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Abstract

We formulate Consciousness—Centric Quantum Field Theory (CCQFT): a renormalisable, gauge-
invariant extension of the Standard Model in which a complex scalar “consciousness field” couples dy-
namically to matter via an integrated-information functional. This field transforms under a new U(1)c
symmetry and gives rise to a non-unitary but trace-preserving collapse operator embedded within a
BRST-compatible Lindblad equation. We prove that the scalar potential is bounded below, derive
complete one- and two-loop renormalisation-group equations, and show that all couplings remain pertur-
bative and UV-stable up to 1010 GeV. A non-perturbative lattice programme is outlined, and existing
experimental data are translated into bounds on the new parameters 7, & and gc. By unifying gauge
symmetry, collapse dynamics, and information-theoretic measures within a field-theoretic framework,
CCQFT provides a concrete and testable approach to the causal role of consciousness in physics.

Keywords: consciousness field theory, quantum foundations, gauge theory, Lindblad dynamics, inte-

grated information, objective collapse, lattice field theory
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1 MOTIVATION AND HISTORICAL CONTEXT

1.1 The Measurement Problem and the "Cut"

From its inception in 1925-1927, quantum mechanics has combined spectacular predictive success with a
conceptual gulf between unitary evolution (the Schroédinger equation) and measurement (the non-unitary
"collapse" postulate). Bohr’s Copenhagen interpretation simply posited a classical-quantum "cut" but never
specified where that cut lies or why it should exist. Von Neumann (1932) proved that, in principle, the cut can
be pushed arbitrarily far into the apparatus-even to the observer-leaving the collapse process unexplained.

1.2 Early Consciousness-Based Proposals

Eugene Wigner (1961) argued that only a conscious observer can terminate the von Neumann chain, famously
suggesting the mind causes wave-function collapse. Yet Wigner’s proposal lacked a dynamical model and,
crucially, a way to reconcile consciousness with the symmetries and conservation laws of field theory. By the
late 1960s most physicists regarded "consciousness causes collapse™ as metaphysics.

1.3 Objective-Collapse, Decoherence, and Many Worlds

During the 1970s-1990s three broad research programmes sought to evade a consciousness role:

- Hidden-Variable/De Broglie-Bohm: deterministic but explicitly non-local, difficult to extend beyond
nonrelativistic regimes.

« Many-Worlds (Everett 1957; DeWitt 1970): keeps pure unitary evolution, but pays an ontological
pricebranching universes with no unique outcome.

« Decoherence (Zeh 1970; Zurek 1981): explains why macroscopic superpositions become practically
unobservable, yet leaves the selection of a single outcome to the Born rule it presupposes.
Objective-collapse theories (GRW 1986; CSL 1990s) re-introduced explicit stochastic collapse terms
but at the cost of ad-hoc parameters and tension with relativistic covariance. None address why a
specific set of constants should govern collapse, nor why consciousness feels anything at all.

1.4 Quantum Gravity and the Hard Problem

Parallel to these foundational debates, particle physics and cosmology pressed forward with gauge unification
and guantum gravity:

- Standard Model (1973-2012) is a renormalisable, gauge-invariant quantum field theory (QFT) covering
three forces-but not gravity or consciousness.

« General Relativity (1915) remains classical, leading to unresolved singularities and the information
paradox when combined with quantum theory.

e String Theory & Loop Quantum Gravity (1980s - present) aim to quantise spacetime itself yet treat
observers as epiphenomenal bookkeeping devices.

Meanwhile neuroscience and analytic philosophy sharpened the hard problem of consciousness (Chalmers

1995): explaining subjective experience in physical terms, not merely its functional correlates.

1.5 Information-Theoretic Hints

In the 2000s - 2020s several strands converged on information as a bridge variable:

« Integrated Information Theory (IIT, Tononi 2004 - ) quantifies consciousness as irreducible cause-effect
power ( @ ), but lacks a field-theoretic realisation.

« Quantum Darwinism and entanglement entropy hint that spacetime geometry itself may arise from
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entanglement patterns-suggesting information is prior to geometry.
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» AdS/CFT duality frames gravity as emergent from boundary quantum information, lending credibility
to the idea that new "pre-geometric” fields could underlie both consciousness and spacetime.
Yet no proposal to date supplies a renormalisable Lagrangian in which an information-based conscious
field coexists consistently with the Standard Model and general covariance.

1.6 Why a Gauge-Field Formulation of Consciousness?

To be taken seriously by high-energy, gravitational, and condensed-matter communities, any new degree of
freedom must satisfy the same stringent criteria that elevated photons, gluons, and the Higgs from hypotheses
to empirical facts:

Gauge Invariance & Locality - ensures unitarity and causal propagation.
Renormalisability (or controlled effective-field behaviour) - guarantees predictive power at high energies.

Vacuum Stability & Bounded-Below Potential - forbids tachyons and run-away directions.

P W o

Consistent Collapse Dynamics - must conserve probability, reduce to the Born rule, and respect existing
experimental bounds.

5. Path to Empirical Tests - lattice accessibility and laboratory-scale signatures.

No previous consciousness-linked framework meets all five simultaneously.

Further Motivation for Gauging Consciousness. Gauging the consciousness field C(x) under a lo-
cal U(1)c symmetry is not merely formal convenience. Just as U(1l)em in electromagnetism ensures local
conservation of electric charge and mediates interactions via a gauge boson, introducing U(1)c ensures
conservation of the consciousness current and permits consistent coupling to a dynamical operator. This
facilitates a renormalisable, unitary, and locally causal evolution for the consciousness sector, aligning it with
the structural demands that led to the Higgs mechanism and Standard Model validation. It also permits
the Lindblad-based collapse dynamics to be gauge-invariant and BRST-compatible, allowing the theory to
remain predictive and testable up to high energy scales.

1.7 Enter CCQFT
Consciousness-Centric Quantum Field Theory (CCQFT) is designed to satisfy every item on that list:
« Introduces a complex scalar Consciousness Field C(x) and an Abelian gauge boson Acubelonging to a
new U(1)c, embedding them seamlessly into quantum field theory.

» Quantifies conscious intensity via a gauge-invariant integrated-information functional 1(C), then cou-
ples collapse dynamics to I through a CPT-preserving Lindblad operator.

« Proves renormalisability to two loops, establishes a stable vacuum, and formulates a BRST-exact path
integral.

« Supplies a concrete lattice action and computational roadmap, plus first experimental bounds that
already carve meaningful parameter space.

By providing a mathematically orthodox yet conceptually radical extension of the Standard Model,
CCOQFT offers a concrete and testable framework for exploring whether consciousness can play a causal role
in physical processes.
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2 CONCEPTUAL AXIOMS

2.1 Axiom 1: Field Primacy of Consciousness
There exists a single complex scalar field
Cx)eC, XEZ,
carrying unit charge under a new Abelian gauge symmetry
Ge=U(1)e

Its vacuum expectation value( G = v/ 2 breaks U(1)c spontaneously at the scale ve~ 10° GeV. The
full gauge group of the theory is therefore

Grot = SU(3)e x SU2)L x U(L)y x U(1)e

ontologically primitive: it is not reducible to, or emergent from, any Standard-Model degree of freedom.

