivalently, it is the
minimum Hamming weight of a nonzero codeword in
the first-quantized (spatial-mode) representation, i.e. the
standard coding-theoretic minimum distance applied to
mode-amplitude vectors. In the additive first-quantized
path-amplitude error model used here, a nonzero per-
turbation supported on fewer than d modes cannot lie
entirely in C and is therefore detected by projection onto
the complementary syndrome space.

The error model used throughout this paper is the
first-quantized path-mode error model: a “single-mode
amplitude perturbation” is an additive local change to
one mode amplitude. Concretely, a relative attenua-
tion or imbalance on mode k acts as v, — v, + § with
0 € C, and a phase rotation on an occupied mode acts
as v — v + (e'? — 1) vy; in either case the perturbation
occupies a single mode coordinate, so the support weight
of the error is 1 and the Hamming-weight (minimum-
distance) argument above applies directly. Physically,
this models relative mode-dependent attenuation or im-
balance in one waveguide, as well as coherent leakage or
contamination isolated to a single path, conditional on
the postselected single-photon readout used in the ex-
periments. We adopt this single-mode channel because
per-waveguide amplitude imbalance and isolated path
contamination are the leading-order imperfections of a
programmable mesh acting on a postselected single pho-
ton; it is thus the natural first-order error model for this
register, fixed independently of the subspace construc-
tion and not chosen to match it. A local phase rotation
produces the same syndrome signal to first order when
the affected mode is occupied. This is not the stan-
dard multi-qubit Pauli channel, and the detection and
syndrome guarantees we report are for the single-photon
spatial-mode channel. Errors of support weight greater
than one (coherent multi-mode phase errors from mis-



FIG. 1. Vertex layout of the 3-cube QX3 used as the index set
for the eight photonic modes. Each vertex carries a 3-bit ad-
dress bab1bg. The blue cycle is the Gray-code Hamiltonian cy-
cle that orders the modes for the archived neutral-sector core.
The three pairs of opposite faces (constant b, b1, b2) corre-
spond to the three face-parity check functionals Mo, M7, M2
of Eq. (2); together with the DC/sum row, these form the
four checks defining S.

calibrated mesh elements, correlated insertion-loss pat-
terns across several modes, and source phase drift) fall
outside this single-mode model and are not protected by
the present checks. We use the word protection through-
out in this operational sense: the linear constraints de-
tect and suppress such single-mode amplitude perturba-
tions, through projection onto the complementary syn-
drome space and the associated leakage and syndrome
readout. This is distinct from active, closed-loop quan-
tum error correction, which would additionally require
complex-syndrome measurement and feed-forward and is
not claimed here (see Sec. VIIB).

Three features of Fig. 1 drive the construction in the
remainder of this section. First, every vertex enters the
sum constraint ), v; = 0 on equal footing, so the neutral
subspace N is geometrically the zero-mean hyperplane of
C8. Second, the three pairs of opposite faces (constant-
by, constant-b;, and constant-by) supply the three sign
patterns (—1)% that we use as face-parity check function-
als below; the cube has no other independent opposite-
face partition, which is why S has exactly three face-
parity syndrome channels in addition to the DC/sum
channel. Third, the blue Gray-code Hamiltonian cycle
visits each vertex once and fixes the mode ordering used
by the archived neutral-sector core of Sec. II D. That core
is the circuit element whose algebraic action preserves the
neutral constraint and the stated checks. Thus Fig. 1
summarizes the common cube geometry underlying the
check functionals (sum, My, M7, Ms), the gate layout,
and the error-detecting subspaces (N, S).

B. Neutral subspace N: spatial-mode dimension
rate 7/8, distance 2

The neutral subspace is defined by

N ={veC®:Y,vu=0} dimN =T7.

We refer to this zero-sum hyperplane as the neutral sub-
space, following the terminology used for this construc-
tion in Ref. [17]. Write 1 = (1,1,...,1)T € C® for the

all-ones vector. The orthogonal projector onto N is the
BALANCE operator

B = Iy — Lt11f, (1)

in which 117 is the rank-one outer product (not a
scalar), so %1 17 is the orthogonal projector onto the
uniform (DC) direction 1 and B removes that compo-
nent. Any nonzero additive single-mode perturbation in
the sense above changes the sum and is therefore de-
tectable through the DC readout port; for a pure lo-
cal phase rotation, the signal is proportional to the oc-
cupied amplitude in that mode. The minimum-weight
codeword (1,—1,0,...,0) has weight 2, so d(N) = 2.
As a linear code over the mode amplitudes, N is the
classical [8,7,2] single-parity-check code [11]. We call
Riode(C) = dim(C)/8 the spatial-mode dimension rate
of a subspace C C C¥; thus Ruode(N) = 7/8. This rate
counts protected dimensions per physical mode in the
single-photon register and is not a multi-qubit stabilizer-
code rate.

Structurally, N is analogous to a decoherence-free sub-
space or noiseless code: information is placed in a sub-
space orthogonal to a collective mode, and the imple-
mented gates are chosen to leave that subspace invari-
ant [18-20]. The analogy is limited, however. Standard
DFS theory protects against noise operators with a spec-
ified collective action on the encoded system; here the
protected direction is the uniform spatial mode of a post-
selected single photon, the measured soft-error signal is
the BALANCE/DC leakage produced by first-quantized
mode-amplitude perturbations, and the cube geometry
supplies the face-parity syndrome channels and Gray-
code gate ordering. Thus the present claim is not a
generic DFS claim, but an explicit spatial-mode construc-
tion whose protection is read out by the leakage and syn-
drome measurements below.

C. Parity-checked subspace S: distance 4 with one
DC/sum and three face-parity syndrome channels

The three face-parity check functionals are represented
by M; = diag((—1)") for j € {0,1,2}, i.e. by the row
constraints Y, (—1)% v, = 0. Together with the DC/sum
constraint, they define the parity-check matrix

11 1 1 1 1 1 1
1 -1 1 -1 1 -1 1 -1
C=111 111 1 -1-1| @
11 1 1 -1 —-1-1 -1

The rows of C are the constant function and the three
first-order Walsh (coordinate) functions on the cube, so
C' is the Walsh-sign (complexified) realization of the
standard parity-check matrix of the first-order Reed—
Muller code RM(1, 3), equivalently the [8,4,4] extended
Hamming code [11-13]: the +1 entries are the real



Walsh characters, not the GF(2) parity-check matrix it-
self. The parity-checked subspace § = ker(C) there-
fore has dimension 8 — 4 = 4. Every 3-column sub-
set of C has full rank (verified exhaustively for all
(g) = 56 triples by the routine all_triples_full_rank
in operators.py in the reproducibility package), which
implies d(S) > 4; this distance-4 property is exactly
the standard minimum distance of [8,4,4]. The weight-
4 codeword (1,—-1,-1,1,0,0,0,0) € S saturates the
bound, so d(S) = 4.

The same counting gives a useful mathematical scal-
ing reference on the d-cube Q4. With M = 2¢ spa-
tial modes, the neutral subspace defined by the single
DC/sum check has dimension M — 1 and spatial-mode
dimension rate 1 — 1/M. Adding the d coordinate face-
parity checks gives a parity-checked subspace of dimen-
sion M —(d+1) = M —logy M —1 and rate 1—(d+1)/M.
Thus the number of checks grows only logarithmically
with mode count while the same first-order Walsh-check
construction retains distance 4 for d > 2 (a weight-4
rectangle in the hypercube saturates the bound). This
is a property of the linear-algebraic construction, not a
demonstrated multi-block scaling architecture; in partic-
ular the logarithmic check count is a statement about
the algebra only. The physical resource cost scales un-
favorably: the mode count M = 2% and the number of
modes over which a single photon must remain coherent
both grow exponentially in d, while the protected dis-
tance stays fixed at 4.

