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Abstract

We formalise the interaction vertices of the Standard Model (SM) as a typed rewriting
grammar over a sixteen-letter matter alphabet, and we certify the construction by machine
enumeration. The alphabet is the codeword set of the extended Hamming / Reed–Muller
code [8, 4, 4] = RM(1, 3), whose sixteen words we identify with the sixteen Weyl fermions
of one Standard Model generation (equivalently, one 16 of SO(10)). Interactions are typed
productions w → w′ + response: two read channels (γ, Z), one chirality-typed flip (W ±),
one colour rotation (g), one left–right bridge (Yukawa), a ∆L = 2 Majorana portal, and the
gauge/scalar self-productions. Conservation laws act as a static type system; parity violation
enters as a typing rule rather than a dynamical add-on. Two certificates are supplied by an
accompanying exact-arithmetic program: (i) the grammar generates the SM tree-level vertex
set exactly—no missing and no spurious classes—with “sterility” of the right-handed neutrino
emerging as a derived typing fact (the unique letter read by neither neutral channel); and
(ii) the alphabet is anomaly-free—the [U(1)3], [grav2 U(1)], [SU(2)2 U(1)] and [SU(3)2 U(1)]
sums vanish identically over the sixteen letters. The claim this certifies is therefore not that
the labels resemble the Standard Model, but that the record alphabet is capable of supporting
a consistent chiral gauge theory, and the Standard Model sits naturally inside that alphabet.
We then locate the grammar in the formal-language hierarchy: the tree-level planar fragment
is context-free (planar Wick contractions are the Dyck language); multiple simultaneous
conservation laws are multicounter constraints; non-planar contractions realise crossed serial
dependencies, the same structure by which natural language exceeds context-freeness; and
loop diagrams require graph rewriting—the tree/loop boundary of quantum field theory
coincides with the tree/graph boundary of rewriting theory. As a corollary, ’t Hooft’s planar
large-N limit is precisely the context-free fragment of the grammar, so the 1/N expansion
is an expansion in grammatical complexity. We list the structural falsifiers the grammar
stakes (no right-handed charged currents; no fourth sequential generation; no tree-level γγγ;
a Majorana-only route to leptonic CP violation) and point to companion preprints where
the underlying substrate programme registers quantitative predictions.

1 Introduction
Feynman’s diagrams [20] are usually presented as bookkeeping for perturbation theory. Viewed
from computer science they are something more specific: derivations in a rewriting system.
Particles are terminal symbols, vertices are productions, a diagram is a parse structure, and the
S-matrix element is the semantics attached to the parse. This paper takes the compiler analogy
literally and asks the two questions a language designer would ask of any proposed grammar:
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1. Completeness/soundness. Does the grammar generate exactly the intended language—
here, the tree-level vertex set of the Standard Model—with no missing and no spurious
productions? Is the type system sound?

2. Classification. Where does the grammar sit in the Chomsky hierarchy [8, 9], and what
do the classification boundaries correspond to physically?

The compiler structure we defend has four layers:

Primitive grammar the productions of Table 1: two reads (γ, Z), the left-typed
W rewrite, colour rotation, the Yukawa bridge, the Majorana portal

Type rules charge, colour, chirality, lepton/baryon number, generation validity
Soundness certificate anomaly cancellation (Thm. 2) — a global property of the rule set,

not a per-derivation check
Composite parse trees loop-induced processes: H → γγ, gg → H, light-by-light
Compiler output a response action whose perturbative expansion is the Feynman series;

running the program is perturbation theory

Both questions turn out to have sharp answers, and the second is, to our knowledge, new in
the form given here. The completeness question is settled by exhaustive enumeration over a
finite alphabet (Sec. 4), with anomaly cancellation [1, 6, 7] playing the role of a type-system
soundness certificate. The classification question (Sec. 6) yields a dictionary: context-freeness
corresponds to tree-level planarity; the failure modes of context-freeness correspond, one by one,
to named physical features (multiple conservation laws, non-planarity, loops); and ’t Hooft’s
planar limit [34] is identified as the context-free fragment.