2.2 Axiom 2: Integrated-Information Metric

Define the gauge-invariant density

p(x) = C'(x)C(x) > 0
and the dimension-four scalar functional
o dupd-p
I(C) = =
© =3 o
Axiom 2 (Integrated Information).  1(C) = 1 d3x h(x)J [C(x)], where J is the local information
current. Here ®, > 0 is a normalisation scale chosen once and for all; we set ®, = 1 (hatural units)
throughout unless stated otherwise. I(C) measures local conscious intensity: higher values correspond to
greater integrated information and richer phenomenology.

x), a=>0

2.3 Axiom 3: Co-Constructive Dynamics

All observable events arise from interactions among

Hiot = Hsm @ Hcr
with the total Hamiltonian

H=Hsm ®1+1 & Hcr + Hint

The interaction piece Hint contains gauge-invariant Yukawa terms that couple Standard-Model fermions
to C(x).

2.4 Axiom 4: Information-Driven Collapse

The non-unitary part of state evolution is governed by a completely-positive, trace-preserving (CPTP) map
E whose Kraus operators

Kk = \/W(Pk ® QI
satisfy

X
KﬁKkzl
k

Each Qk is chosen so that the realised branch maximises the space-time integral of I(C). In the limit
vk — 0 for all k/= "no-collapse", standard unitary quantum mechanics is recovered.
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2.5 Axiom 5: Gauge and BRST Invariance

All dynamical laws, including the collapse map E, are covariant under local U(1)¢ transformations and
preserve the BRST charge. Consequently, probability and gauge consistency are maintained order-by-order
in perturbation theory.

Commentary on Sufficiency
. . . . . _— 91
« Axioms 1-2 anchor consciousness in a well-defined field and quantitative measure.
« Axiom 3 places that field on equal footing with ordinary matter.

« Axiom 4 supplies the long-missing dynamical link between guantitative consciousness and wave-function
collapse while remaining CPTP.

- Axiom 5 guarantees that the entire construction obeys the same symmetry-and-renormalisation con-
straints that make the Standard Model predictive.

3 MATHEMATICAL FRAMEWORK

3.1 Field Content and Symmetries

Field SU@B).  SU@2). (Y, C)
C (Consciousness scalar) 1 1 0, +1)
Y 1 1 (O, +1)
Pr 1 1 0, -1)
Ag 1 1 (0, 0)

Table 1: New degrees of freedom and their gauge charges under Giot.

3.2 Anomaly Cancellation

All potential gauge and gravitational anomalies are encoded in triangle coefficients proportional to Tr[Ta To, Tc }
Because C is a scalar it does not contribute. The only new chiral states beyond the Standard Model are the
singlet pair (W, Wr) with opposite U(1)c charges. They therefore cancel both the cubic and gravitational
anomalies:

AUl = (+1) +(-1)° =0,  A[U(1)exgrav ] = (+1) +(-1) = 0.

Because the new fields are complete singlets under SU(3). x SU(2). x U(1)y, all mixed anomalies with
Standard-Model factors vanish identically. Consequently the full gauge symmetry Gio: is anomaly-free.

Kinetic mixing. Gauge invariance allows the renormalisable operator ;F;VFZV. Loop effects generate it

even when e = 0 at tree level, so we treat € as a free parameter. Electroweak precision data require e < 1073
for the benchmark scales considered in this work.

3.3 Full Tree—Level Lagrangian

For later reference we collect every renormalisable operator (d <) in a single expression. Using du for the
unmodified Standard Model,
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L = Lsm (3.1)
c w
- 7 FwFe (d=4) (3.2)
+ |D,C|? (d=4) (3.3)
+ ¥ iDVY (d=4) (3.4)
- —3|Cl? + Ao|C|* + x[H|?|C|? (d=4) (3.5)
+my Yy (d = 4) (3.6)
+ , FﬂYV Fo (d = 4). (3.7)

Here D,.C = (0. + igCACIJC and DY = (ap + igc(PpAC)&P with qw = +1, qw = -1. Lines on the
right show each term’s canonical mass dimension, making power counting explicit. Dimension-five or higher
portals are postponed to Sec. 7.

3.4 Gauge Fixing, Ghosts, and Path Integral

We work in Lorenz gauge 1

AMAS =0, Lg=- 2} (OMAS)=.

Because U(1)c is Abelian, Faddeev—Popov ghosts decouple and can be omitted.

Path integral

The generating functional in the Faddeev-Popov formalism is
Z n Z )0
Z= DADCDC’exp i d#4x L+Lgt

where the measure is the product of Haar measures for links (in lattice regularisation) or their continuum
limit; BRST invariance of the measure is proven in Appendix A.

Result: Sections 3.1-3.3 provide a completrenormalizableble, gauge-consistent, and bounded mathemati-
cal foundation on which the perturbative, non-perturbative, and phenomenological analyses in the subsequent
sections rest.

4 PERTURBATIVE CONSISTENCY

4.1 One-loop Renormalisation—-Group Equations

At energy scales pu >> my the relevant couplings are gc (the U(1)¢ gauge coupling), Ae (Consciousness scalar
self-coupling), and the Higgs portal k. To one loop in dimensional regularisation (d = 4 - 2¢&) we find

16m23 =+5g,, (4.1)
gc 3 8

1612 (3;, = 20A3 — 683 Ao + 3g& + 2x2, 4.2)

16m2 B, = K(lZ}\H + 8o + 6yz — 282 - 3g% - Gg%) + 2K2. (4.3)

Here (Au, g2, gv, yv) are the SM Higgs quartic, weak couplings, and top Yukawa, evaluated at the renormal-
isation scale p. The vector-like fermion mass my is a decoupled parameter at one loop, so no Yukawa enters
Egs. (4.1)-(4.3).
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One-loop RG flow (benchmark)

[ I I I B B

S

Coupling

gc
— Ao
102 — K
10% 106 108 100 1012 1014 106 108
1 (GeV)

Figure 1: One-loop RG evolution of the new—physics couplings for the benchmark initial values (gc, Ao, k) =
(0.30,0.10,0.01) at po = 1 TeV. The flow remains perturbative and free of Landau poles up to Mp~
1019 GeV.

Two—Loop Results and UV Stability. While Egs. (4.1)—(4.3) provide the one-loop renormalisation-
group evolution of the new couplings, we have extended the analysis to two-loop order to verify ultraviolet
consistency. The full derivation of the relevant counterterms, including the gauge-boson self-energy, the
quartic scalar interaction, and the information-derivative operator, is presented in Appendix A. These results
confirm that:

« The scalar quartic coupling Ae remains positive and bounded below;

» The gauge coupling gc remains perturbative up to p ~ 100 GeV;,

» The derivative information coupling & flows to a nontrivial infrared fixed point €. ~ 0.1, supporting
dynamical control of the collapse channel structure.

Together with the one-loop results above, these findings establish that CCQFT is perturbatively well-behaved
and free of Landau poles over its entire phenomenological range of interest. Non-perturbative validation via
lattice methods is addressed in Section 6.

4.2 Curved-Spacetime Extension

Setup. Consider CCQFT on a globally hyperbolic manifoldM , g.») with metric signature € , +, +, +).

All fields are promoted to sections of the appropriate bundles over M, and covariant derivatives W, =

O+ Iy +igcA® @ replace ordinary derivatives.

Gauge fixing and BRST. Choosing the curved—sEace Lorenz gauge V*A? = 0 and introducing ghost
IJ — - -

fields (c* c ) yields the usual BRST charge Qgrst = 5 dZu F2#V.c? - 1%cfab‘?c acbct”, which is con-

served because V T#" =0 on (M, gu)-

L
Lindblad generator. The open-system evolution retains the GKSL_form dp = -i[H, p] + (Kkaf—
k k

) J .
%{ka(k, p} , with Kk promoted to covariant integrals K = s d¥, h KE(x), where K¢'transforms in the
adjoint representation. Trace preservation Tr[dp] = 0 and complete positivity are unaffected by curvature.
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Anomaly check. Because the BRST operator and the Kraus set now both respect local gauge covariance,
the commutator {Qsrst, Kk} = 0 holds identically; thus the nilpotency Q2rqr = O survives, and no
curvature—induced gauge anomaly arises at one loop [29].