The 8 columns of C' are pairwise distinct, so a single-
mode amplitude perturbation § on mode m produces the
unique syndrome s = J ¢,,, where ¢, denotes the m-th
column of C. This is the algebraic basis for single-mode
error identification on S.

D. Dynamics operator

The hardware dynamics are defined operationally from
the archived compiled circuits that were submitted to the
Belenos processor. Index the standard basis {ex}rezs
by the eight modes of Sec. II and recall 1 = ), e}, =
(1,...,1)7. Since N' = 11, a unitary U satisfies UN =
N if and only if 1 is an eigenvector of U; this is the
only gate property the construction uses. BALANCE
is the orthogonal projector B of Eq. (1), which fixes N
pointwise and annihilates 1.

Let S denote the BALANCE separator unitary whose
first output mode is the normalized uniform vector,
and let Uy denote the archived compiled circuit unitary
for the Experiment 4 neutral jobs with d = 0,1,2,3
core iterations (E4f_neutral no, E4f neutral 1x,
E4f neutral 2x, and E4f neutral 3x). The imple-
mented neutral-sector core is the one-cycle operator
isolated from these payloads,

Ry = Stu,Ufs. (3)

The same core reconstructs the archived two- and three-

TABLE I. Validation checks for the implemented neutral-
sector core Ry of Eq. (3). Values are regenerated from the
archived Experiment 4 payloads by the extraction script in
the reproducibility package; the operator is real and orthogo-
nal and fixes the uniform vector with eigenvalue +1.

Check Value
Field, type real, orthogonal
Unitarity residual 1.33 x 107%°

Uniform-vector eigenvalue 1.000000 + 0.000000%

det Rnr -1

Eigenphases (deg) 0, +15.28, +43.37,
+166.82, 180

Depth-2 reconstruction residual 1.11 x 1071°

Depth-3 reconstruction residual 1.50 x 107*°

cycle circuits as Uy = SR;{;STUO to machine precision.
Thus the hardware test of Sec. V probes repeated appli-
cations of one well-defined unitary core, followed by one
BALANCE separator readout and single-photon postse-
lection.

Table I lists the numerical checks. The full 8 x 8 ma-
trix and the extraction script are included in the repro-
ducibility package; the script regenerates the matrix from
the raw Perceval payloads and prints the corresponding
eigenphases. The extracted core is real and orthogonal
(unitary to roundoff, det Ryr = —1), fixes 1 with eigen-
value +1, and therefore preserves . No claim of opti-
mality (fastest mixing, minimal depth, or otherwise) is
made for this particular core; it is the archived represen-
tative used to exercise the neutral sector.

The projector B is not a unitary mesh element: on
hardware it is realized only as the BALANCE /parity sep-
arator followed by single-photon postselection (Sec. IV).
Therefore the compiled hardware circuits apply Rjiv (d>
0) and then perform a single separator readout; the pro-
jection onto the neutral sector is an algebraic description
of the ideal readout, not an additional compiled gate at
each cycle.

III. SIMULATION BENCHMARKS

Eight idealized simulation benchmarks provide refer-
ence points for the construction; the compact summary
below lists all eight. These simulations are not hardware
measurements and were not preregistered predictions.

ID Benchmark and result

B1 Subspace structure: rank =7, |B2—B|| =0

B2 Logical action (shallow): rank = 7, overlap = 1/7
B4 BALANCE cadence: positive mean fidelity gain'
B6 Deep unitarity: < = 1.000 at 200 cycles

B7 Single-mode decoder: 100% recovery (500 trials;
Wilson 95% CI [99.2%, 100%])

B8 Parity-check vs. BALANCE: wins 16/16 conditions




TRepresentative magnitude from the archived dephasing model
in simulations.py; this benchmark is model-dependent, and the
script reproduces the qualitative outcome rather than the exact

value (see below).

Benchmarks B1-B6 probe the neutral subspace N
B7-B8 probe the parity-checked subspace S. The bench-
marks fall into two classes. Benchmarks B1, B2, B6, and
the single-mode decoder of B7 are exact algebraic checks:
fully determined by the construction, they reproduce to
numerical precision. They verify the projector struc-
ture (||[B%2 — B|| = 0), the rank and mixing of the shal-
low gate cycle (rank 7, with a mean squared basis-state
overlap of 1/7 reflecting near-uniform mixing within the
seven-dimensional neutral subspace), the deep-unitarity
condition number (x = 1.000000), and 100% single-
mode syndrome recovery. Benchmarks B4, the weight-
2 decoder of B7, and B8 are model-dependent stochas-
tic simulations evaluated under a transparent per-mode
dephasing model with a fixed random seed; the magni-
tudes quoted for them are representative values of that
model rather than exact predictions. The archived script
(simulations.py) reproduces their qualitative outcomes
(a positive BALANCE-cadence fidelity gain, weight-2 re-
covery beyond the formal distance-4 guarantee, and Ps
outperforming BALANCE across all 16 conditions), and
not the exact percentages, which depend on the noise-
model implementation and seed. Two benchmarks re-
ported in earlier versions of this manuscript (a dimension-
weighted throughput comparison and an internal gate-
count consistency check) have been removed: the former
compared a simulated channel against a fixed reference
constant on a metric that favors any high-dimensional
subspace by construction, and the latter checked only
the internal bookkeeping of the simulation code; neither
constitutes an independent benchmark, and both remain
available in the archived simulations.py for complete-
ness. We expand below on the three results most directly
relevant to the hardware (B6, B7, B8). These checks
inform the construction but are not directly probed by
the hardware experiments, whose results are reported in
Sec. V.

B6 (deep unitarity). Evaluated on the ideal, noiseless
operator, the implemented core R maintains condition
number £ = 1.000 000 through 200 simulated cycles, with
all seven singular values equal to 1 to numerical precision
(benchmark B6); the condition number and singular val-
ues are computed from the exact propagated operator,
so no noise model enters this check. This provides the
ideal sector-preservation reference for the Experiment 4
hardware test of repeated applications of Rs followed by
BALANCE readout.

B7 (single-mode decoder). In simulation only, a
syndrome-based decoder recovers 100% of single-mode
amplitude perturbations across 500 randomized trials
(benchmark B7; Wilson 95% CI [99.2%,100%]). Each
trial applies a single-mode amplitude perturbation of
random magnitude (drawn uniformly from [0, 1], in the
first-quantized error model of Sec. II) on a uniformly

random mode of a random code state; the decoder as-
signs the syndrome to the check column most parallel to
it (routine b7a_single mode _decoder), which succeeds
uniquely because the eight check columns are pairwise
distinct. A greedy sequential decoder, which iteratively
assigns the syndrome to the most parallel check col-
umn, subtracts that column’s contribution, and repeats
(routine b7b_weight2_greedy), also recovers a large frac-
tion of weight-2 patterns (a representative 71.4% under
the archived dephasing model); this exceeds the formal
distance-4 guarantee and reflects decoder behavior rather
than a sharper distance claim, and the exact recovery
fraction is model-dependent.

