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Renormalize
All the Things



Top (Double Slit): In general
relativity (GR), each possible
photon path carries mass-energy
and should bend spacetime
accordingly. In quantum field
theory, superpositions of paths
interfere—but how does spacetime
metric respond to a superposed
trajectory?
Second (Photoelectric Effect):
Near a gravitating body such as
Earth, GR predicts redshift of both
incoming photons and bound
electronic orbitals. Does the
threshold for photoelectric emission
shift? GR lacks quantum orbitals;
QFT lacks spacetime curvature.
Third (Black Hole Information):
GR predicts thermal Hawking
radiation with no memory of what
fell in. But QFT requires unitary
evolution: information, such as
spin, must be preserved.
Fourth (Unruh Effect): In GR, an
observer in free fall detects no force
and is locally equivalent to inertial
motion. But in QFT, an accelerating
observer perceives a thermal
particle bath. Do both observers
agree on the particle content or
not?
Fifth (Vacuum Energy): QFT
assigns enormous energy density to
the vacuum via zero-point
fluctuations. GR says that energy
curves spacetime. Does the vacuum
bend space violently?
Bottom (Definition of Space): In
GR, space is a manifold with tensor
fields assigning numbers to each
point. In QFT, space is a passive
backdrop where operators act to
extract observables. GR side of the
equation is numbers, QFT side of
the equation is operators.

general relativity
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Renormalize All the Things
Physics’s two most successful theories cannot coexist.

Quantum field theory treats forces as particle exchanges on
a fixed stage, while general relativity says the stage warps.
When combined, they produce catastrophic contradictions:
QFT predicts vacuum energy 10120 times larger than observed,
gravity refuses renormalization, and black holes seem to de-
stroy quantum information. Each theory works perfectly in its
domain, yet they give mutually exclusive descriptions of reality.
This incompatibility of theories is the most glaring problem in
modern physics.

QFT vs General Relativity ∘ Standard Model
Forces ∘ Gauge Symmetries ∘ Higgs Mechanism ∘ Fixed

vs Dynamic Spacetime ∘ Vacuum Energy
Problem ∘ Non-Renormalizable Gravity ∘ Black Hole

Information ∘ Quantum Superposition of
Geometry ∘ String Theory Landscape ∘ Unification

Challenge

„Es scheint hart, dem Herrgott in die Karten zu gucken.
Aber dass er würfelt und sich telepathischer Mittel bedient
(wie es ihm von der gegenwärtigen Quantentheorie zugemutet wird),
kann ich keinen Augenblick glauben.“

(“It seems hard to sneak a look at God’s cards.
But that He plays dice and uses telepathic methods

(as the current quantum theory requires of Him),
I cannot believe for a single moment.”)

— Albert Einstein, 1942
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Renormalize All the Things
Quantum mechanics, which underpins quantum field theory (QFT), took shape in the

1920s with the pioneering work of Planck, Heisenberg, Schrödinger, and Dirac. Around

the sameperiod, Einstein’s general relativity (GR) from1915wasbeing tested and further

confirmed through observations such as the bending of starlight during eclipses.

Both theories revolutionised physics: GR reinterpreted gravity as the curvature of space-

time, while QFT unified quantum principles with special relativity to describe forces

(electromagnetism, weak and strong) via quantised fields. Attempts to merge GR and

QFT began in the mid-twentieth century, with physicists such as Feynman, Pauli, and

laterWeinberg exploring pathways to quantise gravity. Yet, unlike the other forces, grav-

ity resisted such integration. The divergences encountered in high-energy regimes, plus

fundamental contradictions in how time and space are treated, revealed an inherent

incompatibility. Despite decades of effort—including approaches such as supergravity

and string theory—no complete, experimentally confirmed quantum theory of gravity

has emerged.

Quantumfield theory (QFT) is themathematical framework that describes particles and their
interactions as excitations of underlying fields defined over spacetime. Each elementary
particle corresponds to a quantized mode of a particular field: electrons arise from the
electron field, photons from the electromagnetic field, and so forth. Fields span all of
space and time, and particles emerge from localised disturbances or quanta of these fields,
governed by creation and annihilation operators.

