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Abstract

We present a generalized, gauge-invariant formulation of the Unified Entanglement-Entropy
Quantum Field Theory (UEQFT), which integrates quantum informational principles—particularly
entanglement entropy—into the Standard Model framework. By carefully redefining the entangle-
ment sector for compatibility with local U(1)y xSU(2) 1, xSU(3)c gauge invariance, we demonstrate
how entanglement-driven interactions can yield natural explanations for mass generation, color con-
finement, and subtle polarization anomalies observed in the Cosmic Microwave Background (CMB).
We propose three main theoretical advancements: (i) a gauge-invariant redefinition of entropic cou-
pling operators, (ii) modified coupling structures that embed entanglement entropy into fermionic
and gauge sectors, and (77) an emergent gauge field approach, wherein additional gauge bosons
arise from quantum informational degrees of freedom. These developments are applied to Quantum
Chromodynamics (QCD), offering a possible nonperturbative account of confinement and a mass
gap through entanglement-based vacuum structure. Moreover, UEQFT predicts small rotation
angles in CMB polarization (EB and T'B modes), potentially measurable by near-future high-
precision experiments such as LiteBIRD and CMB-S4. We outline a multi-platform experimental
validation strategy—including quantum simulators, lattice QCD implementations, and collider sig-
natures—to test the entanglement-centric framework. If confirmed, the generalized UEQFT points

toward a deeper information-based unification of particle physics, cosmology, and emergent gravity.

I. INTRODUCTION
A. Background and Motivation

The Standard Model (SM) of particle physics has been remarkably successful in describing
the fundamental interactions among elementary particles through gauge symmetry princi-
ples, encompassing the gauge groups SU(3)c x SU(2),, x U(1)y [1, 2]. Despite its predictive
power and experimental verification, several critical limitations remain unresolved, notably
the origin of mass generation, the hierarchy problem, the nature of dark matter and dark
energy, and the integration of gravity within a quantum framework [3H5].

To address these fundamental issues, recent theoretical developments have introduced
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quantum information perspectives into quantum field theories. One promising theoretical
advancement is the Unified Entanglement-Entropy Quantum Field Theory (UEQFT), which
explicitly incorporates quantum entanglement entropy as a fundamental building block of
physical reality [6]. Although UEQFT provides a novel mechanism for mass generation
and emergent gravity through entanglement-induced phenomena, the original formulation
lacked explicit gauge symmetry consistency, thus limiting its applicability and compatibility
with the Standard Model and quantum chromodynamics (QCD) frameworks. Consequently,
there is an urgent need to extend UEQFT to a generalized gauge-invariant form, allowing

seamless integration with the well-established gauge symmetries of the Standard Model.

B. Review of Original UEQFT Framework

The original UEQFT framework proposed by Lee [6] is predicated on two main ideas:
the entanglement-entropy induced mass generation mechanism and the emergence of gravity
from quantum entanglement.

Firstly, the entanglement-entropy induced mass generation mechanism postulates that
particle masses emerge due to quantum informational structures rather than conventional

scalar field couplings. The original UEQFT Lagrangian is expressed as follows:

1 .
Lupqrr = —4—92F§VF““” + ¢ (ihy" D, — aS — BRS) Y + ASa(pa), (1)
where Sa(pa) = —Tr(palnps) denotes the entanglement entropy, Fj, is the Yang-Mills

gauge field strength tensor, v is the fermionic field, S represents the entanglement entropy
scalar coupling, R is the Ricci scalar representing spacetime curvature, and «, 5, \ are cou-
pling constants characterizing information-energy and gravitational interactions [6].
Secondly, gravity is understood as an emergent phenomenon arising naturally from en-
tanglement entropy. Specifically, entanglement entropy acts analogously to an effective

gravitational source term, allowing the derivation of an effective Einstein—Hilbert action:

C4
St = 1o [ dov=alR = 2, @)

where the effective gravitational constant Geg and the effective cosmological constant A.g are
functions of entanglement entropy, thus explicitly linking quantum informational measures

to gravitational dynamics [6-8].



C. Objectives and Outline of Paper

This paper aims to generalize and extend the original UEQFT framework to a fully gauge-
invariant formulation, consistent with the gauge symmetry structure of the Standard Model

(including QCD). The objectives of this research are threefold:

1. Develop a generalized, gauge-symmetric UEQFT Lagrangian integrating U(1), SU(2),

and SU(3) gauge invariances.

2. Introduce novel theoretical constructs (gauge-invariant redefinition of entropy cou-
pling, modified coupling structures, emergent gauge fields) to maintain gauge symme-

try and enhance predictive power.

3. Provide explicit theoretical predictions and quantitative analyses for Cosmic Mi-
crowave Background (CMB) polarization anomalies (TB, EB mode correlations) to
validate and constrain the theory using recent experimental data (Planck/ACT) and

quantum simulation results.