B8 (parity-checked vs. BALANCE). Across 16 noise-
depth conditions (four per-cycle dephasing amplitudes
oy € {0.01,0.03,0.10,0.30} crossed with four depths
{10,50, 100,200} cycles), the parity-check projector Ps
(the orthogonal projector onto S) outperforms BAL-
ANCE alone in every one of the 16 conditions, with a
representative fidelity improvement of up to ~15% at the
highest noise level in benchmark B8. The clean sweep
across all conditions is the robust outcome; the exact im-
provement magnitude is model-dependent. This bench-
mark isolates the modeled contribution of the three ad-
ditional parity constraints beyond the single sum con-
straint.

IV. HARDWARE PLATFORM AND METHODS

All experiments were performed on Quandela Be-
lenos [21], a 24-mode universal photonic processor ac-
cessed remotely through the Perceval software frame-
work [22], with no user-side cryogenic infrastructure.
The experiment uses the standard linear-optical model
in which programmable interferometers implement uni-
tary transformations on photonic modes through beam-
splitter and phase-shifter decompositions and integrated
multiport meshes [8, 10, 23-25].

Mode selection. We used 8 logical modes of the 24-
mode Belenos processor, exposed in Perceval as an 8-
mode circuit with ports 0-7. We did not manually op-
timize or selectively choose a specific physical subset of
modes for fidelity; the circuit was submitted through the
Belenos/Perceval compiler and the platform handled the
assignment of logical to physical modes. Because the as-
signment is performed by the compiler rather than cho-
sen by hand, the specific physical mode indices (and any
run-to-run reassignment) are not fixed in advance; the
logical-to-physical mapping returned by the compiler for
each job, together with the calibration timestamp for
every acquisition (and hence for each row of Tables II
through IX), is recorded in the raw Perceval payloads
provided in the reproducibility package.

State preparation. Input states were generated in soft-
ware by QR decomposition. For each target neutral state
|1), we constructed a unitary Uprep with Uprep |0) = |1)
by placing the normalized target in the first column



of an otherwise-identity matrix and completing it to
an orthonormal basis with the Householder QR routine
numpy.linalg.qr, fixing the sign convention so that
diag(R) is real-positive and the first column of Upyep
equals |¢)) up to a global phase (routine prep_unitary
in operators.py). The identical convention was used
for every input in Tables III, VI, and VII. Because the
completion of the remaining seven columns is convention-
dependent, the ordering of the sub-percent residual DC
components across inputs (for example the especially
small residual of the |0) — |4) pair) is a property of this
particular preparation rather than of the target states;
the exact preparation unitaries are archived in the re-
producibility package, and a mathematically equivalent
but different QR convention would in general redistribute
that sub-percent residual leakage among inputs without
altering the two-to-three-tier separation between neutral,
non-neutral control, and pure-DC states. We then sub-
mitted the composite circuit Ut = Usep Uprep as a single
Perceval circuit, with a single photon injected into mode
0 as the physical input. Here Uy, denotes the readout
separator (BALANCE or parity separator) applied after
state preparation; both Uprep and Use, were compiled
into a single interferometer submission to the Belenos
backend. The preparation unitary was not separately
re-fit to hardware data, and was not modified between
the calibrated, degraded, and restored chip states of the
Hong—Ou—Mandel control (Sec. V).

Input states. In the mode basis (eg,...,er), with eg
the single-photon state in mode k, the inputs used in the
heralding experiments are as follows. The non-neutral
control is a single computational-basis mode, |[0) = eg
(net sum 1, uniform overlap 1/8, hence expected dump
probability 0.125). The neutral pair inputs are %(eo —
%(60 - 62),
is used only for the face-parity probe of Experiment 5B),
and the balanced 4+4— input is the (—1)*2 sign pat-
tern %(€0+€1+62+63764765766*67); all three satisfy

e1) and %(eo — e4) (a third neutral pair,

>; vi = 0. The four S-basis inputs are the Z3 characters
Xa) = 52, (~1)""e, with a € {011,101,110,111}
(written as asajap; Sec. V, Experiment 5A), i.e. the la-
bels b(] D bl, b(] D bQ, bl D bQ, and bO &) b1 D b2. These in-
puts were chosen to probe distinct structural features of
the construction: local neutral pairs, the self-conjugate
neutral pair |0) — |4) whose opposite signs on the two
self-conjugate modes (k = 0 and k& = 4) yield the small-
est residual DC component, a balanced four-plus/four-
minus neutral state, and the four character basis states
spanning S.

Operating conditions. The Perceval remote-processor
metadata for gpu:belenos reported a Clock (MHz) field
of 4.94, which we adopt as the single-photon clock rate;
this device-level metadata value is distinct from pub-
lic platform shot-rate summaries. The same device-
metadata record also reported a second-order correla-
tion ¢ (0) = 0.019 and a transmittance of 4.84%.
The Hong—Ou-Mandel visibility [26] exceeded 90% on

the calibrated chip. Each test configuration collected
approximately 10,000 single-photon events.  Statisti-
cal uncertainties on every measured fraction p = z/n
are reported as 95% Wilson confidence intervals [27],
(p+ 2%/2n £ 2\/p(1 — p)/n + 22 /4n?) /(1 + 22 /n), with
z = 1.96. Suppression-ratio uncertainties are com-
puted by the log-ratio (delta) method: SE(log R) =
V(1= pa)/wa+ (1= pv)/y for R = pa/pp-

Multi-photon contamination.  The residual multi-
photon content of the source is measured directly from
the archived exports, whose decoded port-count distri-
butions retain every photon-number outcome, not only
the postselected single-photon subset. Across the 350,000
events recorded in the six experiments, 171 registered two
photons and none registered three or more, a directly ob-
served multi-photon detection fraction of 0.049%, and at
most 0.10% (< 10/10,000) in any single configuration
(the same 0.049% rate holds over the full set of archived
campaign exports; audited by photon_number_audit.py
in the reproducibility package). These detected pairs are
flagged and removed by the single-photon postselection.

The only remaining multi-photon path is a two-photon
emission in which one photon is lost before detection
and the survivor is counted as a single photon; using
the reported 4.84% transmittance 7, the ratio of one-
detected to two-detected outcomes of a photon pair is
2(1 — n)/n ~ 39, placing such lost-twin survivors at
~ 1.9%[30] of the postselected single-photon counts (con-
sistent with the source g(® (0) = 0.019). A lone surviving
photon, however, traverses the same linear circuit Uy
as the intended single photon and undergoes the same
single-particle coherent cancellation, landing with the
identical port distribution |(port|Uset|1)|?; lacking only
the two-photon interference of a genuine pair, it should
reproduce the single-photon signal rather than produce a
distinct dump or syndrome bias. This argument relies on
the surviving photon’s marginal one-mode state match-
ing the intended single-photon input. Both the one- and
two-photon components of the source are injected into
the same single spatial mode (mode 0), so a lost-twin sur-
vivor is a mode-0 single photon identical to the intended
input and traverses Uioy with the same port distribution;
any residual bias is controlled by the source’s spatial-
mode purity and is bounded above by the < 1.9% sur-
vivor weight, below the two-to-three-order-of-magnitude
leakage and syndrome separations reported in Sec. V.
The multi-photon component is therefore either explic-
itly discarded (detected pairs, 0.049%) or constrained to
the same single-particle port statistics up to the survivor
bound; it neither accounts for the residual ~ 1% prepa-
ration/calibration leakage floor of Experiments 2 and 3
(Eq. (5)) nor alters the headline suppression ratios of
Sec. V.