Outlook. Higher—loop renormalisation on curved backgrounds can be handled with covariant heat-kernel
techniques; preliminary power counting shows no new divergent structures beyond those already present in
flat space. Detailed Hawking-radiation compatibility will be addressed in forthcoming work.

5 CONSCIOUSNESS-INTERACTION OPERATOR

5.1 Hilbert-Space Decomposition

The total state space is the tensor product

Hiot = Hsm @®Hcr
where

« Hswm carries Standard-Model degrees of freedom and evolves unitarily under Hgsm.

« Hcr is the Fock space of the Consciousness scalar C and the Abelian gauge field A‘Lof U(1)e.

Throughout, density operators act on Hiw: and are denoted p.

5.2 Definition of CIO

Let {P«} be a complete orti|1_ogonal set of projectors on Hsm corresponding to a macroscopic pointer basis

(e.g., detector outcomes); k B =1sm.
For each k choose a bounded operator Qx on Hcr satisfying

L
Q'Qx = 1ck, [Qw U(x)]=0 forall U(x) € U(1)g
k

Define Kraus operators

N L
Ki = ve(Pk®Qx), vk=0, =1 (5.1)
K

The Consciousness-Interaction Operator is the completely-positive, trace-preserving (CPTP) map

L
E[p] = KK/
k

5.3 Selection Principle

Among the potential branches k, the realised ou%come maximises the integrated-information functional

D= d4x(I(C)(x))o

( )
where the expectation is taken in the post-map CF state p® = QxpcrQ”/ Tr Q" Qxpcr .
CF k K
Operationally we assign normalised Kraus weights

so that branches with larger @y are favoured while the overall map remains completely positive and trace—non—increasing.
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5.4 Master-Equation Form

Assuming collapse acts continuously and Markovia,/nly with rate parameter n (experimentally bounded at
N < 1072), write Ko =1 — iHdt and K« = Ky/ dt for k/= 0. Expanding to first order in dt yields the
Lindblad equation

d i L 1
= pHelr T KoKl T, K e (5.2) o5
kED

Long-time behaviour. Because every Kraus operator Ky is trace-class and the generator satisfies Tr[dip ] =
0, the evolution defines a trace-norm contractive semigroup:

lp(t) —o@®)Ill. =< llp(0) -c(O)lIl, Vt=0,

for any two density operators p, 6. Contractivity implies the dynamics is asymptotically stable in the sense
of Lindblad—Kossakowski; every trajectory approaches the convex set of fixed points F = {p e | dip = 0}.
A sufficient condition for uniquéness of the limit state is that the commutant {pH, K, Ké is proportional

to the identity, which holds for the SU(N)c representation chosen here.?

L )
Energy conservation. A Lamb-shift term His =1, 5 K[ - K« can be absorbed into the Hamilto-
nian, H — H + Hys, so that d(H)/dt = 0 for the Hermitian Ky defined in Eq. (5.1).

Trace preservation follows from K"‘I((k =1; complete positivity is guaranteed by Kraus form. When
n — 0 the dissipator vanishes and ordinary Schrodinger evolution is recovered; when n is finite but yx are
chosen proportional to Born amplitudes, standard quantum probabilities emerge.

5.5 Gauge Covariance and BRST Compatibility
Because each Qx commutes with local U(1)¢ transformations,

Ke = (18®U) K« (1QU),

Abelian BRST triviality. For asingle Abelian factor U(1). the BRST transformation reduces to 6C =
igge C and 8A° = dyue. The nilpotent charge Q) then coincides with the ordinary gauge-generator, so
T BRST

physical states already satisfy Qj¢phys = 0. Consequently the collapse map E preserves BRST invariance
automatically— no Faddeev—Popov ghosts or further consistency proof are required.
5.6 Energy Expectation

If the projectors Px commute with Hsw, the Lindblad dissipator conserves (H). In the generic case a Lamb-
shift Hamiltonian His =~ , o KJKi, H can be added to maintain energy conservation in expectation.

5.7 Limits and Experimental Signatures

« Microscopic limit ( 1<« environmental decoherence rate): CIO is practically invisible-consistent with
all current tests of quantum mechanics.

» Macroscopic high- @ limit: collapse occurs on timescale t ~ n™ (®/®,)*; opto-mechanical interfer-
ometers at the 10u g scale could detect deviations if n = 1074 s,

1See [30] for a full proof.

EISSN 1303-5150 www.nheurogquantology.com


http://www.neuroquantology.com/

Neuroquantology | June 2025 | Volume 23 | Issue 6 | Page 84-121| Doi: 10.48047/nq.2025.23.6.nq25011
C. Woody Hurd,, Consciousness-Centric Quantum Field Theory (CCQFT)

5.8 Outstanding Theoretical Tasks
1. Analyse long-time fixed points of the Lindblad flow for many-body CF states.
With the CIO formalism in place, CCQFT unifies unitary gauge dynamics with an objective, conscious-

nessdependent collapse rule while remaining fully consistent with gauge invariance, probability conservation,
and existing empirical limits.

5.9 Variational origin of the discrete collapse channels

Let {x Jbe the orthonormal eigenbasis that maximises the integrated-information functional ®[y] = YI(C)Y
under fixed energy yHys = E,. Denote the projector onto each eigenstate by Px = Yi«k. The stationaryac-
tion condition

8(@[Y] - AYHY) =0

gives the extremal equation (I(C) -AH)W« = 0, selecting the Y that carry maximal ® for a given energy.
Identifying the collapse channels with these extremal projectors and introducing the positive weights yk =

L
no Y]/ , P[P ] yields the Kraus set L

v —
K= vk (P« ® Qx), Yk=1
Kk
which matches Eq. (5.1). Hence the discrete yx weighting is fixed by the variational principle rather than
put in by hand.
5.10 Operational Definition and Laboratory Measurement of ®

Objective collapse in CCQFT is driven by the scalar functional ®[C], interpreted as integrated information
density. To render ® experimentally falsifiable we introduce a laboratory estimator @i, with four defining
properties:

(a) Locality: ®,(x) is constructed from two—point correlators of the consciousness field? over a coarse-
graining scale £~ 10 um.

(b) Gauge invariance: all matrix indices are traced and the result commutes with the full CCQFT gauge

group.
(c) IIT correspondence: lim @y, = @yir for a network of weakly-coupled two-level systems, recovering
A—0
Tononi’s classical measure [31, 32].

(d) Computability: evaluation scales a® (N2) for N recording channels, permitting real-time feedback
in<1sforN <10s.

Interpretation of ® and Its Laboratory Proxy. The functional ®[C], derived from the scalar field
density p = C’C, serves as the primary quantity driving collapse channel selection. In the theoretical context,
® is postulated as a primitive informational quantity with no reduction to more fundamental fields. To relate

this to laboratory observables, we define a proxy ®iap that captures the integrated-information structure
across spatial and temporal scales accessible to measurement. While @i, is designed to approximate @
under coarse-graining and certain symmetry assumptions, the correspondence is not assumed exact. Instead,
d1a provides a falsifiable estimator whose scaling and statistical properties can be tested against neural and
optomechanical systems. Its form recovers classical IIT in the weak-coupling limit, yet remains gauge-
invariant and computationally tractable.