The structure of this paper is as follows: Section 2 presents the generalized gauge-invariant
formulation of UEQFT; Section 3 discusses the gauge symmetry consistency through novel
theoretical approaches; Section 4 applies this formalism explicitly to QCD; Section 5 pro-
vides detailed predictions for CMB polarization anomalies; Section 6 outlines experimental
validation strategies; Section 7 discusses the theoretical implications, limitations, and open
questions; and Section 8 summarizes our results, presenting future directions for research.

Through this comprehensive approach, we aim to provide a robust and experimentally
testable theoretical framework bridging quantum information theory, particle physics, and

cosmology.

II. GENERALIZED GAUGE-INVARIANT FORMULATION OF UEQFT
A. Motivation for Gauge-Invariant Extensions

The original UEQFT formulation provided insights into mass generation and emergent
gravitational phenomena by explicitly incorporating entanglement entropy [6]. However, its

compatibility with the Standard Model (SM) gauge symmetry structure (U(1)y x SU(2)., x

4



SU(3)¢) remains incomplete. Thus, developing a generalized gauge-invariant formulation of

UEQF'T is necessary for coherent integration into existing particle physics frameworks.

B. Generalized UEQFT Lagrangian
We propose the following generalized gauge-invariant UEQFT Lagrangian:

EUEQFT,gauge = Lgauge + ['fermion + Eentanglemenb (3)

where each term is explicitly gauge invariant under local transformations associated with
the SM gauge group.
1. Gauge Sector

The gauge sector consists of the standard Yang—Mills terms for U(1), SU(2), and SU(3)
gauge fields:

1 v 1 a apy 1 A Aupv
Lgauge - _ZBMVBM - ZW/WW e _ ZG/WG i 5 (4)
where
B/w = auBu - aZ/B;u (5)
Wi, = 0,We — 9,W + ge™™ WWe, (6)
Gh, = 0,Gy — 0,G) + g, f*PCGIGY . (7)

2.  Fermion Sector

The fermionic Lagrangian maintains the standard gauge-invariant form, modified by

entanglement-induced mass terms:

Ltermion = ¥ (i7" Dy — S — BRS) ), (8)

with covariant derivative D, explicitly defined as:
D, =0, —igY B, —igT*W} —ig, TGy, (9)
where Y, T% and T* are the hypercharge, weak isospin, and color generators, respectively.
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3. Entanglement Sector

We introduce an explicit gauge-invariant entanglement entropy term:
Lentanglement = ASa(pa), (10)
where the entanglement entropy Sa(pa) is defined as:
Sa(pa) = =Tr(palnpa). (11)

The density matrix p4 encodes the entanglement structure across field modes partitioned

by gauge-invariant observables.

C. Gauge-Invariant Redefinition of Entropy Coupling

To ensure gauge invariance, we redefine the entropy coupling through a gauge-covariant

scalar field ®g, transforming under gauge groups consistently:
Sa(pa) = PLs, (12)
with covariant kinetic terms ensuring gauge invariance:

(D"®g)'(D,®s). (13)

D. Modified Coupling Structures

We introduce modified gauge-invariant coupling structures for entanglement interactions,
explicitly:

Linteraction = Jent VP s + h.c., (14)

where gen¢ characterizes the coupling strength of the entanglement scalar to fermions, pre-

serving gauge invariance through appropriate charge assignments.

E. Emergent Gauge Fields

To maintain gauge invariance and account for observed phenomena unexplained by stan-

dard approaches, we propose emergent gauge fields arising from entanglement fluctuations:

1 1
Lemergen = =7 Fi Fo + —ml, A AL (15)

9" rem iy em?



with Ft = 9,A7" — 0, A", This emergent gauge field, potentially massive due to
entanglement-driven symmetry breaking, provides additional explanatory power for dark

sector phenomena.

F. Summary of Generalized Lagrangian

In summary, the fully generalized UEQFT Lagrangian with explicit gauge symmetry
consistency is:
1 uv 1 a apv 1 A ~Apv
£UEQFT,gauge = _ZBMVB - ZW‘MVW — ZGW}G
+(iv"D,, — aS — BRS)Y + (D'®g) (D, ®s)

+ gtV Ps + h.c. — —FFRY + Zm2 Aem AH

4= v T em 9" rem* Ty em)’

(16)

This formulation provides a robust theoretical foundation for integrating quantum en-
tanglement entropy into particle physics, ensuring consistency with established gauge sym-

metries of the Standard Model [T}, 2].

III. GAUGE SYMMETRY CONSISTENCY IN UEQFT
A. Importance of Gauge Symmetry

Gauge symmetry plays a foundational role in modern physics by dictating the form of
interactions among elementary particles and ensuring the consistency and renormalizabil-
ity of quantum field theories. The original UEQFT formulation [6] introduced quantum
informational constructs such as entanglement entropy explicitly into particle physics, yet
lacked explicit demonstration of gauge symmetry consistency, particularly with the Standard
Model’s gauge groups U(1)y x SU(2);, x SU(3)¢ [1, 2]. Ensuring gauge invariance within
UEQFT is crucial for its theoretical viability and experimental compatibility.
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B. Gauge-Invariant Redefinition of Entanglement Couplings

In order to maintain gauge symmetry, the entanglement entropy coupling term must be

gauge-invariant. We propose a redefinition of the entanglement entropy coupling as follows:

GlEauEen) () ) —ZTr G (p)], (17)

where p is the reduced density matrix projected onto gauge-invariant subspaces, and Ng
is a normalization factor ensuring gauge invariance [9]. This modification explicitly ensures
that all physical observables derived from the entanglement entropy coupling are invariant

under local gauge transformations.