Acquisition, postselection, and backend version. Each
configuration was executed on the Belenos backend
through the Perceval framework during the April 2026
campaign. The Perceval remote-processor metadata
identified the backend as qpu:belenos (“Belenos




QPU”), and the exported job payloads recorded
pcvl_version 1.0.1; the API-reported backend software
stack was mosaig-belenos 2.7.12, hardware-core 3.7.4,
pcvl-worker  1.4.0, perceval-quandela  1.1.0,
universalchipworker 1.7.0, and exqalibur 1.1.1.
The Hong-Ou-Mandel control (Sec. V) spans the
calibrated, degraded, and restored chip states recorded
on April 4-6, 2026. Circuits were compiled to the
native Belenos interferometer mesh by the default Perce-
val/Belenos compiler with no manual remapping (cf.
Mode selection); the use of a programmable multiport
mesh follows the standard wuniversal interferometer
model [23, 24]. Readout is single-photon: we postselect
on events with exactly one detected photon across the
eight output ports, discarding zero-photon (loss) events
and multi-photon and dark-count-flagged events. The
reported dump and syndrome probabilities are normal-
ized to the total postselected single-photon counts per
configuration, so mode-independent loss divides out and
only the relative port-occupation distribution enters.
Across all configurations the single-photon postselection
retains 99.9% of detected events (range 99.9-100%),
with no systematic dependence on input state or core
depth; the small discarded fraction is the multi-photon
component audited above. Absolute photon loss (zero-
photon events) is not registered by the platform’s event
counter and, being mode-independent, divides out under
this per-configuration normalization, so all reported
probabilities are conditional on single-photon detection.
Claims involving loss or attenuation should therefore be
read as relative path-amplitude statements conditional
on this postselection, not as measurements of absolute
optical loss.  The per-configuration raw port-count
distributions, the exact preparation unitaries, and the
postselection masks are included in the arXiv ancillary
files (see the Data Availability section). Figure 2
summarizes the corresponding hardware workflow.

V. HARDWARE RESULTS

The six hardware experiments follow the workflow of
Fig. 2. Experiments 1-4 and 6 read out the prepared
state on the BALANCE (DC dump) port, with Exper-
iment 4 inserting d = 1-3 applications of the neutral-
sector core Rps before readout; Experiment 5 instead
routes the state through the parity separator to resolve
the DC/sum and three face-parity syndrome channels.

A. Experiment 1: BALANCE separator (80,000
events)

Single photons in each of the 8 computational modes
are sent through the BALANCE separator. The dump
port (port 0) should capture 1/8 of the input from each
mode.

Result. The dominant output port is correct for all

TABLE II. Experiment 1: BALANCE separator per-input
dump probability. A single photon is injected in each compu-
tational mode m; the dump port (port 0) should capture the
ideal fraction 1/8 = 0.125. Dump probability p is the port-0
fraction of n postselected single-photon events; uncertainties
are 95% Wilson confidence intervals. The best-performing
(lowest dump) mode is boldfaced.

Input mode n P (95% CI)

m =0 9,993 0.193[0.185,0.201]
m=1 9,994 0.157[0.150, 0.164]
m=2 9,992 0.140[0.133,0.147]
m=3 9,990 0.178[0.171,0.186]
m=4 9,992 0.1880.181, 0.196]
m=5 9,995 0.237 [0.229, 0.246]
m =6 9,995 0.224[0.216, 0.233]
m=7 9,991 0.186[0.179,0.194]

8 inputs (Table II). The mean dump probability across
modes is 0.188 &+ 0.030 (the spread denotes the across-
mode standard deviation; ideal value 0.125); the best-
performing input (mode 2) gives 14.0% on the dump port
(Wilson 95% CI [0.133,0.147]). The separator routes the
dominant output as predicted, with a measurable calibra-
tion bias in the dump probability that is carried through
in the controls below. As an implementation-fidelity fig-
ure for the separator, the measured DC-capture channel
deviates from its ideal 0.125 value by a root-mean-square
of 0.070 across the eight modes (a mean upward bias of
50%). This fixed-pattern bias is the dominant systematic
of the BALANCE experiments: it is the same offset that
inflates the non-neutral control in Experiment 2 and is
the origin of the gap between the directly measured 31.6 %
and the calibration-referred ~ 21x suppression reported
there.

B. Experiment 2: Neutral-state heralding (50,000
events)

Photons prepared in neutral superpositions ), v; = 0
are sent through the BALANCE separator.

Result. Table III resolves the expected three-tier be-
havior. The non-neutral control (p = 0.191) lies above
the ideal 0.125, consistent with chip-level imbalance in
the BALANCE separator already seen in Experiment 1.
The pure-DC input saturates the dump port at 0.980,
two orders of magnitude above the neutral inputs and
consistent with full DC capture up to a ~ 2% residual
population in the other output ports. The three neu-
tral inputs sit between these extremes in a band of width
roughly 1%, with the |0) — |4) pair delivering the lowest
dump probability (p = 0.0002); this input places oppo-
site signs on the two self-conjugate modes 0 and 4 and, in
the QR-decomposed preparation used here, accumulates
the smallest residual component on the uniform vector.
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FIG. 2. Experimental workflow for the single-photon hardware tests. A software-defined preparation unitary maps the injected
single photon to a target neutral or parity-checked input state. Depending on the experiment, the prepared state is sent directly
to a separator or first through d applications of the neutral-sector unitary core Rx. BALANCE readout measures the DC
leakage channel, while the parity separator routes the DC/sum and face-parity syndrome channels to output ports. All reported
probabilities are normalized to postselected single-photon detections across the eight logical ports.

TABLE III. Neutral-state heralding on Belenos. The control row is the non-neutral input; the uniform (pure DC) row is the
all-modes-in-phase reference; all remaining rows are neutral inputs (3, v; = 0). The best-performing (lowest dump) neutral
input is boldfaced. Dump probability p is the fraction of photons measured on port 0 out of n events; uncertainties are 95%

Wilson confidence intervals.

Input n P (95% CI) Expected
Control (non-neutral) 9,998 0.191[0.183,0.198] 0.125
10) — |1) 9,998 0.0073 [0.0058, 0.0092] 0
|0y — |4) 9,995 0.0002 [5x1072,7x 1074 0
Balanced 4+4— 9,993 0.0106 [0.0088, 0.0128] 0
Uniform (pure DC) 9,996 0.9801[0.977,0.982] 1.000