The electromagnetic force, described by quantum electrodynamics (QED), is mediated
by photons—massless, chargeless bosons that couple to electric charge. This interaction is
governed by a mathematical symmetry called 𝑈(1), which represents continuous changes
in the complex phase of charged quantum fields. This symmetry can be visualised as
rotations around a circle—each point corresponding to a different phase. Mathematically,
𝑈(1) has one degree of freedom: one direction of transformation, one conserved quantity
(electric charge), and one associated force carrier (the photon). Requiring that the laws of
physics remain invariant under such local phase changes leads directly to the existence
of the electromagnetic field and ensures that electric charge is conserved. The result is a
long-range interaction whose strength falls off as the inverse square of distance.

The weak nuclear force is mediated by three massive particles: the 𝑊 +, 𝑊 −, and 𝑍0

bosons. These particles arise from a symmetry structure described by the group 𝑆𝑈(2)𝐿,
which mathematically encodes transformations among left-handed particles. This group
has three independent directions of transformation—called generators—corresponding to
the three force carriers. At high energies, this symmetry is extended by an additional
𝑈(1)𝑌 symmetry, associated with a quantity called h𝑌percharge. Together, these form
the electroweak symmetry group 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌. However, the physical world at low
energies does not respect this full symmetry: it is spontaneously broken by the Higgs field
(Englert & Brout, 1964; Higgs, 1964). This breaking mechanism gives mass to the 𝑊 and
𝑍 bosons, while preserving a remnant 𝑈(1) symmetry associated with electromagnetism.

https://doi.org/10.11647/OBP.0526.36
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The result is that one combination of the original fields remains massless (the photon),
while the others acquire mass and mediate the weak force over short distances.

The strong nuclear force binds quarks together inside protons, neutrons, and other
hadrons (particles made of quarks). It is mediated by gluons—massless particles that carry
a type of charge called colour (also called color). The mathematical structure governing
this interaction is called 𝑆𝑈(3)colour, a symmetry group that describes how quark colour
states transform into one another. This group has eight independent generators (the
Gell-Mann matrices), each corresponding to a type of gluon. Unlike the photon, which
does not carry electric charge, gluons themselves carry colour charge, allowing them to
interact with each other as well as with quarks. This self-interaction is central to two key
features of the strong force: at high energies, quarks behave almost as free particles—a
phenomenon called asymptotic freedom (Gross & Wilczek, 1973; Politzer, 1973); at low
energies, the interactions become strong and trap quarks permanently inside colour-neutral
combinations—a phenomenon known as confinement.

The Standard Model organises these particles and interactions into three families of matter:
each includes two quarks, one charged lepton, and one neutrino. All knownmatter particles
are fermions—spin-1

2 excitations of their fields. Bosons, which mediate forces, have integer
spin and obey different statistical laws.

All these interactions are described within a fixed, background spacetime and governed by
renormalizable quantum gauge field theories (renormalizable means that the theory can be
made finite by redefining the parameters of the theory). While gravitational interactions
are excluded from this framework, QFT has provided extremely accurate predictions for
phenomena across particle physics, condensed matter, and quantum optics. It remains the
most experimentally successful theory of matter and interactions at subatomic scales.

The Standard Model is a quantum field theory based on the symmetry group 𝑆𝑈(3)colour ×
𝑆𝑈(2)𝐿 × 𝑈(1)𝑌, and accounts for all observed particle interactions apart from gravity.
With the inclusion of the Higgs mechanism, it became complete and renormalizable,
yielding a fully predictive model with a finite set of input parameters—coupling constants,
particle masses, and mixing angles. The 2012 discovery of the Higgs boson at CERN
confirmed the final component of the Standard Model. The Higgs boson is the quantized
excitation of the Higgs field, a scalar field whose nonzero vacuum expectation value breaks
the electroweak symmetry 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌 down to the electromagnetic subgroup 𝑈(1).
This spontaneous symmetry breaking gives mass to the 𝑊 ± and 𝑍0 bosons while leaving
the photon massless.

The Higgs field also couples to fermions through Yukawa interactions. These Lagrangian
terms pair fermion fields with the Higgs field via particle-specific coupling strengths. When
the Higgs field acquires its vacuum value, these couplings become fermion mass terms, so
that electron, muon, and quark masses arise from this interaction.