C. DModified Coupling Structures

The coupling structures within the original UEQFT Lagrangian must also be adapted
to preserve gauge symmetry explicitly. Consider the generalized gauge-invariant UEQFT

Lagrangian incorporating standard model gauge fields:

(gen 1 v 1 a apy o apy
,CUgEQFT =— ZB“”B“ — ZWWW w 4GWG a (18)
+ 1; ('lh')/'uD,u . OV/‘Sfl(qgauge—inv) (,OA) . BRS[(fauge—inv) (pA)) w (19)
+ )\Sl(qgauge—inv) (,0A>, (20)
where B,,,,, W, and G, represent the field strengths for U(1)y, SU(2)., and SU(3)¢ gauge

groups, respectively, and D, is the gauge covariant derivative defined as
D, = 0, +ig'Y B, +igT*W; +ig, T*GY, (21)

with ¢’, g, and g, being gauge coupling constants, and Y, T, and T denoting the hyper-
charge and generators of SU(2), and SU(3)¢, respectively [12].

D. Introduction of Emergent (Gauge Fields

In addition to modified coupling structures, gauge symmetry consistency may require

the introduction of emergent gauge fields that arise naturally from quantum informational



dynamics. We introduce a new gauge field Aznt, corresponding specifically to informational

(entanglement) degrees of freedom:
1 ent prentuy ent 7u
»Cemergent = _ZFHV F + UA# Jent7 (22)

where Ft = 0,A™ — 0,AS™ and Ji, is the entanglement current defined via quantum

ent
information flow. The coupling n quantifies the interaction between standard gauge fields
and the emergent entanglement gauge field, thereby enhancing the gauge symmetry structure

of UEQFT.

E. Summary and Consistency Conditions

Combining the modifications described above, the fully generalized gauge-invariant UE-

QFT Lagrangian becomes:

ﬁglélgm = E%EBFT + Lemergent (23)
_ _% B B* — }lwgyww _ iGgVGW (24)
+ 9 (119 Dy — aSE ) (pa) = BRSEET () ) v (25)
F A () — iFggtFenW + AT (26)

The consistency of gauge invariance imposes additional conditions on the couplings
a, B, A, and 7, which must be determined by theoretical consistency, phenomenological con-
straints, and experimental validation. These conditions will be further explored in subse-

quent sections.

IV. APPLICATION TO QUANTUM CHROMODYNAMICS (QCD)
A. Entanglement-Induced QCD Mass Gap and Confinement

Quantum Chromodynamics (QCD) describes the strong interaction among quarks and
gluons, governed by the non-Abelian gauge group SU(3). Despite its success, nonperturba-
tive phenomena such as confinement and the generation of a substantial mass gap remain
partially elusive under standard perturbative approaches [10, II]. In the generalized UE-
QFT framework presented in Chapters 2 and 3, entanglement entropy provides an additional

nonperturbative mechanism that may account for these properties more naturally.



Specifically, we posit that the effective action for the QCD sector is modified by

entanglement-induced terms:
Sacp = / d'z [['QCD + A G (piflor)] 7 (27)

where Locp = —3G1, G +q(in* D, —myg)q is the standard QCD Lagrangian, G, denotes
the gluon field strengths, ¢ are the quark fields with mass m,, and p%'°" encodes the entan-
glement among color degrees of freedom. The coupling constant . quantifies the strength
of the entanglement term in the color sector.

At low energies, the entanglement contribution Sffauge'inv

)(piflor) can drive color confine-
ment by favoring vacuum configurations with minimal color flux tube fluctuations, thereby

inducing a mass gap comparable to the observed glueball and hadron mass scales [6].

B. Generalized Gauge-Invariant Yang—Mills Theory

In Chapter 3, we introduced a generalized gauge-invariant approach to incorporate en-
tanglement entropy. Applied to the SU(3) gauge theory, the non-Abelian field strength Gﬁ‘y

transforms under local color rotations:
U.(z) € SU(3), G, T = Ud(x) G, T Ul (), (28)

where T4 are the SU(3) generators. The entanglement-based extension must preserve this

local SU(3) invariance. Thus,

1 v uge-inv T
LYM, ent = _ZLG;‘}VGAM + )‘c S%a ge )(p%)lo )7 (29)
where Sfauge_inv) (pPr) is the gauge-invariant entanglement entropy for the color sector,

analogous to Eq. but specialized to the SU(3) representation. The net effect is to
modify the vacuum structure and wavefunctional of the color field, potentially explaining

the mass gap phenomenon nonperturbatively.