The alphabet we use is not arbitrary. It is the codeword set of the extended Hamming code
[8, 4, 4], equivalently the first-order Reed–Muller code RM(1, 3) [28], whose sixteen codewords we
place in bijection with the sixteen left-handed Weyl fermions of one SM generation—one spinor
16 of SO(10) [4, 21, 23]. This identification arises in a broader research programme in which
the code cell is a physical substrate and particle species are its stabilised records [13, 16, 17];
that programme registers quantitative, pre-timestamped predictions elsewhere [14, 15, 18]. The
present paper is deliberately self-contained: every result below is a statement about the SM
vertex algebra and about formal languages, and can be checked without adopting the substrate
interpretation. Readers who wish to treat the [8, 4, 4] alphabet as merely a convenient labelling
lose none of Secs. 3–6.

Relation to prior art. The idea that physical processes are morphisms composed diagram-
matically is classical in category-theoretic physics: Penrose’s tensor diagrams [29], the “Rosetta
stone” of Baez and Stay [5], and the ZX-calculus of Coecke and Duncan [12], which gives a
complete graph-rewriting calculus for qubit quantum mechanics. Our contribution is comple-
mentary and more specific: a typed string grammar for the SM’s tree-level matter–gauge–scalar
vertex algebra, certified complete by enumeration, together with an explicit placement of the
full diagram calculus in the formal-language hierarchy. The type-system framing is Knuth’s:
conservation laws enter exactly as the attributes of an attribute grammar [26], which is also how
production compilers implement the non-context-free parts of real programming languages.

2 The lexer: a sixteen-letter matter alphabet
Definition 1 (Matter alphabet). The matter alphabet Σm is the set of sixteen codewords of
RM(1, 3), identified with the Weyl fermions of one SM generation in the left-handed basis:

Q = (u, d)L (3, 2)1/3, uc (3̄, 1)−4/3, dc (3̄, 1)2/3,

L = (ν, e)L (1, 2)−1, ec (1, 1)2, νc (1, 1)0,
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Class Production Typing condition
EM read w → w + γ Q(w) ̸= 0; w unchanged (read, not rewrite)
Weak-NC read w → w + Z gZ(w) = T3(w) − Q(w) sin2 θW ̸= 0; w

unchanged
CC flip w → σdoublet(w) + W ± left-handed only; within-doublet partner;

colour preserved; flavour change enters only
through the CKM/PMNS dressing of this
one production

Colour rotation qc → qc′ + g coloured letters only; c ̸= c′; flavour,
chirality unchanged

Yukawa bridge wL ↔ wR + H same flavour, charge, colour; chirality
toggled (includes the Dirac neutrino bridge
νL ↔ νR)

Majorana portal νc νc → ∅ (+ conj.) ∆L = 2; gauge-singlet letter only; distinct
from the ∆L = 0 bridge

Scalar–gauge H → W +W −, H → ZZ (+
seagulls)

the mass-giving productions

Scalar self H → HH, HH → HH the quartic of the scalar potential
Gauge self W +W −Z, W +W −γ, ggg, gggg,

WWWW , WWZZ, . . .
non-abelian channels only

Untypable at tree level: γγγ, γγγγ; lepton → coloured lepton; wR → · + W ; fourth-generation
letters.

Table 1: The production rules. Loop-induced effective vertices (Hγγ, ggH, light-by-light) are
deliberately absent: they are composite parse structures, not primitives (Sec. 6).

with hypercharge normalised by Q = T3 + Y/2. Counting colour and weak components: 6 + 3 +
3 + 2 + 1 + 1 = 16.

That these sixteen states fill one spinor of SO(10) is the classic grand-unification observation
[21, 23]; the pedagogical mapping is given in Baez and Huerta [4]. The substrate programme
adds a reason for the code: [8, 4, 4] is forced as the unique self-dual record floor by an enumeration
over check families [13], and the count

(16+1
2

)
= 136, 136 + 1 = 137 underlies its bare-coupling

identification [17]. None of that is needed below.