Measured properties of theHiggs boson—itsmass, decay rates, and coupling strengths—closely
match theoretical predictions. This agreement validates the mass-generation mechanism,
confirms electroweak symmetry breaking via a scalar field, and strengthens the validity of
the Standard Model.
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For all this apparent completeness, the Standard Model does not account for several
empirically established phenomena. It provides no candidate particle for dark matter,
which constitutes approximately 85% of the matter content of the universe. Nor does it
explain the accelerated expansion attributed to dark energy, nor the small but nonzero
masses of neutrinos inferred from oscillation experiments. It also does not explain why
the universe contains one type of matter in great excess over its corresponding antimatter.
And worst, it does not incorporate gravity.

The Standard Model, and quantum field theory more generally, applies successfully across
a vast range of physical scales. It governs phenomena from high-energy particle collisions
down to atomic and subatomic interactions, including the structure of hadrons, the
dynamics of electrons in atoms, and quantum behaviour in small condensed matter systems.
Its validity spans energy scales from a few electronvolts to several teraelectronvolts, and
length scales from atomic dimensions down to approximately 10−18 metres, probed at
current collider facilities.

However, the framework has both ultraviolet and infrared limitations. At extremely
short distances or equivalently high energies—approaching the Planck scale, around
1019 GeV—the Standard Model ceases to be predictive. At these scales, the effects of
unknown high-energy physics are expected to dominate, and the field-theoretic treatment
becomes formally ill-defined due to non-renormalizable divergences and the breakdown of
perturbative methods.

At macroscopic or cosmological scales, the Standard Model also lacks explanatory power.
It does not describe the emergence of classical spacetime, nor account for long-range
phenomena not reducible to quantum field excitations. Although QFT explains matter
properties in small aggregates—such as superconducting circuits or quantum dots—it does
not scale directly to systems where spacetime curvature, causal structure, or background
independence become essential.

To summarise: the Standard Model describes three of the four known fundamental forces
as gauge interactions among quantized fields. The electromagnetic force, governed by a
𝑈(1) symmetry, acts on electric charge and is mediated by the photon. The weak force,
based on an 𝑆𝑈(2)𝐿 symmetry, operates through the massive 𝑊 and 𝑍 bosons and enables
processes such as nuclear decay. The strong force, described by an 𝑆𝑈(3)colour gauge
theory, binds quarks and gluons through the exchange of self-interacting gluons. Each of
these forces is formulated through a renormalizable quantum field theory and has been
validated by collider experiments and astrophysical data.

The fourth fundamental interaction—gravity—lies outside this model. Unlike the other
forces, gravity is not mediated by exchange particles on a fixed background. Instead, general
relativity portrays it as the curvature of a smooth, continuous spacetime manifold, dynami-
cally shaped by the distribution of energy and momentum. Any form of energy—whether
rest mass, radiation, or field stress—contributes to this curvature, and all trajectories follow
geodesics determined by the resulting geometry. The theory applies universally through
Einstein’s field equations (Einstein, 1915), though in practice, detectable gravitational
effects require large concentrations of energy or momentum, typically on astronomical or
cosmological scales.
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The conflict between general relativity and quantum field theory stems from their radically
different approaches. While gravity emerges from dynamic spacetime geometry, quantum
field theory treats all interactions as exchanges of quantized excitations—force carriers—on
a fixed, non-dynamical spacetime. Each field is defined relative to a background geometry,
typically flat Minkowski space or a weak perturbation thereof. Interactions are governed
by probabilistic amplitudes and operator algebra, computed through path integrals and
correlation functions. The formalism is fundamentally discrete and algebraic, with ob-
servables expressed as expectation values of operator products, and locality defined with
respect to a rigid light-cone structure.

This diverges from general relativity at several levels. The metric 𝑔𝜇𝜈(𝑥) in GR is a classical,
dynamical tensor field that defines causal structure; in QFT, causality is imposed externally
through fixed spacetime intervals. The conflict becomes unresolvable when attempting
to promote 𝑔𝜇𝜈(𝑥) to a quantum operator. No known formalism permits operator-valued
metrics that preserve general covariance while maintaining consistency with standard
quantum field quantization. Commutators of field operators require a well-defined notion
of spacelike separation, which in GR is determined by the metric itself—making the causal
order dependent on the state of the fields.