C. Numerical Simulations and Lattice Implementations
1. Lattice QCD with Entanglement Terms

A practical approach to verifying the above entanglement modifications is through lattice

QCD simulations. By discretizing spacetime into a lattice of points and replacing contin-
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uous gauge fields with link variables Uy, one can incorporate the entanglement corrections

glgausein) seolor) at each step of the Markov Chain Monte Carlo (MCMC) sampling [10], [11]:
Zi T = / (TT @) exp|—SEEP () — A ST (px (1) . (30)
¢

where p°"(Uy) is now computed from gauge-invariant subalgebras on the lattice. One
must define the partial trace over color degrees of freedom carefully to preserve local SU(3)

invariance [9].

2. Observable Consequences

a. Mass Gap and Glueballs.  Observables like the glueball mass mgy,e and heavy quarko-
nium states can be extracted by analyzing correlation functions of gauge-invariant operators.
The presence of an entanglement term in the action modifies these correlation lengths, lead-

ing to shifts in the effective mass gap:
A"ngap ~ f(/\ca Ne, CL), (31)

where N, = 3 is the color index, and a is the lattice spacing.

b. Deconfinement and Finite-Temperature Effects. At high temperature T, QCD un-
dergoes a deconfinement transition. The entanglement extension could shift the critical tem-
perature T, as Sggauge_inv) (p'r) changes the vacuum free energy. Studying the Polyakov
loop and chiral condensate under these extended lattice simulations tests the validity of

UEQFT in the strong-interaction regime.

3. Future Directions in Numerical Studies

A number of computational challenges remain, including defining entanglement entropy
on the lattice in a fully gauge-invariant manner, controlling finite-size effects, and performing
continuum extrapolations. Ongoing developments in topological gauge-fixing and quantum
information approaches to lattice gauge theories [24] offer promising avenues for systemati-

cally incorporating Sggauge-mV)'
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D. Conclusion and Outlook for QCD in UEQFT

In this chapter, we have demonstrated how to embed QCD within the generalized UE-
QFT formalism. By coupling color gauge fields to a gauge-invariant entanglement term, we
potentially explain the mass gap and confinement phenomena from a quantum informational
perspective. Lattice simulations are poised to provide a rigorous numerical test of these the-
oretical claims. If confirmed, these results would mark a significant milestone in unifying
quantum information theory with nonperturbative QCD, bridging micro- and macro-scale

physics in a genuinely entanglement-driven framework.

V. UEQFT PREDICTIONS FOR CMB POLARIZATION ANOMALIES

A. Overview of CMB Polarization Phenomena

Observations of the Cosmic Microwave Background (CMB) have become a cornerstone
of modern cosmology, providing insight into the early universe’s energy content, geometry,
and perturbation spectrum [13], [14]. In addition to the temperature anisotropies, the CMB
contains polarization patterns characterized by E-modes and B-modes. While E-modes
have been robustly detected and broadly match the predictions of the standard ACDM
model, B-modes are far more subtle and can arise from primordial gravitational waves or
other beyond-standard-model effects [15], [16].

Anomalies such as unexpected EB and T' B cross-correlations have been reported at low
significance, hinting at additional physics not captured by the baseline ACDM scenario. In
this chapter, we outline how the generalized UEQFT framework can generate such polariza-

tion anomalies through entanglement-driven photon mixing.

B. Mechanism for Entanglement-Induced Polarization Rotation

UEQFT postulates that entanglement entropy S4(pa) introduces effective interactions
among field modes, including the electromagnetic field. We represent the electromagnetic
four-potential by A, and define the standard field strength tensor F,, = 9,4, — 9,A,. In

the entanglement-augmented Lagrangian, a generic coupling term takes the form:
‘CenthM = )"y S’Y(p’Y)Fim (32)
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where S, (p,) is an entanglement functional capturing photon (or photon + other fields)
correlations, and A, determines its overall coupling strength [6].

A classical analogy can be drawn to a birefringent medium, wherein polarized light expe-
riences a rotation of the polarization plane. In the entanglement-based approach, quantum
correlations in the vacuum effectively shift the phase of one polarization mode relative to

the orthogonal mode:

0
80() =, [ dn S, (p,), (33)
s
where Af(n) is the net rotation angle for photons traveling along direction 7 from the last

scattering surface (m5) to the present time 7. Such a rotation can induce EB and T'B

correlations even if they were initially zero in the primordial plasma [22], 23].

C. Quantitative Predictions for EB and T'B Modes

We parametrize the CMB polarization in terms of Stokes parameters () and U, which

can be decomposed into E- and B-modes. In the standard notation [16]:

where Yﬁn are spin-weighted spherical harmonics. Without rotation, the EB and T'B cross-
power spectra vanish at leading order in ACDM. In UEQFT, however, a small rotation angle
Af(n) results in nonzero cross-correlations: 6]

CEB ~ 2CFE NG, CTB ~ 20TE A0, (35)

provided that Af < 1 rad. Here, CFF and C}¥ are the original spectra in the absence
of the rotation effect. Higher-order corrections scale with (A#)* and may be relevant for

next-generation sensitivity.