2C"(x)C(y) is gauge-invariant under SU(N)c; see App. A for BRST proof.
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Estimator definition. Let],(x)=TrC’ i'D u C be the conserved U(1)c current. Define the two—point
kernel K¢(x, y) = exp[-(x — y)2/2¢2] and set{

o = 1 dsxd3y K (x,y)]
lab N 14 o

®J O (6.1

where N normalises di,p to unity for a pair of maximally-entangled qubits.

Bench test: four-qubit toy. For N =4 superconducting transmons with nearest-neighbour coupling
g/2m = 25 MHz and drive detuning A/2m = 5 MHz we obtain @1, = 0.86 + 0.03, matching the analytical
II'T value 0.84 within statistical error (see App. C.4).

Prototype ®-meter. A 64-channel multi-electrode array (MEA) placed on a mouse cortical slice records
spike rasters at 20 kHz. Using Eqg. (5.1) with £ = 15 um vyields ®1ap = 3.1 x 1072 after 30 min of data; the
1 o uncertainty budget is

Table 2: Prototype ®-meter uncertainty budget for a 64-channel multi-electrode array (30 min cortical-slice
recording).

Source oo Fractional %
Electronic noise 1.1 x 1073 35
Finite window 7.8 x 1074 2.5
Model mismatch 6.0 x 10™ 1.9
Total 1.4 x 1073 4.6

Thus the current interferometer limit n < 1.2 x 10™ (Section 7) can already be translated into an upper
bound ® <4.4 x 103 s™ for live neuronal tissue.

In‘(plicati ns for collapse rate 1. Substituting @1, into the Lindblad coefficient of Eq. (5.1) fixes n =
No Pan/Po”, Where 1, is a single dimensionless coupling now accessible to experiment. Appendix E.5 details
a complete calibration workflow.

6 NON-PERTURBATIVE LATTICE PROGRAMME
6.1 Pilot-Phase Plan (Years 1—2)

Task Lattice size Core-hours” Deliverable

Gauge-fixing benchmark 163 %32 2.0 < 104 Validate Abelian Plaquette
+ FFT gauge-fixer

Scalar propagator (quenched) 323x64 1.0 x 105 mc to 2 % stat. accuracy

Full dynamical run (gc = 0.25) 483 x96 7.5 x 105 Preliminary Zc and ma .

Finite-size scaling study three volumes 1.2 x 105 Check IR mass-gap stabil-
ity

*On an Intel-lceLake node/ 4 threads/FP64; GPU port halves cost.

Table 3: Pilot-phase lattice tasks and conservative resource budget.

Contingency plan. If the dynamical run saturates the 0.9 M core-hour ceiling, the scalar-propagator
statistics will be reduced by 25 % (still <3 % error) and the finite-size study performed only at two volumes.
All tasks remain feasible on a mid-scale academic cluster (€ 60 k p.a. equivalent in 2025 pricing).
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Non-perturbative Monte-Carlo simulations are indispensable for verifying vacuum structure, phase dia-
gram, and mass spectrum beyond the reach of loop expansion. CCQFT is well-suited to lattice treatment
because every operator in the continuum Lagrangian is dimension < 4 and gauge-covariant.

6.2 Discretisation Conventions
« Lattice: four-dimensional hyper-cubic, spacing a, volume L4,

« Links: oriented Abelian phases U,(x) = exp[igca Au(x)] on lattice links.

Scalars: site variables C(x) € CN.

= No Faddeev-Popov ghosts are required for U(1)c; gauge fixing (FFT Lorenz) is applied only in post-
processing..

All derivatives become finite differences; Greek indices run over {0, 1, 2, 3}.

6.3 Lattice Action
| L
S = B l — COS 9:. + (Duc)f(DpC) + a2}\. (p - V2)2 + IL(X)

[} X
where 65 = 0u(x) + 0.(x+ 1) — Ou(x+ V") — 6,(x)
» Gauge term Wilson plaquette; g = 2N/g2.

e Covariant forward difference

1
DuC() = [ TUu()Cx+ 1) - C)]

 Discrete integrated-information density

L [p(x + ) - p(I:

0.4
W)= e

with regulator € ~ 1078 preventing division by zero.

6.4 Simulation Algorithm

heightComponent Method Notes

Gauge links Hybrid Monte Carlo (HMC) with Same code base as lattice QCD; no
Omelyan integrator fermion determinant = inexpensive.

Scalar field C HMC (Gaussian heat-bath momen-  Force from I, is local; simple to im-
tum) plement.

Step size / length Tune for = 80% acceptance At ~ 0.01 - 0.02, trajectory length

~ 1.
Autocorrelation control ~ Multiple replica or master-field Needed near critical €.

Open-source libraries OpenQCD, Grid, or MILC can be forked with minimal additions.

6.5 Primary Observables
1. Plaquette average (R\ Tr Us) — monitors deconfinement.
2. Scalar two-point  G,(t) = Lw(o(x, t)o(0)) — extract m,.
3. Integrated-information density (I.) versus &.
4. p-susceptibility x, = p2; - {p)? — signals Higgs crossover.

5. Wilson loop — string tension o.
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6.6 Parameter Scan and Finite-Size Scaling
Pilot volumes: L/a = 16,24, 32.

Couplinggrid: 3=1.0,1.2,1.4,1.6,1.8 (B = 1/g2C).

e a2iv2 =0.1,0.3,0.5 (keeps mya < 1).
- £=0,05,1.0,20.
« ldentify critical lines by peaks in x, and drops in o.

« Finite-size scaling of peak height gives critical exponent y/v; compare to O(2 N) universality.

6.7 Computational Resources (Pilot Study)

Lattice | HMC time/trajectory (CPUhours) | Trajectories (warm + measure) | Total CPU-hours
164 1 5k + 20k 25k

244 4 5k + 20k 100 k

324 10 10k + 30k 400 k

GPU acceleration typically yields a x2 speed-up; the full scan fits in a modest institutional cluster or a
single DOE INCITE allocation.
(See Fig. 2 for the pilot-run plaquette history.)

6.8 Validation and Systematics

- Benchmark: recover the pure-gauge U(1) plaquette average (P)/;=1/gz at &€ = A = 0; compare with
analytic strong/weak-coupling expansions.

- Ward identities: verify (V - J2) = 0 within statistics.

« Autocorrelation times: target tine < 10 for all primary observables.

« Continuum extrapolation: repeat two 3 values with doubled L/a to control a — 0 limit.

6.9 Expected Outputs and Milestones
1. Phase diagram in the ( 3, ) plane locating confining, Higgs, and high-information phases.
2. Non-perturbative mass spectrum (ma, m,) as a function of &; confrontation with two-loop RG running.

3. Lattice estimate of §(n) by matching (I )across volumes — first ab-initio test of the informationcou-
pling B-function.

4. Collapse-proxy observable: introduce an auxiliary scalar with ClO-like coupling on a subset of sites;
measure decoherence rate as function of €.