Averaging over the three distinct neutral inputs yields
a mean of 0.6% (95% CI [0.5%,0.7%]). Referred to the
ideal DC-capture baseline 0.125, this corresponds to a
suppression of 0.125/0.006 = 21x, which isolates the
interference suppression for neutral states against the
theoretical baseline. The directly measured ratio rela-
tive to the non-neutral control is larger, 31.6x (log-ratio
95% CI [27.2,36.7]); that control baseline 0.191 itself car-
ries the fixed-pattern BALANCE calibration bias docu-
mented in Experiment 1 (mean per-mode dump 0.188
vs. ideal 0.125), so the 31.6x figure conflates genuine
destructive interference on the DC port with chip mis-
calibration that inflates the control above ideal. We re-
port both figures, and the gap between them quantifies
the BALANCE calibration bias, not additional physics.
The three neutral inputs themselves span 0.0002-0.0106
(Table IIT); this input-to-input range, rather than the
narrow Wilson interval on the pooled mean (which re-
flects photon-counting statistics only), is the physically
relevant measure of variation, and it is dominated by
how much residual uniform component each preparation
accumulates under the QR convention of Sec. IV. As a
between-job reproducibility check, the |0) — |1) neutral
baseline was acquired in three independent jobs (Exper-
iments 2, 3, and 4) and gave dump probabilities 0.0073,
0.0070, and 0.0075, agreeing within their Wilson inter-
vals, so for this shared configuration run-to-run variation

is no larger than photon-counting statistics. Because ev-
ery probability is normalized to the postselected single-
photon counts (Sec. IV), this ratio is independent of any
mode-independent loss, which cancels between the neu-
tral and control inputs; the Hong—Ou-Mandel control of
Experiment 6 further indicates that the suppression is
phase-coherent rather than a normalization or intensity
artifact. The hardware therefore tests representative vec-
tors from the theoretically 7-dimensional error-detecting
subspace, with the residual ~ 1% leakage consistent with
preparation and/or calibration imperfections rather than
a failure of the linear sum constraint.

C. Experiment 3: Proportional error detection
(70,000 events)

A controlled DC contamination with strength ¢ €
[0,1.6] is injected into a prepared neutral state and the
resulting dump probability is measured. Concretely, the
injected state is [1(c)) o |¢har) + ¢, where |[¢hpr) € N s
the target neutral state and @t = 1/+/8 is the unit uniform
(DC) vector orthogonal to N thus ¢ is the amplitude ra-
tio of the injected DC component to the neutral state.
After normalization the predicted dump (DC) probabil-



TABLE IV. Error injection. The hardware response is mono-
tonic in the injected DC fraction and strongly correlated with
the theoretical prediction. Hardware uncertainties are 95%
Wilson confidence intervals on n ~ 10,000 events per row.

c Theory dump Hardware dump (95% CI)
0.00 0.000 0.007 [0.0055, 0.0088]
0.05 0.003 0.015[0.0126, 0.0174]
0.10 0.010 0.020[0.0174,0.0230]
0.20 0.039 0.038 [0.0340, 0.0414]
0.40 0.138 0.187[0.1800, 0.1953]
0.80 0.390 0.4371[0.4269, 0.4463]
1.60 0.719 0.814[0.8065, 0.8217]

ity is the squared DC weight,

02

—_— 4
14¢2’ )

p(c) =

which defines the “Theory dump” column of Table IV (so
that p(0) = 0 and p(c) —» 1 as ¢ — o).

Result. Rather than summarizing the agreement by a
correlation coefficient alone, we fit the hardware response
to a two-parameter calibration model that augments the
ideal curve p(c) of Eq. (4) with a leakage floor and a
multiplicative gain,

02

phw(c) = Pfloor + ¢ (5)

14c¢2

A least-squares fit to the seven points of Table IV
(two free parameters, five degrees of freedom) gives
Pcor = 0.010 and g = 1.12: a ~ 1% preparation-leakage
floor (consistent with the ~ 0.7%-1% residual of Ex-
periment 2) and a 12% multiplicative gain on a near-
saturated channel. The fit residuals, p — ppw(c), are at
the £0.02 level (largest, +0.024, near ¢ = 0.4) and are
compatible in sign and size with the fixed-pattern cali-
bration offsets of the BALANCE separator seen in Ex-
periments 1 and 2, and not with a departure from the
c?/(1 + ¢?) response. Referred to the photon-counting
(Wilson) uncertainties alone, the fit gives x?/dof ~ 24 (5
degrees of freedom): the residuals are roughly an order of
magnitude larger than statistical scatter, confirming that
they are dominated by systematic calibration offsets at
the +0.02 level rather than by counting noise or a failure
of the model shape. We therefore treat this £+0.02 resid-
ual scale as a per-point systematic budget and regard the
calibration model of Eq. (5), rather than a correlation
coefficient, as the operative description. The BALANCE
separator therefore reports a continuous, monotonic, and
calibratable soft error signal across ¢ € [0.05, 1.6], well de-
scribed over this tested range by a floor-plus-gain model
with the ideal response shape fixed.

TABLE V. Neutral-sector unitary core on Belenos. Dump
probability p at 0, 1, 2, and 3 iterations of R on a neutral
input, with two non-neutral controls (no core cycle and 1x);
the lowest neutral dump probability is boldfaced; uncertain-
ties are 95% Wilson confidence intervals.

Configuration n p (95% CI)
Neutral, no core cycle 9,995 0.0075 [0.0060, 0.0094]
Neutral, 1x core cycle 9,995  0.0004 [2x107%,1x1073]
Neutral, 2x core cycle 9,997 0.0018[0.0011, 0.0028]
Neutral, 3x core cycle 9,999  0.0002 [5><1075, 7><1074]
Control, no core cycle 9,996 0.196 [0.188,0.204]
Control, 1x core cycle 9,998 0.190[0.182,0.197]

D. Experiment 4: Leakage at three compiled
unitary-core depths, limited by compilation
systematics (60,000 events)

The neutral-sector unitary core R (Sec. IID) is ap-
plied 1, 2, and 3 times to a prepared neutral state, fol-
lowed by BALANCE readout.

Result. Table V lists the numerical values; Fig. 3 dis-
plays the same data on a logarithmic scale. The no-cycle
neutral baseline is p = 0.0075; after one and three core
cycles the measured dump probabilities fall to 0.0004 and
0.0002, respectively, and their Wilson intervals overlap.
The 2x point, 0.0018, is also below the no-cycle baseline
but lies above the 1x and 3x lower-leakage band, so the
depth dependence is non-monotonic rather than a sim-
ple shot-noise fluctuation. Each depth was submitted as
a different compiled unitary, so cross-depth comparisons
also include depth-dependent compiler and calibration
variance; the claim is therefore only that leakage remains
low and shows no monotonic growth over these tested
depths. Indeed, because Ry fixes the uniform (DC) vec-
tor 1 with eigenvalue +1 (Sec. IID), the ideal core pre-
serves the DC/dump component of its input exactly and
cannot by itself reduce the dump leakage; in the noise-
less circuit the dump probability would be independent of
depth. The observed scatter across depths (including the
1x and 3x points lying below the d = 0 value) is there-
fore consistent with differing preparation and separator
calibration for each separately compiled circuit, not any
cleaning action of the core. The log-scale representation
in Fig. 3 makes the main conclusion visible: all cycled
neutral points remain far below the two non-neutral con-
trols (no core cycle, p = 0.196; 1x, p = 0.190). The two
controls agree within their Wilson intervals, indicating
that the unitary core does not by itself change the non-
neutral leakage level. The direct ratio of the 1x control
to the 3x neutral point is 0.190/0.0002 ~ 950, but the
small denominator (2 events out of 9,999) gives a wide
log-ratio 95% CI of [2.4 x 102,3.8 x 103]; we therefore
treat this ratio as descriptive rather than as the primary
statistical summary.