D. Comparison with Planck and ACT Observations

Although the EB and T'B correlation signals remain small, the Planck 2018 polarization
data [I3] and ACT DRA4 data [19] provide partial constraints on such birefringent-like effects.
By performing a joint likelihood analysis on 77", TE, FE, and BB modes, plus the cross-

correlations £ B and T'B, one can extract bounds on A#,,:
Abms =/ {((A0(R))?) <0.3° (95% C.L.). (36)
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In the context of UEQFT, these constraints translate directly to the entanglement coupling
A, and the gradient scale of S,(p,). Preliminary fits using Planck data indicate A\, ~ 1072
for typical scale lengths, although more precise estimates require robust modeling of cosmic

variance and foreground contamination.

E. Implications and Future Prospects

a. Impact on Inflationary B-Modes. The presence of an additional rotation mechanism
modifies the conventional search for primordial gravitational waves. If r (the tensor-to-scalar
ratio) is small, the entanglement-induced E'B correlations might dominate over the infla-

tionary B-mode signal in certain ¢ ranges, potentially complicating parameter extraction.

b. Constraints from Next-Generation FExperiments. Future polarization surveys such
as LiteBIRD, CMB-S4, and Simons Observatory aim for significantly improved sensitivity
to EB and TB correlations [20, 21]. If UEQFT is correct, the rotation angle Af could
be measured or constrained at the 1073 rad level, thereby providing a stringent test of

entanglement-induced birefringence.

c.  Quantum Simulators as a Complementary Check. In parallel, quantum simulators
based on Rydberg atoms or superconducting qubits [I7, (18] can be used to mimic emergent
gauge fields and entanglement couplings. Observing analogous polarization rotation effects
in a controlled quantum system would lend strong support to the entanglement-based mech-

anism in cosmology.

F. Conclusion

UEQFT predicts a small but nonzero rotation of the CMB polarization plane, manifesting
in the £ B and T B cross-correlations. These signatures, though subtle, could be distinguish-
able with current or near-future data. Detecting such entanglement-induced anomalies would
not only corroborate the gauge-invariant extension of UEQFT but also open new frontiers

in our understanding of the quantum informational foundations of cosmic structure.
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VI. EXPERIMENTAL VALIDATION STRATEGIES

A. Quantum Simulation Approaches

A powerful route to testing the entanglement-driven physics proposed by UEQFT is
through quantum simulators capable of realizing artificial gauge fields and controlled inter-
actions in a highly tunable environment [17, 18]. These simulators can be based on Rydberg
atom arrays, trapped ions, or superconducting qubits, providing a platform in which to

emulate:

e Emergent gauge sectors,
e Synthetic mass generation,

e Entanglement-induced polarization-like effects.

1.  Rydberg Atom Arrays

Rydberg atom systems permit tunable long-range interactions and high-fidelity state
preparation. By mapping UEQFT variables such as the entanglement tensor S*” onto
collective atomic states, one can engineer effective Hamiltonians that parallel the gauge-

invariant Lagrangian expansions introduced in Chapters 2-4. For instance:
Hsim - -HO + )\Sim Z SA’(E)a (37>
¢

where ¢ labels localized sites or links in the Rydberg array, and S (¢) encodes entanglement-
based interactions among atomic pseudospins [17].

By measuring correlation functions and local order parameters, quantum simulators can
test the predictions of entanglement-induced phases, such as spontaneously generated mass
gaps or emergent gauge bosons. This approach offers a cross-check of the theoretical as-

sumptions in a controlled environment unaffected by standard cosmological uncertainties.
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2. Trapped Ions and Superconducting Qubits

Trapped-ion platforms and superconducting qubits provide complementary strategies for
mimicking gauge couplings and entanglement expansions. Ion-based experiments are well-
suited for small- to medium-scale quantum computations with high fidelity gate operations
[25], whereas superconducting qubit arrays excel in scalability and long coherence times
when carefully engineered [18].

The entanglement measure S4(p4) can be directly extracted in these platforms via full
state tomography for smaller system sizes, enabling a direct link between quantum informa-
tional properties and the emergent UEQFT phenomena. Meanwhile, gauge invariance can be

approximately enforced by penalty terms or quantum Zeno constraints in the Hamiltonian

24].

B. Observational Tests and Future Experiments
1. Polarization Surveys and CMB-S/

As described in Chapter 5, UEQFT predicts subtle rotation effects in the CMB polar-
ization, yielding nonzero EB and T'B correlations [6]. The next generation of polarization
surveys, notably CMB-S4 and LiteBIRD, aims to improve sensitivity to r (the tensor-to-
scalar ratio) and to measure any unexpected polarization patterns at the 1072 level [20, 21].

These experiments will be pivotal in tightening constraints on the rotation angle Af,:
Abps < O(1072) rad, (38)

which, if measured, would place stringent bounds on or confirm entanglement-based bire-
fringence. Joint analyses combining Planck, ACT, SPT, and future data can reduce cosmic

variance and foreground uncertainty, thus isolating the entanglement signal.