Definition 2 (Response alphabet). The response alphabet is Σr = {γ, Z, W ±, ga=1..8, H},
carrying the attribute triple (electric charge, colour label, channel kind), with kinds
{read, flip, colour, bridge}.

3 The grammar and its type system
Definition 3 (Typed production). A legal vertex is a production

w −→ w′ + r, w, w′ ∈ Σm, r ∈ Σr,

admitted by the type system below, together with the gauge/scalar self-productions of Table 1. A
tree-level Feynman diagram is a derivation; crossing symmetry corresponds to reading productions
in any causal orientation.

Definition 4 (Type system). Attributes: electric charge Q, colour label with triality, weak
isospin T3, chirality χ ∈ {L, R}, lepton and baryon number, generation index G ∈ {1, 2, 3}.
Predicates: (i) charge conservation at every production; (ii) colour closure (triality 0 for any
asymptotic sentence); (iii) chirality typing: the flip kind acts only on χ = L letters; (iv) L
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and B conserved by all productions except the Majorana portal (∆L = 2); (v) G is a lexer-level
index: three copies of Σm, with the algebraic fourth corner excluded from the alphabet, and no
production changes G except the CKM/PMNS-dressed flip.

Three design points deserve emphasis. First, electromagnetism and the weak neutral current
are reads: the letter is not rewritten; its attributes are read by a response channel. The two
neutral reads differ only in their weight functions (Q versus gZ). Second, parity violation is not
dynamical input but a typing rule: the flip kind is defined on the left-handed sub-alphabet, so a
right-handed charged current is not suppressed—it is untypable. Third, the two neutrino mass
operations are grammatically distinct: the Dirac bridge is the same Yukawa production every
flavour has, while the ∆L = 2 portal is a production available only to the gauge-singlet letter;
their composition is the seesaw.

4 Certificate I: the grammar compiles exactly the SM
All claims in this section are verified by an accompanying exact-arithmetic program1 that
enumerates all 16 × 16 × |Σr| candidate productions against the type system.

Theorem 1 (Tree-level completeness). The typed grammar of Sec. 3 generates the Standard
Model tree-level vertex set exactly: every SM tree vertex class is produced (both neutral reads; the
left-only charged-current flip with precisely the within-doublet pairs; colour rotation for all and
only coloured letters; Yukawa bridges for all four flavours including the Dirac neutrino bridge; the
∆L = 2 portal; HV V , HHH; non-abelian gauge self-couplings), and no spurious class survives
(no γ self-coupling, no right-handed flip, no lepton–gluon production, no fourth-generation letter).

Observation 1 (Sterility is a derived typing fact). The enumeration yields exactly one letter
invisible to both neutral reads: νR, the unique w with Q(w) = 0 and gZ(w) = 0. Its complete
grammatical role is therefore the Dirac bridge and the ∆L = 2 portal. “Sterile neutrino” is not a
label added to the theory; it is the type system’s unique blind spot, and the seesaw is the only
sentence structure available to it.

Observation 1 is the grammar’s most consequential output: it forces the neutrino-mass sector
to factor through the portal, which is what elevates the Majorana route to leptonic CP violation
(Sec. 7).

5 Certificate II: the type system is sound (anomaly freedom)
A per-production type check cannot see the deepest consistency condition of a chiral gauge
theory: cancellation of triangle anomalies, a global sum over the alphabet [1, 6, 7]. In compiler
terms this is a soundness proof for the type system: it certifies that the typing rules, applied to
this particular alphabet, define a consistent theory rather than a lookalike.

Theorem 2 (Anomaly certificate). Over the sixteen letters, in exact rational arithmetic,∑
U(1)3 = 0,

∑
grav2 U(1) = 0,

∑
SU(2)2 U(1) = 0,

∑
SU(3)2 U(1) = 0.