In conventional gate-based quantum-error-correction
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FIG. 3. Dump probability at the tested neutral-sector core depths on a logarithmic scale (Experiment 4). These are four
operating-depth points (0, 1, 2, 3 applications) with a non-monotonic ordering, not a depth scan: no curve is fit through them
and the figure should not be read as a depth-scaling trend (a dedicated ~10-20 cycle scan, deferred to future work, would
be required to extract a per-cycle leakage rate). Markers are the hardware values; vertical bars are 95% Wilson confidence
intervals. The dashed line is the non-neutral control level (p = 0.190, the 1x control; the no-core-cycle control agrees at 0.196,
statistically indistinguishable from it, so the core does not by itself reduce the control leakage). All four neutral points remain
well below the control band; the 1x and 3X points have overlapping 95% confidence intervals, while the 2x point lies above

this lower band but well below the no-cycle baseline.

experiments, repeated gate application tends to degrade
fidelity [3, 5]. The present data make a narrower claim:
BALANCE leakage remains far below the non-neutral
control after one, two, and three applications of the
neutral-sector unitary core. This agrees with the mod-
eled unitarity and preservation of N (Sec. II, B6 in
Sec. III), while the non-monotonic 2x point indicates
that residual preparation leakage and chip calibration
also affect the measured dump probability. Three depths
are not sufficient to fit a per-cycle leakage rate or to sep-
arate genuine algebraic sector preservation from cumula-
tive coherent error masked by the small dynamic range;
accordingly, we claim only that leakage stays well below
the non-neutral control for the three tested depths and
do not claim monotonic sector preservation under itera-
tion. A dedicated depth scan to ~10-20 cycles would be
required to extract a per-cycle leakage rate, and is left to
future work. The chip realization of the core carries an
unmodeled implementation error budget (insertion-loss
imbalance, beamsplitter angle errors, phase-calibration
drift), so the observed leakage suppression is bounded by
the hardware-level fidelity of the implemented unitary,
not by the algebraic identity alone. Simulation bench-
mark B6 provides the ideal reference for sector preser-
vation; the hardware leakage data are compatible with
that qualitative expectation within the tested depths.
This measurement shows retention in the neutral sector
as read out by BALANCE; it does not by itself constitute
a process-tomographic measurement of the logical action
within V.

E. Experiment 5: Parity-checked subspace and
syndrome channels (80,000 events)

The parity-check separator Ug is the Z3 charac-
ter table normalized by 1/ \/g7 with rows ordered as
a € {000, 001,010,100,011,101,110,111} (the four check
characters first, then the four code characters), so that
ports 0-3 correspond to the syndrome subspace and
ports 4-7 to the code subspace §. The port assign-
ment follows directly from the row structure of C: the
four rows of C' correspond to the characters with labels
a € {000,001, 010,100} (the DC/sum row and the three
face-parity rows), so any state in ker(C') = S has zero
projection onto these four directions and is routed en-
tirely to ports 4-7; a parity violation produces a nonzero
projection onto one or more of ports 0-3. Concretely,
each basis state of S is a Z3 character vector: for a label
a = (ag,a1,a0) € Z3 it is |xa) = ﬁz_@ezg(_l)(m €z,
where = boby by runs over the eight vertices and a - x =
@j ajzj. The four code states tabulated below carry the
labels by @by, bo®ba, by Dba, and by Dby B by (equivalently
a = 011,101,110, 111 written as asajag), the four char-
acters orthogonal to the row space of C. For example,

bo @ b1) = - (€000 — €001 — €010 + €011
V8
+ €100 — €101 — €110 + 6111)-

5A. Code-space heralding. The four S-basis inputs are
prepared and sent through the parity separator; port
fractions are recorded to test how well each basis state is
confined to code-space ports 4-7.

Table VI resolves the four basis-state behaviors of S
along two axes: total syndrome leakage (psyn, ports 0-
3) and code-side port fidelity (the dominant entry on its



TABLE VI. Parity-checked-subspace heralding. Syndrome
probability psyn is the total fraction on ports 0-3 (ideal: 0);
Port is the predicted dominant code-space output port (ports
4-7 carry the code subspace); Fid. is the fraction of all de-
tections on that predicted port; uncertainties are 95% Wilson
confidence intervals on n =~ 10,000 events per row.
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TABLE VII. Selective parity detection. Each face-parity vi-
olation activates the corresponding syndrome port; Sg, Sy,
S, label the input violating face-parity check My, My, M,
respectively; selectivity is the fraction of syndrome-subspace
detections (ports 0-3) routed to the expected port, with 95%
Wilson confidence intervals.

Basis state Psyn (95% CI) Port Fid.
bo @ b1 0.009 [0.0073,0.0111] 4 98.8%
bo ® b2 0.062[0.057,0.067] 5 91.0%
b1 @ b2 0.011 [0.0090, 0.0130] 6 96.9%
bo P b1 B b2 0.012[0.0096, 0.0138] 7 93.6%
Mean (n = 39,982) 0.0232 [0.0218, 0.0248] 95.1%

predicted code port). Three of the four basis states clus-
ter near Psyn € [0.009,0.012]; the by @ be basis state is
a clear outlier at gy, = 0.062, and its code-side port fi-
delity (91.0%) is correspondingly the lowest of the four.
We attribute this 5-7x spread, tentatively, to state-
dependent calibration asymmetry rather than a global
loss of the parity-check structure: the other three ba-
sis states retain percent-level syndrome leakage, so the
parity-check routing is intact. This attribution is, how-
ever, a post hoc hypothesis that the present single run
cannot confirm. To make it quantitative and testable,
we record the calibration model that links per-mode im-
perfections to state-dependent syndrome leakage. Let
D = diag(1l + ¢,) describe the residual per-mode mul-
tiplicative error of the parity separator, where ¢, € C
collects insertion-loss imbalance and small beamsplitter-
angle and phase offsets on mode z. To first order in ¢,
the amplitude that an ideal code character |x,) (a €
{011,101,110,111}) leaks onto check row r (itself the
character x, with » € {000, 001,010,100}, the DC/sum
and three face-parity rows) is (x,|D|xa) = dra +E(a® 1),
where é(w) = >, (—1)"""e, is the Walsh-Hadamard
transform of the error profile. Because no code label a is
a check row, the predicted syndrome leakage is

Psyn (a) ~ Z

r€{000,001,010,100}

‘é(a D7) 2

; (6)

the squared Walsh weight of the calibration profile at
the frequency a and its three single-face-flip neighbors.
The state dependence is therefore fixed entirely by the
Walsh spectrum of the per-mode error: for the observed
outlier a = 101 (bg @ bs) the relevant frequency set is
{101,100,111,001}, so a calibration profile whose spec-
tral weight concentrates in this set elevates that one char-
acter while leaving the other three near the percent-level
floor, which is exactly the pattern of Table VI. Equa-
tion (6) makes the attribution falsifiable in two indepen-
dent ways: (i) obtaining the per-mode insertion-loss and
beamsplitter-angle-offset vector from the platform cali-
bration record, Walsh-transforming it, and checking that
its weight concentrates in {101,100, 111,001}; and (ii) a
repeat acquisition after recalibration, which should move
the outlier to whichever code character’s frequency set

Input Exp. port Meas. port Selectivity (95% CI)
[0) = 1) (Sa) 1 1 0.985[0.980, 0.988]
[0) —12) (Sy) 2 2 0.944 [0.935, 0.952)]
10) —4) (S=) 3 3 0.942[0.934, 0.949]

TABLE VIII. Syndrome confusion matrix for Experiment 5B:
the fraction of syndrome-subspace detections (ports 0-
3) routed to each syndrome port, for the three single-
parity-violating inputs. Diagonal entries (boldface) are the
dominant-port selectivities of Table VII; off-diagonal entries
are cross-talk. Rows sum to 1 up to rounding.