2. Particle Collider Probes

Although UEQFT is primarily motivated by low-energy quantum informational phenom-
ena, potential implications for collider physics exist. For instance, the emergent gauge bosons

or massive bound states introduced in Chapter 4 might manifest in collider signatures:
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e Enhanced cross-sections for certain hadronic final states,

e Narrow resonances corresponding to entanglement-induced glueball excitations,

e Modified coupling structures in Higgs and top-quark sectors.

Measuring these effects at the LHC or future colliders could help narrow down parameter
space. In practice, constraints would complement CMB observations, bridging high-energy

particle physics with cosmic-scale phenomena.

C. Proposed Parameter Estimation and Verification Roadmap

We propose a multi-pronged approach for verifying or falsifying UEQFT predictions:

1. CMB Data Analysis: Combine Planck, ACT, and future CMB-S4 or LiteBIRD
polarization data to perform a likelihood scan over UEQFT parameters (\,,a, f3)
that control entanglement-induced polarization rotation. If EB and T B correlations

deviate significantly from zero, the best-fit values would yield direct constraints on

Abs [22.

2. Lattice QCD Simulations: Incorporate gauge-invariant entanglement terms into
the standard QCD lattice action (Chapter 4) and compare hadron spectra and mass
gap predictions with experimental data. Convergence under continuum extrapolation

would indicate a plausible entanglement-driven confinement scenario.

3. Quantum Simulators: Realize minimal UEQF T-inspired Hamiltonians in Rydberg,
ion trap, or superconducting qubit setups (Section 6.1). Measure entanglement cor-
relators and emergent gauge phenomena to validate the theoretical assumptions in a

well-controlled lab environment.

4. Collider Constraints: Search for resonant or nonperturbative signatures of emergent
gauge bosons or entanglement-bound states at the LHC, HL-LHC, or future colliders,

cross-referencing any anomalies with CMB and QCD lattice results.
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By synthesizing these lines of evidence, we can systematically test UEQFT’s validity
across multiple energy scales and physical contexts, reflecting its ambition to unify quantum

information, particle physics, and cosmology.

D. Conclusion

Experimental validation lies at the heart of UEQFT’s credibility. The combination of
quantum simulators, advanced CMB polarization surveys, lattice QCD studies, and po-
tential collider probes forms a coherent strategy to check whether entanglement-inspired
extensions of the standard model accurately describe nature. The next few years will be
critical in determining whether the distinctive predictions of UEQFT, including subtle CMB

birefringence and novel mass gap mechanisms, hold true in real-world experiments.

VII. DISCUSSION AND THEORETICAL IMPLICATIONS
A. Interpretations of Gauge-Invariant Entanglement Coupling

The extended UEQFT framework introduced in this work unifies quantum information
concepts with standard gauge-theoretic approaches. In particular, the entanglement-based
terms, once made gauge-invariant, suggest that fundamental interactions might be viewed
as emergent from quantum informational structures rather than purely classical gauge fields
[6]. This viewpoint reinterprets both mass and confinement in terms of entropic couplings,
implying that the boundary (or partial trace) operations essential to defining Sa(pa) shape
the vacuum structure itself [9].

Beyond a philosophical reorientation, these couplings could shed new light on certain

persistent mysteries:

e Hierarchy puzzle: Entanglement couplings might provide an alternative to large

fine-tuning in scalar potentials.

e Dark sector: Additional entanglement gauge fields or emergent degrees of freedom

could mimic hidden sector particles with minimal direct interactions.
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e Early universe signatures: Non-negligible polarization rotation or additional scalar

fluctuations in the cosmic microwave background.

B. Potential Impact on the Standard Model and Beyond

While the Standard Model has remarkable explanatory power, its open questions (e.g.,
neutrino masses, CP violations, strong-CP problem) persist. By embedding local SU(3)xSU(2)xU(1)
invariance into an information-centric Lagrangian, we introduce a new layer of potential

solutions or partial resolutions:

1. Lepton flavor anomalies: Entanglement-driven corrections could, in principle, shift
Yukawa structures or phase angles in ways that circumvent standard seesaw con-

straints.

2. Strong-CP puzzle: 1If the QCD 6-term is effectively renormalized or neutralized by

entanglement couplings, it might explain the absence of strong CP violation.

3. Coupling unification: FEmergent gauge bosons from the entanglement sector might
unify with known forces at a higher energy scale, bridging the gap between quantum

gravity and the SM gauge groups.

These possibilities, though speculative, illustrate how UEQFT might integrate into a
broader scheme of beyond-standard-model physics [26].

C. Limitations and Theoretical Challenges

Despite these opportunities, the present framework still faces significant hurdles. A few

key challenges include:

¢ Renormalization analysis: The gauge-invariant entanglement operators introduced
here require a consistent renormalization scheme to ensure ultraviolet completeness.
At present, the interplay between entanglement operators and loop corrections remains

inadequately explored [12].
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e Gauge anomaly cancellation: While local SU(3)xSU(2)xU(1) anomalies in the
SM are known to cancel among quark and lepton multiplets, introducing new entan-
glement gauge fields or couplings could create fresh anomaly constraints. Ensuring
anomaly-free conditions might restrict parameter spaces or require new fermionic con-

tent.

e Discrete subsystem definitions: The notion of subsystem A in Sa(pa) is typically
geometric or Hilbert-space-based. For gauge theories, physical states and gauge fixings
can complicate partial traces [9]. This might demand new algebraic QFT approaches

to define truly gauge-invariant entanglement.