Anomaly cancellation is of course a known property of one SM generation [7]; the point here
is its role: it is the certificate that distinguishes the [8, 4, 4] letter assignment from an arbitrary
sixteen-species chiral set, for which these sums generically fail. Indeed the constraints are strong
enough to nearly fix the hypercharges outright [22]. The alphabet passes with no adjustable
freedom, and—in the substrate reading—had no freedom to adjust.

1quantum_grammar_compiler_certification.py, in the public archive [19]; twelve independent assertions,
exit status tied to their conjunction.
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6 Where the grammar sits in the Chomsky hierarchy
We now classify. Throughout, “diagram” means the derivation structure itself, not a linearisation
of it.

Proposition 1 (The context-free skeleton). The production set of Table 1 is a finite set of
single-nonterminal rewrites; tree-level diagrams are derivation trees; and planar Wick contraction
structure is the Dyck language of balanced brackets, the archetypal context-free language [10].
Hence the tree-level planar fragment of the vertex calculus is context-free.

Proposition 2 (Multiple charges are multicounter). A single additive conservation law is a
one-counter constraint and stays within context-free power. The simultaneous conservation of
several independent charges (Q, colour, L, B) is an intersection of context-free constraints;
context-free languages are not closed under intersection [24], and the resulting class is that
of multicounter / vector-addition systems. The type system of Sec. 3 implements exactly this
layer—which is why it is an attribute grammar [26] rather than a context-free one, precisely as
in production compilers (the syntax of C is context-free; “declared before use” is not).

Proposition 3 (Non-planarity is mild context-sensitivity). A non-planar contraction contains
two matched pairs in crossing configuration a b a′ b′: a crossed serial dependency. Crossed
serial dependencies are the classical mechanism by which natural language was shown to exceed
context-freeness [32] and are the defining capability of the mildly context-sensitive formalisms
(TAG, MCFG) [25, 31]. The non-planar sector of the vertex calculus therefore sits in the mildly
context-sensitive class: quantum field theory and Swiss German fail context-freeness by the same
structural mechanism.

Proposition 4 (Loops require graph rewriting). A derivation in any string grammar is a tree.
A diagram containing a loop is a graph with a cycle and is therefore not the derivation structure
of any string grammar; the appropriate formalism is typed graph rewriting [30], equivalently
composition in a compact/traced monoidal category [5, 12]. Thus the tree/loop boundary of
quantum field theory coincides with the tree/graph boundary of rewriting theory: renormalisation
lives exactly where string grammars end.

Proposition 5 (The planar large-N limit is the context-free fragment). In ’t Hooft’s double-line
representation the 1/N expansion grades diagrams by genus [34]. Genus-zero (planar) gluon
contractions are non-crossing perfect matchings, in canonical bijection with Dyck words (Catalan
structures) [27, 33]; each unit of genus inserts crossings, i.e. crossed serial dependencies (Prop. 3).
Hence the N → ∞ limit retains exactly the context-free fragment of the grammar, and the 1/N
expansion is an expansion in grammatical complexity.

We flag a pun to prevent its misuse: Prop. 5 says QCD is “asymptotically context-free at
large N”—a statement about grammar, logically unrelated to asymptotic freedom of the running
coupling.

The dictionary assembled by Props. 1–5:

Physical feature Formal-language cost
finite vertex set; tree diagrams context-free (derivation trees)
planar contraction structure Dyck / Catalan (cf)
one additive charge one-counter (⊂ cf)
several independent charges multicounter / vector addition (not cf)
non-planar contractions crossed dependencies: mildly context-sensitive
loops graph rewriting (beyond string grammars)
confinement (singlet closure) global semantic predicate (attribute level)
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7 Insights and falsifiable consequences
The grammar is tree-level bookkeeping; it does not by itself compute amplitudes. Its value
is structural, and structure can be falsified. We separate (a) consistency re-derivations, (b)
structural exclusions the grammar stakes, and (c) quantitative predictions registered in the
companion substrate programme.

(a) Consistency re-derivations

The neutrino couples to Z and not to γ (the 1973 neutral-current signature) as a two-line typing
consequence; anomaly freedom holds identically over the alphabet (Thm. 2); the number of light
active neutrino species is the number of gZ ̸= 0 neutral letters per generation, one, consistent
with the LEP invisible width Nν = 2.9840 ± 0.0082 [2].