Input Port 0 Port 1 Port 2 Port 3
Sz (|0)—]1)) 0.008 0.985 0.007 0.001
Sy (]0)—1]2)) 0.008 0.021 0.944 0.028
S. (]0)—4)) 0.015 0.023 0.020 0.942

overlaps the new loss spectrum rather than remain fixed
on by @ by. We identify both as necessary follow-up mea-
surements; a transient, chip-specific artifact uncorrelated
with the calibration spectrum would fail both tests. Av-
eraged over all four inputs (n = 39,982), the mean syn-
drome leakage is 2.32% (95% CI [2.18%,2.48%)), so repre-
sentative basis states of the 4-dimensional parity-checked
subspace are reproduced on hardware with percent-level
residual syndrome leakage.

5B. Selective parity detection.

The three inputs are neutral pairs that each violate a
single face-parity check; the labels S;, Sy, and S, de-
note violations of My, M7, and My, routed to syndrome
ports 1, 2, and 3, respectively. Each row of Table VII
reports the theoretically predicted syndrome port and
the empirically measured dominant syndrome port. For
all three single-parity-violating inputs the predicted and
measured ports coincide. The dominant-port selectivity
point estimates are 94-99%: the S, selectivity (0.985,
95% CI [0.980,0.988]) is higher than the S, and S, es-
timates (0.944 and 0.942; 95% CIs [0.935,0.952] and
[0.934,0.949]), while the S, and S, channels are indis-
tinguishable from each other at this sample size. The
full syndrome confusion matrix (the distribution of each
input over the four syndrome ports 0-3) is given in Ta-
ble VIII. Off-target routing is below 1% for S, and at
the 2-3% level for S, and S, with no single off-target
port exceeding 2.8%; these off-diagonal rates bound the
syndrome-label error that would propagate into any fu-
ture feed-forward correction. The complete per-input
distributions over all eight output ports are tabulated
in the reproducibility package. We nonetheless interpret
the measured selectivity here as syndrome-label resolu-



TABLE IX. Hong—-Ou—Mandel control. Identical circuit and
preparation, varying photon indistinguishability; calibration
dates are in 2026. Dump probabilities are 95% Wilson confi-
dence intervals; the calibrated state used n ~ 10,000 single-
photon events and the degraded and restored states used
n = 5,000.

Chip state HOM vis.  Dump prob. (95% CI)
Calibrated (Apr. 4) 90.7%  0.0073[0.0058, 0.0092]
Degraded (Apr. 5-6) 21.2% 0.481[0.467,0.495]

Restored (Apr. 6) ~ 91% 0.0058 [0.0040, 0.0083]
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TABLE X. Summary of hardware results.

Experiment Result Events
1. BALANCE separator 8/8 correct ports 80,000
2. Neutral heralding &2 21x ideal (31.6x raw) 50,000
3. Error detection calibrated soft response 70,000
4. Gate cycle low leakage, depths 1-3 60,000
5. Syndrome channels  23.7x, 3/3 ports 80,000
6. HOM control interference dependence 20,000
Total > 340,000

tion, not as a complete syndrome-state tomography. The
three measured dominant ports resolve the three face-
parity syndrome labels.

5C. Suppression ratio. The mean code-space syn-
drome leakage of 2.32% (95% CI [2.18%,2.48%]) con-
trasts with 55.0% (95% CI [54.0%, 56.0%]) for a sin-
gle computational-mode control sent through the same
parity separator (ideal syndrome fraction 1/2). Re-
ferred to the ideal control fraction, the suppression is
0.5/0.0232 =~ 21.6x; the directly measured on-chip ratio
is 23.7x (log-ratio 95% CI [22.2,25.3]), the gap reflecting
the same kind of separator calibration bias quantified in
Experiments 1 and 2 (measured control 55.0% vs. ideal
50%). As in Experiment 2, this ratio compares postse-
lected single-photon fractions, so mode-independent loss
cancels (Sec. IV). Because S C N, the coherence sensi-
tivity diagnosed in Experiment 6 is also relevant to the
parity-checked subspace.

The three resolved parity channels are necessary, but
not sufficient, hardware primitives for the theoretical
single-mode decoder of benchmark B7 (100% recov-
ery in simulation); full recovery also requires complex-
syndrome readout and feed-forward control.

F. Experiment 6: Hong—Ou—Mandel degradation
episode (diagnostic observation)

A control experiment exploits a Belenos recalibra-
tion/maintenance window during which the Hong—Ou-
Mandel visibility dropped from 90.7% to 21.2%. The
degradation was opportunistic, not deliberately induced,
so the control is best interpreted as a diagnostic change in
indistinguishability rather than as an isolated knob. We
re-ran the same neutral-heralding circuit and the same
software-defined preparation in the degraded chip state
and again after the visibility was restored on recalibra-
tion.

Table IX compares the dump probability across three
chip states with the circuit, the input preparation, and
the photon-counting infrastructure held fixed. The main
recorded diagnostic change is the two-photon visibility,
which fell from 90.7% to 21.2% during the recalibra-
tion window and was restored to approximately 91% on
completion; the post-recalibration visibility was taken

from the platform’s standard calibration report rather
than separately remeasured under our circuit, hence
the “~” in the restored entry. Across the three chip
states the dump probability tracks the platform Hong—
Ou-Mandel/calibration diagnostic: at calibrated visibil-
ity it sits at 0.0073 (95% CI [0.0058,0.0092]), matching
the corresponding row of Table III; at degraded visi-
bility it jumps by a factor of ~ 66 to 0.481 (95% CI
[0.467,0.495]); on restoration it falls back to 0.0058 (95%
CI [0.0040,0.0083]). The Wilson intervals of the cali-
brated and restored states overlap, so the calibrated and
restored suppression levels are statistically indistinguish-
able. The degraded value of 0.481 lies nearly two or-
ders of magnitude away from both the calibrated and re-
stored values, consistent with loss of the phase-sensitive
cancellation that defines N once the BALANCE sepa-
rator acts on an incoherent or poorly phased input; we
do not attempt a quantitative model of its specific mag-
nitude, which depends on the detailed degraded chip
state (prepared-state and separator phase errors dur-
ing the maintenance window) rather than on a simple
fully-incoherent mixture. The control is therefore con-
sistent with, but does not by itself isolate, a phase-
coherent interference mechanism, and argues against a
purely intensity-based artifact as the source of the cali-
brated suppression; a deliberate visibility scan (adding a
known temporal delay between photons to vary the in-
distinguishability through a controlled range and back)
would be required to isolate the mechanism, and is left
to future work. Since & C N, the parity-checked sub-
space requires the same coherent neutral-state prepara-
tion and is expected to exhibit the same sensitivity to in-
distinguishability loss. Because the maintenance-window
change was not an isolated control parameter, we inter-
pret the HOM-visibility comparison as a diagnostic of the
calibrated versus degraded photonic operating state, not
as a standalone measurement of the microscopic mecha-
nism.