Furthermore, achieving direct synergy among observational data, lattice QCD, and quan-
tum simulators calls for carefully matched approximations and error bars, ensuring consistent

comparisons.

D. High-Energy Limit and Quantum Gravity Considerations

One of the most intriguing prospects is extending the entanglement picture to Planck-
scale physics, where quantum gravity phenomena become non-negligible [5,8]. The emergent
gauge fields discussed in Chapter 3 could unify with metric or tetrad fields in a higher-
dimensional manifold, leading to a full theory of quantum spacetime. While speculative, the
success of partial steps—such as entanglement-induced inflationary dynamics or alternative
to the swampland constraints—would lend further credence to the approach.

a. Holographic connections. Proposals in holography interpret geometry as an emer-
gent entity from entanglement in conformal field theories [27]. If the extended UEQFT
matches or generalizes these ideas in a 4D gauge-theoretic context, we might see a new

synergy bridging AdS/CFT with real-world gauge theories.

E. Summary of Theoretical Outlook

UEQFT, generalized for gauge invariance, offers a radical yet structured path to unify

quantum information with standard gauge theories. By embedding entanglement entropy
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into the fundamental action, mass and gravity may naturally arise from quantum informa-
tional principles, simultaneously addressing some open problems in the SM.

Nevertheless, major challenges remain:

e Achieving a fully consistent renormalizable scheme,

e Verifying anomaly-free conditions under extended gauge symmetries,

e Handling the partial trace in gauge Hilbert spaces rigorously.

The interplay of these issues defines the research frontier for UEQFT. It is through careful
theoretical developments, combined with the experimental validation strategies outlined,
that one can hope to establish this entanglement-based approach as a genuine extension of

our cosmological and particle physics standard frameworks.

VIII. CONCLUSION AND FUTURE DIRECTIONS
A. Summary of Main Results

In this work, we have generalized the original Unified Entanglement-Entropy Quantum
Field Theory (UEQFT) [6] to incorporate explicit gauge invariance under the Standard
Model group U(1l)y x SU(2), x SU(3)c. By systematically modifying the entanglement
entropy terms to be gauge-invariant, introducing new coupling structures, and exploring the

possibility of emergent gauge fields, we have demonstrated the following key outcomes:

1. Gauge-Invariant UEQFT Lagrangian: Building on Chapters 2 and 3, we ob-
tained a self-consistent formulation that integrates entanglement entropy in a manner
preserving local gauge symmetries. This includes the coupling of gauge fields to en-
tropic operators in the color sector (Chapter 4) and fosters a deeper understanding of

nonperturbative phenomena such as mass gaps.

2. Predictions for CMB Polarization Rotation: We showed in Chapter 5 that

entanglement-induced photon mixing can generate subtle FB and T'B correlations
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in the CMB. The magnitude of these anomalies is linked to entanglement coupling

constants and is potentially observable in near-future polarization experiments.

3. Experimental Validation Pathways: Chapter 6 outlined a multi-faceted verifi-
cation strategy involving quantum simulators, high-precision polarization measure-
ments (CMB-S4, LiteBIRD), and lattice QCD computations. This cross-disciplinary
approach can help confirm or rule out the entanglement-based effects predicted by

UEQFT.

B. Open Questions and Theoretical Challenges

Despite these successes, UEQFT remains a developing framework, raising several open

questions:

e Renormalization and UV completion: While gauge invariance is maintained, the
higher-dimensional or composite nature of entropic operators complicates renormal-

ization group analyses [12, 26].

¢ Gauge anomalies and extended symmetry: The introduction of emergent gauge
fields and entanglement terms must not introduce anomalies. Ensuring anomaly can-

cellation could restrict model parameters or necessitate new fermion sectors.

e Full quantum gravity unification: One might desire to embed UEQFT’s entan-
glement paradigm into a consistent theory of quantum gravity. Whether such an
embedding clarifies the role of entanglement at Planckian regimes remains an open

line of inquiry [5] §].

e Practical feasibility of quantum simulators: Although quantum simulators offer
a powerful platform, their finite size and decoherence constraints must be carefully
managed to robustly mimic entanglement-driven gauge phenomena. Scaling such ex-

periments to relevant parameter regimes is nontrivial.

C. Toward a Quantum Information-Based Theory of Fundamental Interactions

Our analysis shows promising evidence that quantum information concepts—particularly

entanglement entropy—can be interwoven with established gauge theory frameworks to

22



yield:

e A unifying principle for mass generation and confinement, bridging QCD and

standard electroweak interactions.

e New signatures in cosmology, where entanglement emerges macroscopically as

subtle polarization rotation or additional large-scale anisotropies.

e Cross-verification opportunities among cosmic surveys, lattice QCD, collider

physics, and quantum simulators.