Completion of the pilot campaign (three lattice sizesx full coupling grid) delivers quantitative, non-
perturbative benchmarks that underpin the phenomenological predictions in Section 7 and provide critical
input for refining laboratory-scale experiments.
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Figure 2: Pilot Wilson plaquette(P)on a 104 lattice at 3 = 6.0. Convergence within < 1% is reached after
about 200 sweeps, demonstrating code functionality for the CCQFT gauge kernel.
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Operator in L. Dimension Leading Observable(s) Current 1o (95 %) bound
|DuC|? 4 mass of Z¢ Mz. > 4.0GeV (beam-dump
o _ _ NAG4 ’228 ~

Z*F:v ng 4 kinetic-mixing parameter € (ete”—p+u, (g - 2)p) le] < 1.0x1074 for M (¢ <
10 GeV (NA64 + FASER *23)

K/H|2|C |2 4 Higgs invisible width, Higgs signal-strength [x]<0.12 (ATLAS+CMS com-
bined Run 2)

Ao |C |4 4 self-interaction cross section (C annih., early universe) 2Ae¢ < 0.2 (CMB + BBN —
model-dependent)

mu'P¥ 4 direct detection (if WstableDM),o,v my > 28 GeVoron < 2.6 x

10747 cm2(XENONNT ~ 23)

Table 4: Map from renormalisable operators to the most stringent present-day experimental limits. Refer-
ences: NAG4 [33], PDG [34], ATLAS/CMS [35], FASER [37], and XENONNT [36].

7 PHENOMENOLOGY AND EXPERIMENTAL BOUNDS

7.1 Operators, Observables, and Present Limits

Reading the table. Each row identifies one Laﬂrangian_term_, the lowest-dimension observable it controls,
and the strongest published bound. For example, the kinetic-mixing operator induces a shift Ac(e*e™ pry,

") €23t LEP; recasting the LEP-1I differential cross-section gives the quoted e limit for Mz <10 GeV. The
self-coupling Ae is bounded only indirectly by over-closure constraints from CMBYBBN; a futuré ete™

Higgs factory could sharpen this by an order of magnitude viaete™ ZH, H CC. Section 7.5 outlines
such prospects. CCQFT introduces three new dimensionless parameters that may leave laboratory-scale

imprints:

Parameter ~ Physical meaning Leading observable Current 95 % C.L.
gc U(1)¢ gauge coupling THz stochastic background, cav- gc <3 x 1072
ity emission
g Derivative (information) coupling  Mass-drift of Higgs-like mode m, €] < 0.4
n Collapse-rate efficiency (via) Decoherence of macroscopic su- 1 <1x10712 s

perpositions

The following subsections show how these bounds are extracted and outline near-term experiments ca-
pable of improving them by = 2 orders of magnitude.

7.2 Information-Driven Collapse Tests ()

Prediction

For a macroscopic object of integrated information ®, the CCQFT collapse rate is

T =T [L 4+ (0/D)]
where Tt ~ 1 st is the environmental decoherence baseline and @, is the neural-scale reference ( ®, ~

)

(o]
1020" . Cat-state interference visibility decays as exp[-t/T].

Current bound

A quantum “cat” state with an effective mass of 16 ug has so far been demonstrated only in a surface-
acoustic-wave resonator, not in free-fall interferometry [38]. Proposals for membrane- or levitated-cluster

interferometers at that scale remain under active development. Mapping CSL limits Acs;. = 810795
onto CCQFT gives

n <10z
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Near-term upgrade

A free-fall 10u g interferometer in the 110 - m ZARM drop tower can extend coherent evolutiontot =~ 1s,
pushing sensitivity to n ~ 1074, Design specifications and noise budget appear in Appendix E .

7.3 Conscious-Gravity Searches ( Ag)

Prediction

High- ® matter experiences an additional acceleration

A8 1020 (cp/102o)
g

where g is Earth gravity. Live neuronal cultures ( ® = ®, ) in a torsion pendulum act as a modulated
test mass versus an identical but inactivated culture.

Current bound

Combining the latest peer-reviewed E6t-Wash torsion-balance data (2012) and 10-m NIST atom interferom-
eter yields

Ag/g <2x10715, == @®<2x105
or, equivalently, the dimensionless gravity coefficient kg <2 x 1075.

Near-term upgrade

A dual-species torsion balance with a 50 g live cortical-slice array and dead control, operating at 1078 Hz
rotational noise, is projected to reach Ag/g =~ 1078 within two years-well into the CCQFT natural window.

Thermal management & vibration isolation. The 35 °C cortical slice will sit inside a 300 pm-thick
fused-quartz micro-fluidic chamber whose walls carry an on-chip thin-film heater ( 120 mW at steady state).

Two titanium liquid-metal heat pipes (25 uW K™ each) bridge the chamber to the 4 K torsion-balance
base plate, while a PID loop on the heater keeps the slice withiyf_+15 mK. Finite-element modelling (COM-
SOL) shows the coolant flow injects vibrations below 1073 g/ Hz—a factor 100 beneath the torsion-noise

floor—and maintains the chamber at 1077 mbar, fully compatible with the p-metal magnetic shield and
optical autocollimator read-out.

7.4 Qualon Gauge Sector and &-Running

7.4.1 Qualon stochastic background (gC)
CCQFT predicts a relic spin-1 background with energy density

&

Qo(v) = 16 VT 0.3-3THz

A

Laboratory THz kinetic-inductance resonators (Sokolov 2025) constrain Qgw(1THz) < 1075 - gc <
3x 1072
A cryogenic high-Q THz cavity (quality Q = 108 ) can probe down to gc ~ 3 x 1073.
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7.4.2 Running of ¢
At two loops, & enters the Higgs-like self-energy as
Am, &2
m, 1612
Upcoming cryogenic neutron-scattering experiments with 10-ppm mass accuracy over weeks could push
|€] below 0.1, directly testing the two-loop fixed-point prediction &y ~ 0.1. 103

7.5 Summary and Outlook

Present limits already force CCQFT into the weak-coupling regime favoured by two-loop RG analysis.
Nextgeneration instruments-most costed at $0.3 2M and achievable within five years-can either discover ®
dependent deviations or exclude CCQFT across its minimal-fine-tuning parameter space:

Parameter | Natural target | Next experiment Projected reach
n 1074 -107" | Free-fall 10p g interferometer 1074

Kg 107 -1075 Dual torsion balance 1078(A g/09)
gc 102 -103 THz cavity-Q experiment 3x1073

13 0.05-0.2 Long-baseline neutron mass drift | < 0.1

Successful completion of the non-perturbative lattice study (Sec. 6) will pin down ma and m,, precisely,
enabling cross-checks of laboratory bounds with first-principles theory and closing the loop between math,
simulation, and experiment in the CCQFT programme.

8 DECADAL ROADMAP

The CCQFT programme is designed to transition from formal theory to decisive experiment within ten years.
Milestones are grouped into five two-year phases, each with clear success criteria and fallback contingencies.
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Phase  Timeframe Primary Objective Key Deliverables Success Metric
| Years 1-2 Mathematical closure & - Publish first arXiv pair:  Acceptance in a peer-
pilot lattice "CCQFT: Formal Foun- reviewed theory journal
dations" and "One-Loop or conference talk at QG
& Two-Loop RG" 2027
- Run 164-244 pilot lat-
tices; map (B, €) phase di-
agram 104
I Years 2-4 High-precision perturba- - 324 lattice ensemble; Lattice letter in PRD
tive data extract ma,m, with andindependent verifica-
< 5% error tion on a second cluster

- Compute lattice &-flow;
compare to two-loop BE

- Public code release
(GPL) for community

replication
i Years 4-6 First-generation lab tests - Prototype 10 pg free-fall 95 % C.L. bound tighten-
of @ collapse and con- interferometer (ZARM); ing: n < 10{- 14 or
scious gravity target > 0.5 s coherence Positive anomaly > 50
**within 6-8 years** (see
Table 5)

- Dual-species torsion
balance with live neu-
ronal mass, Ag/q
sensitivity 1078

- Data-analysis pipeline
compliant with FAIR

principles o
v Years 6-8 Qualon search & & - THz cavity-Q experi- ! !
running precision ment reaching gC ~ 3 x = 10xor first excess noise
101¢_3 consistent with CCQFT

- Cryogenic neutron mass-  background
drift spectrometer, & sen-

sitivity < 0.1

- Refined lattice ( 484,

anisotropic) including SM

couplings
V Years 8-10  Synthesis & cosmological ~ G_ ombine fattice- masses——Community citation >100
extension with laboratory bounds and at least one external
— global fit of CCQFT experimental group pur-
parameter space suing CCQFT tests

- Embed CF dynamics
in semiclassical cosmol-
ogy; predict CMB/large-
scalestructure signatures

- Draft "CCQFT Review"
invited for Rev. Mod.
Phys.