(b) Structural exclusions (kill conditions for the grammar)

1. No right-handed charged currents. The flip kind is typed on χ = L. Any confirmed
WR or right-handed charged-current contamination falsifies the typing, not a parameter
choice.

2. No fourth sequential generation. G is a two-bit lexer index with the fourth corner
excluded from the alphabet; a fourth generation at any mass falsifies the lexer.

3. No tree-level γγγ (or 4γ). The abelian read channel carries no self-record; observation
of a tree-strength photon self-coupling falsifies the read/kind split.

4. The νR is portal-only. By Obs. 1 the only available neutrino-mass sentences factor
through the Dirac bridge and the ∆L = 2 portal. In the companion programme this forces
leptonic CP violation into the Majorana sector with a Dirac-CP null: a high-significance
nonzero long-baseline Dirac phase (Jℓ ̸= 0) falsifies that branch [15].

(c) Registered quantitative predictions (companion preprints)

The substrate programme that motivates the [8, 4, 4] alphabet registers pre-timestamped, kill-
ruled predictions that are out of scope here but inherit the alphabet: Newton’s constant from
the proton mass (G = 6.674311 × 10−11 m3 kg−1 s−2, kill at 3σ once σG ≤ 15 ppm) [14]; a
primordial tensor null (rlinear = 0, kill at r ≥ 10−3) [18]; and the Majorana-only leptonic CP
programme (mββ ≈ 1.8–3.1 meV, Σmν ≈ 60 meV, normal ordering; killed by inverted ordering,
by mββ ≳ 10 meV, or by a Dirac phase) [15]. The grammar adds to these a cheap, purely
structural test surface: items (b)(1)–(b)(3) require no new theory runs, only experiments that
would also surprise the SM—the point being that the grammar stakes them as typing facts
rather than as accidents of parameter choice.

(d) Two structural insights

First, the tree/loop boundary of field theory is the tree/graph boundary of rewriting (Prop. 4);
the technology of renormalisation is, in this reading, the price of leaving string grammars. Second,
the 1/N expansion is an expansion in grammatical complexity (Prop. 5); the long-observed
simplicity of planar theories acquires a formal-language explanation: planar QCD is the largest
fragment of the theory that a pushdown automaton can parse.
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(e) A diagnostic that existing tools do not provide

Existing pipelines of the FeynRules/MadGraph class [3, 11] verify legality against a model
supplied to them; they neither explain why the allowed vertex set has the shape it does, nor
classify the absences. The grammar does both, and the second yields a decision procedure for
beyond-Standard-Model searches. Every process not yet observed falls into exactly one of two
classes:

• Absent with a parse. A composite derivation exists in the grammar; the process is
suppressed (loop order, mixing, phase space) but reachable. More energy, luminosity or
sensitivity is the rational response.

• Absent without a parse. The process is untypable: no derivation exists at any order.
No amount of energy helps; observing it requires new grammar—either a new production
class, or an extension of the alphabet. And alphabet extensions are priced by the soundness
certificate: any proposed new letter must arrive in an anomaly-complete set (Thm. 2
applied to the extended alphabet), or the type system itself fails.

Proposed process Parse status Class
0νββ ∆L = 2 portal parse exists sensitivity
H → γγ, gg → H composite (loop) parse exists luminosity
tree-level FCNC (t → cZ) no tree parse; loop parse exists luminosity

(GIM-suppressed)
proton decay no parse: no ∆B production new grammar (a ∆B

portal)
right-handed currents
(WR)

untypable: chirality typing new grammar (retype
the flip)

fourth generation no letter new alphabet
(anomaly-complete row)

millicharged fermion no letter; breaks the anomaly ledger new alphabet (must
complete)

The operational content of “compiler” is exactly this distinction: a type error is categorically
different from a long runtime. The contrast in the first and fourth rows is instructive—neutrinoless
double-beta decay and proton decay are often grouped as “rare searches,” but the grammar
separates them absolutely: 0νββ has a parse and is a sensitivity question; proton decay has
none and is a constitutional question.