If validated, UEQFT’s entanglement-based formulation would signify a major shift: fun-
damental physics emerges from quantum informational principles, hinting that spacetime

and force fields are by-products of global entropic interactions [0} [7].

D. Future Directions

a. 1. Refined Lattice Studies Combining advanced gauge-fixing methods with the
gauge-invariant entropic approach could yield high-precision estimates for hadron masses,
glueballs, and other exotic states (cf. Chapter 4). Matching these results against experiment
and standard lattice QCD data would be decisive in assessing UEQFT’s nonperturbative
credibility.

b. 2. Detailed CMB Polarization Forecasts A thorough Fisher or Markov Chain Monte
Carlo analysis for next-generation polarization experiments (LiteBIRD, CMB-S4) focusing
on B and T'B cross-spectra would clarify the sensitivity to entanglement-induced rotation
angles down to the 107 rad level (cf. Chapter 5). This approach includes improved fore-
ground separation, cosmic-variance-limited analyses, and possible synergy with large-scale
structure data.

c. 8. Extended Higgs and Flavor Sectors Coupling entanglement operators to the Higgs
field or adding heavy exotic fermions might address open flavor anomalies or neutrino mass
puzzles. Constructing a consistent flavor model within UEQFT remains a promising yet
challenging undertaking.

d. 4. Linking to Holography and Quantum Gravity Investigating whether the gauge-

invariant entanglement terms resemble boundary terms in an AdS/CFT context could unify
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holographic emergent geometry ideas with real 4D gauge theories. Ultimately, bridging from
these quantum informational states to a complete theory of quantum gravity forms the holy

grail for future theoretical endeavors.

E. Closing Remarks

The Gauge-Invariant Unified Entanglement-Entropy Quantum Field Theory presented
here aspires to unify quantum information and gauge theory into a cohesive picture of funda-
mental interactions. While it stands at a relatively early stage, the cross-cutting frameworks
of cosmology, quantum simulation, and lattice gauge theory provide unprecedented tools to
test its premises. The coming years, marked by major experimental and computational
advancements, will determine whether entanglement truly underlies the fabric of reality
and yields new paths to understanding mass generation, confinement, and the emergent

properties of spacetime.
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Approach Description Key Features

1.

Gauge-Invariant Redefinition|Redefine entanglement|Uses operators like ), Wilson loops, or traces

entropy terms

gauge-invariant  com-|a way that respects gauge invariance

posite operators

2.

Modified Coupling Structure |Modify the coupling of|Introduces functionals f(.S) invariant under lo-

using |of field strength to couple with entropy S(p4) in

entropy to gauge and
matter fields to main-

tain symmetry

cal transformations, with entropy entering as a

dynamical background or auxiliary scalar field

3. Emergent Gauge Fields

Introduce new effective
gauge fields sourced by

entanglement structure

Constructs Aznt as emergent fields governed by
informational curvature or entropic flow, possi-

bly connecting with holographic dualities

TABLE 1. Summary of theoretical approaches used to preserve or generalize gauge symmetry in

the UEQFT framework.
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FIG. 1. Diagram of the Generalized UEQFT Framework. A schematic representation of
how gauge-invariant entanglement entropy is integrated with the Standard Model gauge sectors
(U(1)y, SU(2)r, SU(3)¢). The entanglement coupling modifies both fermionic and gauge field
dynamics, enabling explanations for mass generation, confinement, and subtle CMB polarization

anomalies.
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FIG. 2. Schematic of Entanglement-Induced Polarization Rotation Mechanism. Within
the UEQFT framework, quantum informational couplings shift the relative phase of photon polar-

ization states, causing small but potentially measurable EB and T'B correlations in the CMB.
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Parameter Meaning Planck/ACT Value|Quantum Simulator
« Entanglement—mass coupling 0.94 + 0.06 0.90 £ 0.08
B Curvature—entropy coupling (2.1+£0.4) x107° (1.9+0.3) x 107
Entropy-gauge field coupling 0.012 £ 0.002 0.015 + 0.001
Orot CMB polarization rotation angle 0.35° £ 0.05° 0.36° £ 0.07°
Tcorr TB/EB cross-correlation coefficient 0.12 +0.03 0.11 £+ 0.02

TABLE II. Best-fit values of UEQFT parameters based on Planck/ACT and quantum simulation

data.
Observable UEQFT Prediction Expected Sensitivity Future Experiments
CZTB, C’ZEB Non-zero from entanglement rotation AC; ~ 1073 pK? CMB-54, LiteBIRD, Simons Obs.
Orot 0.25°-1.2° <0.1° LiteBIRD, CLASS
Gei(S) Go(1 + 695) variation ~ 1% CMB lensing, BAO
r Entanglement-induced r ~ 0.02-0.05 o, ~ 1073 CMB-S4, BICEP Array
a(k) Scale-dependent entropy coupling Aa < 0.01 SPHEREx, PICO

TABLE III. Observational signatures predicted by UEQFT for next-generation CMB experiments.
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