G. Hardware summary

Table X collects the six experiments and their event
counts (the Experiment 6 entry is the exact sum of the
10,000 calibrated, 5,000 degraded, and 5,000 restored ac-



quisitions of Table IX). The per-configuration counts sum
to roughly 360,000 single-photon acquisitions; a few base-
line and control rows are shared across experiments (for
instance, the calibrated Hong—Ou—Mandel row and the
zero-contamination point of Experiment 3 coincide with
the Experiment 2 neutral baseline), so we quote the con-
servative total of more than 340,000 distinct events. To-
gether these measurements test the operational pieces
used in the construction: BALANCE readout, leakage
suppression for representative neutral states, a calibrated
soft response to DC contamination, low leakage after re-
peated applications of the neutral-sector unitary core,
and resolved dominant ports for the three face-parity
syndromes. The simulations of Sec. III remain idealized
references for these behaviors rather than hardware mea-
surements of throughput or decoder recovery.

VI. CONTEXT AND SCOPE

The encoding here is a single-photon spatial-mode code
rather than a multi-qubit stabilizer code, so any com-
parison of code rate is necessarily indirect. We list the
relevant numbers for context only. The rate axes are
different and the figures below should not be compared
directly: they are given solely to situate the construction
among near-term options, not to rank it against stabi-
lizer codes, whose rates count logical qubits per physical
qubit against arbitrary Pauli errors. Concretely, compar-
ing 7/8 with a stabilizer-code rate is not a unit conversion
but a category mismatch: the former counts protected
spatial dimensions carried by a single postselected pho-
ton, whereas the latter counts logical qubits per encoded
physical qubit against arbitrary Pauli errors.

Spatial-mode dimension rate. The neutral subspace
operates at rate 7/8 (87.5%) in the single-photon spatial-
mode sense: 7 protected dimensions in 8 physical modes.
Multi-qubit stabilizer codes report rates on a different re-
source axis (logical qubits per physical qubit against arbi-
trary Pauli errors), and comparing the two is a category
mismatch rather than a unit conversion; we therefore
do not tabulate stabilizer-code rates against the spatial-
mode figure and refer the reader to Refs. [2, 3, 5-7] for
representative values. The relevant point is only that a
high-rate single-photon spatial-mode construction with
experimentally accessible syndrome signals is of interest
on near-term photonic processors, where multi-qubit sta-
bilizer infrastructure is not yet available.

Behavior under repeated gates. In stabilizer-code ex-
periments, logical error per cycle is positive and overall
fidelity decreases with circuit depth [3, 5]. The Exper-
iment 4 observation that leakage remains low under re-
peated application of Ras has its ideal reference in the
unitarity of Rys established in Sec. IID (benchmark B6
of Sec. III); we do not claim to have observed sub-unity
logical error rates in the multi-qubit sense.

Operating conditions. The cloud accessibility of the
processor, including the absence of any user-side cryo-
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genic requirement, is a property of the photonic plat-
form and is not unique to the present construction; the
relevant point is that the single-photon spatial-mode pro-
tection tested here does not require custom hardware on
the user side.

Relation to bosonic and loss-tolerant photonic codes.
The construction here protects a spatial-mode amplitude
channel and is conditional on single-photon detection; it
does not address photon loss, which is the dominant er-
ror of photonic hardware and is removed here by post-
selection (Sec. IV). Complementary photonic strategies
target exactly this channel: bosonic codes such as the
Gottesman—Kitaev—Preskill encoding [28] protect against
loss and small displacements within a single mode, and
loss-tolerant photonic encodings [29] are designed to de-
tect and recover lost photons. These operate on a dif-
ferent resource and error axis from the single-photon
spatial-mode parity checks demonstrated here; a register
combining spatial-mode parity filtering with loss-tolerant
or bosonic protection is a natural direction beyond the
present single-block scope.

VII. DISCUSSION
A. What the hardware demonstrates

The hardware experiments of Sec. V test the single-
block ingredients of the construction rather than a full
error-correcting architecture. Their common feature is
the Q3 layout: the DC/sum check, the soft DC error sig-
nal (Experiment 3), the archived neutral-sector core, and
the three face-parity checks are all defined on the same
eight-vertex register. This shared geometry is the main
structural distinction from a generic path-encoded qudit
and is the feature most likely to connect this work to
adjacent high-dimensional and graph-based photonic en-
codings. We emphasize, however, that the present exper-
iments do not isolate a hardware advantage attributable
specifically to the cube labeling: the same circuits could
be described with the modes relabeled 07, and the geom-
etry functions as an organizing principle (tying the DC
check, the three face-parity syndrome channels, and the
Gray-code gate ordering to one combinatorial object),
not as an independently benchmarked physical resource.
What the hardware shows is that this organized set of
nested checks can be prepared, applied, and read out to-
gether on a single commercial chip. Equivalently, the
leakage- and syndrome-suppression ratios are a measure-
ment of how faithfully the chip implements the intended
subspace-projecting unitaries, for which the suppression
is exact by construction in the ideal limit.

B. Limitations

The present work demonstrates single-block primitives
of protected spatial-mode subspaces, syndrome channels,



and a coherence-preserving unitary core. It does not
demonstrate (i) closed-loop error recovery using the syn-
drome readout, (ii) feed-forward classical control, (iii) a
multi-block tiling architecture, or (iv) a fault-tolerance
threshold.

Closed-loop recovery in particular requires measuring
the complex syndrome rather than only intensity in the
syndrome ports. Standard photonic routes are homodyne
or heterodyne mode-overlap detection against calibrated
local oscillators, or an interferometric phase-reference
measurement that recovers both magnitude and phase
of the residual. Our current Belenos experiments mea-
sure output intensities and probabilities only, so they
test syndrome-channel selectivity and leakage suppres-
sion, but not full feed-forward recovery. Implementing
complex-syndrome readout and a feed-forward correction
loop on this register is the natural next step.

VIII. CONCLUSION

We have characterized, with over 340,000 postse-
lected single-photon detection events on a commercial
cloud-accessible photonic processor, how faithfully nested
Walsh parity-check filters are implemented in a single-
photon spatial-mode register: percent-level leakage floors
(0.02%—-1.1% depending on input) for the zero-sum neu-
tral subspace, a monotonic and calibratable soft response
to injected DC contamination, resolved face-parity syn-
drome routing with a measured confusion matrix, and
leakage that remains far below non-neutral controls at
the three compiled depths of a sector-preserving unitary
core. The underlying [8,7,2] and [8,4,4] codes are clas-
sical, the suppressions are exact by construction in the
ideal limit, and the measured floors are set by identifi-
able implementation systematics: a fixed-pattern separa-
tor calibration bias, +0.02 per-point offsets in the soft-
error response, and per-compilation scatter that domi-
nates cross-depth comparisons at the 1073 leakage level.
All figures are conditional on postselected single-photon
detection; photon loss is not detected by these checks.

Three interpretations are stated in this paper as open
hypotheses rather than established conclusions, because
the measurements that would decide them have not yet
been performed: the calibration origin of the by @ b
syndrome outlier (testable by a repeat acquisition af-
ter recalibration against the Walsh-spectrum model of
Eq. (6)), the coherence dependence of the suppression
(testable by a deliberate visibility scan), and the per-
cycle leakage behavior of the unitary core (testable by

14

a ~10-20 cycle scan with frozen compilation in a single
calibration window). These, together with a randomized-
construction control isolating the role of the cube orga-
nization, constitute the validation program for the inter-
pretive claims; extension to higher d-cube registers and
complex-syndrome readout with feed-forward control re-
main future work beyond it.
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