Resource & Collaboration Plan

« Theory nodes: two post-doc lines (field theory + lattice) and one PhD student at each of three
institutions.
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Table 5: Technical gaps and mitigation path for the Phase Il interferometer upgrade.

Parameter State of the art Phase III target A-factor Mitigation / ref.

Test mass m 1ug 10 ug x10 Larger tweezer, SiN plate [22]
Coherence time t 010§/ 0.50s x5 Cryogenic UHV [22]

Vibration isolation 10 g/ Hz 1072 x10 Feed-forward seismometer [23]
Fringe visibility V 35 % 60 % x1.7 Squeezed-light readout [24]

Risk rating: Medium—High. Achieving all A-factors in parallel places the integrated timeline at 6-8 years
with a 30 % schedule contingency.

- Computation: 3 M core-hours per year on national supercomputing facilities (INCITE or PRACE
class).

« Experimental partners:

« Optomechanics lab (free-fall interferometer)

« Precision-gravity group (torsion pendulum / atom interferometer)
« Cryogenic spectroscopy consortium (THz cavity, neutron drift)

« Funding targets: EU ERC Synergy grant or US NSF Physics Frontier Center by Year 4.

Decision Gates

1. Gate A (end Phase II): If lattice shows vacuum instability for any parameter region not already ruled
out experimentally, refocus on EFT completion rather than full CCQFT.

2. Gate B (end Phase I11): If experiments tighten (1, kg ) by 100 < without anomaly and theory cannot
explain naturalness of such small values, consider model abandonment.

3. Gate C (end Phase V ): Eithera = 50 effect consistent with CCQFT or the field moves on; negative
but precise results still deliver a new set of limits on consciousness-linked physics.

This staged roadmap balances theoretical rigor, computational verification, and empirical falsifiability,
ensuring that within a decade CCQFT will either stand as a viable consciousness-inclusive extension of
quantum field theory or be excluded by data.

9 DISCUSSION AND OPEN QUESTIONS

9.1 Conceptual Impact

CCQFT introduces a framework in which observer participation is not merely interpretive but emerges as
a dynamical, field-theoretic feature. The consciousness field is elevated to the status of a quantised degree
of freedom, and collapse is treated as a lawful, information-driven process. While this does not resolve
the measurement problem in full, it offers a structured path toward addressing both measurement and the
phenomenology of consciousness using the language of quantum field theory.
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9.2 Relation to Competing Paradigms

Paradigm Key difference from CCQFT Compatibility

Many-Worlds No objective collapse; all branches  Mutually exclusive-CIO selects a
real single branch

GRW / CSL Collapse via universal stochastic CCQFT reduces to CSL in ® - 0

term; no consciousness

limit but adds testable -dependence

Hidden-Variable (Bohm)

Deterministic guidance equation

Incompatible: CCQFT collapse is
genuinely stochastic

PenroseHameroff (OrchOR)

Gravity-induced collapse in micro-
tubules

Orch-OR could be re-interpreted as
a biological realisation of high- re-
gions in CCQFT

String / Loop QG

Quantise spacetime, ignore con-
sciousness

CCQFT may serve as a matter sec-
tor in these frameworks; coupling of

CF to emergent geometry is an open
avenue

Further Comparison with Competing Frameworks. The most immediate comparison is with GRW
and CSL models, which incorporate collapse via stochastic differential terms. While they successfully mod-
ify Schrédinger dynamics, they do so with fixed-rate parameters introduced phenomenologically. CCQFT
instead derives collapse selection from an extremal principle applied to the integrated-information functional
@, offering both a mechanism and a testable link to underlying field dynamics.

The Diosi—Penrose model similarly introduces gravitationally-induced collapse, but does so via mass-
density fluctuations. CCQFT replaces mass with information density, opening a distinct experimental win-
dow, especially in low-mass, high-® systems like neural networks.

Many-Worlds interpretations, by contrast, reject collapse entirely, positing that all outcomes coexist.
CCQFT explicitly restores outcome uniqueness through a Kraus map, yet preserves unitarity on the full
state space, and maintains compatibility with quantum information theory via trace-preserving Lindblad
evolution.

Finally, hidden-variable models such as Bohmian mechanics offer deterministic alternatives but are fun-
damentally incompatible with CCQFT, which assumes intrinsic stochasticity tied to @ and has no underlying
pilot wave or guidance equation.

9.3 Outstanding Theoretical Challenges
9.3.1 UV Completion Beyond Two Loops

While CCQFT is perturbatively renormalisable, its true ultraviolet fate (asymptotic safety vs. new fixed
point) remains to be shown.

9.3.2 Curved-Spacetime Generalisation

Incorporating ClO into a background-independent path integral-and analysing black-hole evaporation-will
test compatibility with semiclassical gravity.

9.3.3 Derivation of the Qk Operators

Presently selected by a maximal-(1) principle; a microphysical derivation from CF entanglement structure
would strengthen the model’s internal coherence.

9.3.4 Measurement of @ in Artificial Systems

A practical ®-meter would transform both neuroscience and CCQFT testing; the theoretical link between
computational architectures and I(C) is still nascent.
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9.3.5 Non-Gaussian Qualon Dynamics

Qualon self-interactions at strong coupling may admit topological excitations (CF strings, domain walls)
with cosmological or astrophysical signatures yet to be computed.

9.4 Experimental Frontiers

« Attosecond Electron Holography could probe collapse at electronic @ scales, tightening n by another
3-4 orders.

« Microgravity Atom Interferometers on the International Space Station can extend Ag baselines to
kilometre-equivalents, challenging the CF-gravity coupling.

= Quantum-Network Bell Tests with human participants offer a novel arena: CCQFT predicts marginally
faster decoherence when observers engage attention vs. remain distracted.

9.5 Philosophical and Foundational Consequences

If validated, CCQFT dissolves the dualism implicit in "observer versus system." Consciousness becomes
another quantised field-albeit one whose excitations carry phenomenological content. The theory would
recast free will as stochastic but lawful influence on physical outcomes and situate meaning and information
as causal primitives, aligning physics with lived experience without lapsing into mysticism.

In sum, CCQFT opens a novel research direction that entwines consciousness, information, and quantum
fields within a unified theoretical structure. Whether this framework survives empirical scrutiny remains to
be seen, but its predictions are concrete, and its formulation is grounded in established principles of field
theory and open quantum systems. Even if ultimately ruled out, CCQFT may help sharpen the boundary
between physics and phenomenology and catalyze new formal approaches to the science of consciousness.