8 Discussion
Why an attribute grammar and not a category? The monoidal / string-diagram
formalisation of processes is well developed [5, 12, 29] and is the right home for the loop-
level calculus (Prop. 4). The attribute-grammar presentation is chosen for the tree level because
it makes two things visible that the categorical packaging hides: the compiler phase structure
(context-free syntax versus context-sensitive typing—Prop. 2), and the classification boundaries
of Sec. 6, which are statements about grammars and disappear once everything is absorbed into
morphism composition.

Limitations. (i) The grammar is tree-level; loop-induced effective vertices (Hγγ, ggH, light-
by-light) are composite parse structures by design. (ii) Coupling magnitudes, mixing-matrix
entries and masses are semantics, not syntax: the grammar fixes which sentences exist, not their
probabilities. The division of labour is exactly the compiler split:
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the grammar says what can be written;
the response layer says what it measures as.

Couplings, masses, CKM/PMNS entries, loop amplitudes and precision cross-sections all live
on the response side. (iii) Confinement enters as a global predicate (asymptotic sentences are
colour singlets), not as a production rule. (iv) Gravity is absent from the alphabet; in the
substrate programme it is an emergent readout rather than a channel letter, and its predictions
are registered separately [14].

Relation to the substrate programme. For this paper the [8, 4, 4] identification may be
read as a labelling. In the companion programme it is load-bearing: the code is forced as the
unique self-dual record floor; the response/record split that makes “read” versus “rewrite” a
physical distinction is proven at operator grade; and the alphabet’s Sym2 count underlies the
bare coupling [13, 16, 17]. The grammar then stops being an analogy: the compiler is the
physics.

9 Conclusion
The Standard Model’s tree-level interaction structure is a certified attribute grammar over a
sixteen-letter code alphabet: sixteen codewords, nine production classes, five attribute families,
two machine-checked certificates (exact vertex completeness; exact anomaly cancellation), four
structural kill conditions, and a clean placement in the formal-language hierarchy in which
planarity is context-freeness, non-planarity is mild context-sensitivity, and loops are graphs. A
Feynman diagram is a parse tree; conservation laws are a type system; anomaly cancellation is
its soundness proof; and the 1/N expansion measures how far a sentence strays from what a
pushdown automaton can parse. The grammar says what can be written; the response layer
says what it measures as.

Reproducibility. The certification program (twelve assertions, exact rational arithmetic,
single file, no dependencies beyond NumPy) is available in the public archive [19].
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A The certification checks
The accompanying program asserts: (G1a) both neutral read channels exist; (G1b) ν is Z-active
and γ-blind; (G1c) νR is the unique doubly-blind letter; (G2) gluon couples to all and only
coloured letters; (G3) all charged-current vertices are left-handed and exactly the doublet pairs;
(G4) the scalar sector comprises the four Yukawa bridges, HV V , HHH/HHHH, and the
distinct ∆L = 2 portal; (G5) non-abelian self-couplings present, abelian absent; (G6) loop-
induced vertices absent from the tree grammar; (G7) three generations with flavour change
confined to the dressed flip; (C) the four anomaly sums vanish exactly; (S) the generated class
set equals the SM tree set. All pass; the program’s exit status is the conjunction.
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B Anomaly arithmetic over the alphabet
With multiplicities nc × nw and Q = T3 + Y/2:

letter mult. Y

Q 6 1/3
uc 3 −4/3
dc 3 2/3
L 2 −1
ec 1 2
νc 1 0

∑
Y 3 = 6 · 1

27 − 3 · 64
27 + 3 · 8

27 − 2 + 8 + 0 = 0,∑
Y = 2 − 4 + 2 − 2 + 2 + 0 = 0,∑

doublets ncY = 3 · 1
3 + 1 · (−1) = 0,∑

triplets nwY = 2 · 1
3 − 4

3 + 2
3 = 0.
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