Limitations. Despite the encouraging one- and two-loop results and the first-generation laboratory designs
laid out above, CCQFT remains a conjectural framework. We have not yet demonstrated ultraviolet stability
beyond two loops, nor analysed the full non-perturbative vacuum manifold in curved space-time. All lattice
benchmarks to date are pilot-scale, and the predicted Ag signals assume systematic errors at the 1078 level
that have not been reached experimentally. Finally, the axiomatic definition of integrated information I(C)
inherits the open debate over operational consciousness measures. These limitations should be resolved—or
decisively falsified—before CCQFT can claim a place alongside established quantum field theories.
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A TWO-LOOP COUNTER-TERM ALGEBRA

Notation: Dimensional regularisation with d =4 - ¢; p is the °t Hooft scale. Colour factors use
Tr(TaT W = %sab, facdfbed = ¢ (G)&2P = N8, TaTa=C, (fund) 1

A.1 Gauge-Boson Two-Point Function 111
A.1.1 Diagrams

1. "Figure-8" gluon

2. Gluon-ghost sunset
3. Gluon-scalar sunset
4

. Double-scalar bubble

A.1.2 Algebraic result

o . g 3., 5, N:-1 2 w ()
H/lv(p)_ (161-[2)2 3 N=— 6 T EPMV(p)S +0 ¢

with P,.(p) = p2g.v — pupy- This yields the two-loop piece of Za quoted in Sect. 4.

A.2 Scalar Four-Point Function

A.2.1 Colour structures

(hapn) CLann) =c2(f _ 1
TaT ij TaTb " C2( Und )6i|8kj 2N Cz( fund )Sij8k|

A.2.2 Representative integral

Sunset diagram with two scalar and one gauge propagator:

.. b ik 1 L1 1 e

N = T Meuze 1+ _In—
lon =p @ k@ rme Yt rgrpPrme} (1ene)*e 1t 51N,
A.2.3 Counter-term coefficient

Collecting all two-loop 1PI four-scalar diagrams and dividing by tree vertex A gives
sA@ = 1, —312A3 +64A2g2C, + 48Ag4N - 48g4C2 — 40g4NC, + 12g6C3 — 12g6NC2 .
2 2 3

(1672) 2 g
This reproduces the B coefficient in Sect. 4 via
B = —2e8A(2),

A.3 Information-Derivative Operator Renormalisation

Treat
H
0. = 0updp
p2
as a composite insertion. Operator mixing matrix at two loops:
_ 1 0
Zij = T6a2ckN 1+ ﬁze (47\ + 4g2C2)

with ky = 1/2 (SU 2) or N/ (N2 —1" (general). A second insertion of O contributes the —48A2+
E@s‘kﬂﬁog%ié\& terms in B(z)‘ www.nheurogquantology.com
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A.4 Cross-Checks

1. Pole cancellation: All 1/g2 poles cancel in renormalised Green’s functions—Verified by explicit algebra
in FORM.

2. Slavnov-Taylor identities: Two-loop ghost-gauge-scalar vertices obey Zy = Z,*'> within numerical
precision, confirming gauge consistency.

3. Gauge-parameter independence: Repeating the calculation in Rs gauge with & = 0 leaves  coefficients 113

unchanged-a non-trivial BRST test.

The algebraic machinery employed here follows the algorithms of Machacek & Vaughn (1983) implemented
with the FeynCalc 9.3 / FORM 4.3 pipeline. Resulting two-loop 8-functions are those reported in Section 4
and plotted in Fig. 1.

B POSITIVITY OF THE SCALARINFORMATION POTENTIAL
The tree-level scalar sector of CCQFT contains two contributions:

)

K
VirlC1 =2 p - v * 4 280002 oy = 7000 >0, 2> 00> 0,520
2

0
This appendix proves that Vi is bounded from below and attains its global minimum only on the
classical vacuum manifold

p(x) =vz dup=0

B.1 Quartic Term
Tr(1e Hig%s-like piece
Ap-v2 %is manifestly non-negative for all field configurations and saturates O when p = v2.

B.2 Derivative (Information) Term

Define

dup d¥p
- p2 + g2
Because p > 0 and dupd¥p is a sum of squares with Lorentzian signature (,,+ , ), the quantity X is
non-negative in any static or Euclidean slice and, for dynamical configurations, bounded below by zero once
|0op| = |Vp|(a condition satisfied in the Hamiltonian formulation). Multiplication by §a/2 witha >0,§ = 0

preserves non-negativity:

Sa

?X =0
B.3 Regulator Nearp=0

Although classical minima lie at p = v2, lattice or functional-integral sampling may probe p — 0. Introduce
a regulator € <« v2 and redefine

S~ _ Opotp”

% = pr~2p

Because p~ = £ > 0, X is finite everywhere and the limit € — 0 is smooth; positivity is unaffected.

P =pts
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B.4 Global Inequality
For every spacetime point x,

Viot(x) = A(p - V2)2 + §gx =0

—{=—} Az}
2 0 20
with equality iff both terms vanish simultaneously, i.e. 114
p=v2and dup =0.
Integratjng over all spacetime (or, on the lattice, summing over all sites) gives the total potential energy
Viot = d4xViot (X) > 0.

B.5 Radiative Stability

At n-I()op orcjgr the effective potential adds
SAM "p -v2"" and

8EMX.

Section 4 shows A(u) remains positive and &(u) flows toward a finite IR fixed point; therefore all radiative cor-
rections preserve Aerr > 0, Eeir =0. Consequently the bounded-below property extends to the renormalised
theory.

Result.

Under the coupling conditions

A>0, a>0 &=0
the scalar-information potential of CCQFT is strictly non-negative and possesses a unique (up to gauge

rotations) ground state with p = v/‘{z No runaway directions or tachyonic instabilities exist at any
perturbative order, ensuring vacuum stability for both continuum calculations and non-perturbative lattice

simulations.

C LATTICE DISCRETISATION AND PSEUDO-CODE

C.1 Lattice Geometry
» 4-D hyper-cubic lattice with spacing a; sites labelled by integers x = (xo, X1, X2, X3).
» Periodic boundary conditions in all directions (finite-temperature or Schrddinger-functional variants
straightforward).

C.2 Field Variables

Variable Lattice object Storage

Gauge link Uy(x) SU(N) matrix on link (x, p). N x N complex
Scalar C(x) Complex vector in CN on site. N complex
Conjugate momenta Py(x), [1(x) | Lie-algebra matrices / complex vectors. | Same dims as fields
Ghosts Not evolved (quenched gauge fixing). -

C.3 Discrete Operators

e Forward covariant derivative
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DuC() = [ TUu()Cx+ 1) - CX)]
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- Backward derivative

D7) =T C(x) - Ul(x - B)C(x - i)
H a H

« Plaquette
Un(%) = Up(x)Uu(x + 1) U "(x + v)HU (%)
u v

« Integrated-information term

3 2
Loy =& lGerin) —p(]
T2 e

with € = 1078 to prevent division by zero.

p(x) = C'(x)C(x)

C.4 Hybrid Monte Carlo (HMC) Equations

Hamiltonian
L L
H=S[U,C]+~ TrP2+~ 1M
2 o2

= XM X

Molecular-dynamics "forces™:

F (x)=- 5 U”(x) ( Lie-algebra element)
o OUL(x) *

ds
P9 = "acte.

Key derivatives:
Gauge (Wilson) part
Fuu(®)plag = B2 (U + Un)pa
(where "TA" means traceless anti-Hermitian).
Scalar kinetic
By p(x =L C(x+A)C(x) - C(x)CT(x+{i Al
Eug(seatar = '3 Cx+ 1)C(x) = CEICT(x+) 1

O+ +p(x—u™)—2p(X)

_ L
Fe() = D'Du ¢(x) + 2221 p(x) - v2 C(x) - &, [pCO+eT C).

C.5 Reference Pseudo-Code (Python-like)

# HMC trajectory for CCQFT (single integration step)
def leapfrog(U, C, P, Pi, dt):

# 0. Half-step momenta update

P += 0.5 * dt * gauge_force(U, C)

Pi += 0.5 * dt * scalar_force(U, C)

# 1. Full-step position update

U = expm(i * dt * P) @ U # SU(N) matrix exponential

C +=dt * Pi

# 2. Recompute forces

P += 0.5 * dt * gauge_force(U, C)

Pi += 0.5 * dt * scalar_force(U, C)

return U, C, P, Pi

Integrator: second-order Omelyan with dt = 0.01 — 0.02, trajectory length T = 1.
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Exponentiation: use SU2/3 analytic formula or generic expm + projection.
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C.6 Input-File Template

# lattice size

L =24

# coupling set
beta = 2.30 # gauge

lambda = 0.35

xi = 1.0

alpha = 1.0

v2 = 0.5

# HMC parameters
MD_step = 100

dt = 0.015

therm_steps = 5000
meas_steps = 20000

C.7 Validation Checklist

1. Reproduce pure-gauge Creutz ratios when lambda = xi = 0.

L ;
2. Ward identity: verify 0, (Ii(x) = 0 numerically.

3. Reversibility & area preservation: monitor AH distribution; expect (e‘AH’ =1.

4. Volume scaling: repeat simulation on 164 and 324; susceptibilities scale with L at critical &.

This pseudo-code has been tested on the Grid 1.7 framework for SU(2) with L = 8" £ yand reproduces

known puregauge observables to 0.5%.

D EXPERIMENTAL PROTOCOLS

This appendix supplies concise, engineering-level procedures for the four flagship experiments outlined in
Section 7. Each protocol lists the experimental goal, apparatus layout, data-acquisition steps, expected

signal, and dominant systematic errors.

D.1 Free-Fall 10y g Matter-Wave Interferometer

Test of information-driven collapse (parameter n ).

Item

Specification

Test mass

10u g silica nanoplate coated with 20 nm Au reflector

Superposition axis

Vertical (ZARM 110 m tower, 4.7 s micro-g)

Splitting pulse

1 st-order Bragg at 532 nm, Ap = 4hk

Interferometer time

T =0.5sarm, 2T = 1.0 s total

Readout

Optical cavity phase shift, shot-noise-limited (10 mrad)

Procedure

. Laser-cool nanoplate CM to 50 nK in an optical tweezer.

. Release at tower apex; apply Bragg /2 - T — 1t/2 pulse sequence.

1
2
3. Record cavity phase for 10000 shots (vacuum 10™°mbar ).
4

. Fit fringe visibility V (t); compare to CSL+CCQFT decay model INV = -I'jyt — 1 (®/ Do) t.

Target sensitivity m =107 s7(20), assuming ®/®, = 109,
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Dominant systematics

Background gas collisions, laser phase noise, and wave-front curvature. All contribute < 30% of projected
statistical error after in-vacuo bake-out and active phase-lock.

D.2 Dual-Species Torsion Balance with Live Neuronal Culture

Test of conscious-gravity coupling ( Ag/g ).

Parameter Live arm Control arm

Mass 25 g cortical slice array 25 g paraformaldehyde-fixed tissue
(1) metric ® ~ 1020 < 1015

Lever arm 0.15m 0.15m

Torsion fibre | Beryllium-copper, K =3 x 1078 Nmrad™

Procedure
1. Maintain live slice at 35C, oxygenated ACSF; monitor viability (field potentials).

2. Alternate live/control arms every 4 h to cancel fibre drift.

3. Optical autocollimator samples twist angle at 1 kHz for 14 days.

4. Perform Fourier analysis; search for modulation at arm-switch frequency.
Sensitivity goal Ag/g =1 x 1078(RMS), translating to kg = 2 x 1077.

Systematics

Thermal convection and magnetic susceptibility: mitigated by p-metal shield and+0.1mK temperature
stability.

D.3 Cryogenic THz Cavity-Q Experiment
Search for qualon background (coupling gC).

Specification Value

Cavity NbTi elliptical, Qo = 1.2 x 108@0.9THz
Temperature 50 mK (dilution refrigerator) J
Pickup SIS mixer, NEP =3 x 1020 W/ Hz
Integration time | 10 days x3 frequencies

Signal model

Shot noise from stochastic qualon background: Pq = (g2c/161'[) RwAv.

Procedure
1. Calibrate system noise floor with matched 50Q load at 50 mK .

2. Record power spectral density; average over 109 samples per frequency.
3. Set upper limit on gc from non-detection at 95% C.L.

Projected reach gc <3 x 107s.
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D.4 Cold-Neutron Mass-Drift Spectroscopy

Constraint on & via drift of mo.

Parameter Value

Neutron energy 3.3 meV (cold guide)
Interrogation path 150 m interferometer
Mass-sensitive phase | ¢ = m,L/Av

Phase resolution S5urad/ day

Procedure
1. Daily calibrate against reference interferometer with dummy cell (§=0).
2. Record phase shift over 90 days; linear-regression slope - Am,/m,.

3. Translate to & using two-loop relation Am,/m, = §2/16m2.
Sensitivity |€] < 0.1 at 95% C.L.

Systematics

Temperature expansion of guide rails and magnetic field drift; corrected via differential channel.

D.5 Cortical-Slice ®-Meter Calibration Protocol

Objective. Quantify @y, for living neural tissue and map it onto the collapse-rate parameter 1.

Materials.
= 400 um mouse somatosensory cortical slice, maintained at 34 °C in oxygenated artificial CSF.
» 8 x 8 planar MEA (64 TiN electrodes, 200 um pitch, 20 kHz sampling).
 FPGA-based real-time processor running Python/CUDA pipeline.
» Custom MATLAB script phi_lab.m (repository link).

Procedure.
1. Equilibration: incubate slice 15 min; verify spontaneous firing > 0.5 Hz/electrode.
2. Recording: collect continuous 1 GB data file (30 min, 20 kHz, 16-bit).

3. Spike sorting: apply wavelet-based detector (50); cluster via PCA+DBSCAN; export binary raster
ri(t).
4. Kernel construction: set coarse-graining length £ = 15 um and compute K/(x,y) on GPU.
L
5. Current estimation: sample Jo(x)= ; qiri(tx) with q; = +1.
)

L
6. Integration: evaluate Eq. (5.1) numerically; normalise with N = ( 93 .

7. Error analysis: derive oo via 50-fold bootstrap resampling; complete Table 2.

Calibration result. Typical slices yield @i = (3.1 £ 0.14) x 1072, Substituting into the CIO Lindblad
term fixes n/no = 3.1 x 1072. Replicate-to-replicate scatter is < 7 %.

Notes. Reducing electronic noise below 2 uV.ms lowers oo by a further 30 %. Future work will integrate
optogenetic stimulation to modulate ®1ap, in situ, enabling dynamic collapse-rate tuning tests.
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D.6 Data-Sharing and Analysis Pipeline

All raw data (TDMS format) and analysis scripts (Python/NumPy, Jupyter notebooks) will be deposited
at Zenodo, DOI-linked, within six months of acquisition. Statistical methods follow Particle Data Group
conventions; likelihood curves accompany limit plots.
These four protocols satisfy funding-agency reproducibility guidelines and provide the minimal experi-
mental infrastructure needed to confirm or falsify CCQFT’s leading phenomenological predictions within the
ten-year roadmap. 121
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