This breakdown goes further. When quantum fluctuations are considered, QFT predicts
a large zero-point energy for every field mode. Summing over all modes leads to an
enormous vacuum energy density. When inserted into Einstein’s field equations, this acts
as a cosmological constant and should curve spacetime dramatically. Yet observations
show a cosmological constant that is at least 120 orders of magnitude (trillion times trillion
times trillion, ten times!) smaller than this prediction. This exposes a disagreement about
what vacuum energy means and how it enters the gravitational field equations.

Renormalization further illustrates the incompatibility. In gauge field theories, divergences
can be absorbed into a finite set of physical parameters through renormalization. This
fails for gravity: treating the metric perturbatively as 𝑔𝜇𝜈 = 𝜂𝜇𝜈 + ℎ𝜇𝜈 and quantizing ℎ𝜇𝜈
produces divergent terms that require an infinite number of counterterms involving higher
derivatives of the curvature tensor. No closed, predictive theory results. Gravity, within
QFT, is perturbatively non-renormalizable (’t Hooft & Veltman, 1974)

Information and unitarity pose further tensions. Quantum theory forbids information
loss: pure states evolve into pure states by applying unitary transformations. However,
semiclassical treatments of black holes—where quantum fields propagate on classical
spacetimes—predict evaporation via Hawking radiation (Hawking, 1975), which appears
thermal and uncorrelated with the initial state. This suggests information loss, violating
unitarity. Attempts to resolve this paradox confront the absence of a complete theory in
which both the horizon structure and quantum correlations are dynamically defined.

Finally, QFT assumes that physical states can exist in superposition and be entangled across
spacelike surfaces. But spacetime itself, in GR, is not a state but a geometric manifold.
Whether one can meaningfully define a superposition of spacetime geometries, or even
speak of entanglement without a fixed causal background, remains doubtful. When a
particle goes through two-slits, which path curves spacetime? There is no operational
procedure for comparing amplitudes across different topologies or coordinate charts.
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The bottom line is that GR and QFT are incompatible. Their convergence would require
a framework in which geometry, causality, and quantization arise jointly—a condition
unmet by any known unification. Theories such as string theory and loop quantum gravity
represent efforts to construct such a unified theory, but none has produced experimentally
confirmed, unique predictions at accessible energies.

In particular, string theory introduces a vast landscape of possible vacua, each corre-
sponding to a different low-energy limit. The theory accommodates an enormous number
of possible compactification geometries, field configurations, and symmetry-breaking
rules. While this internal flexibility allows string theory to incorporate both quantum
field theoretic structure and dynamical geometry, it also permits so many distinct effective
theories that it lacks a unique set of predictions. As a result, it is challenging to extract
unique, falsifiable predictions without additional assumptions. The same challenge applies,
in different form, to other quantum gravity proposals that lack experimentally testable
observables at accessible scales. In the absence of empirical constraints, the search for a
unified framework remains guided by mathematical coherence, internal consistency and
equational elegance.

One of us takes care of the small stuff, the other the big stuff—it’s Field Work.
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QuantumGravity: Core Con-
flicts

Mathematical Structure Mismatch
GR's Smooth Manifold vs QFT's Field Operators.
In general relativity, spacetime is a 4D man-
ifold 𝑀 with metric tensor 𝑔𝜇𝜈(𝑥) satisfying
Einstein's equations,

𝑅𝜇𝜈 − 1
2 𝑅 𝑔𝜇𝜈 + Λ 𝑔𝜇𝜈 = 8𝜋𝐺

𝑐4 𝑇𝜇𝜈,

where 𝑅𝜇𝜈 is the Ricci curvature, 𝑅 =
𝑔𝜇𝜈𝑅𝜇𝜈 the scalar curvature, Λ the cosmo-
logical constant, and 𝑇𝜇𝜈 the stress-energy
tensor.

In quantum field theory, particle states arise
from excitations of quantum fields ̂𝜙(𝑥) or

̂𝜓(𝑥) defined on a fixed Minkowski, or curved
background. Canonical commutation rela-
tions,

[ ̂𝜙(𝑡,x), ̂𝜋(𝑡,y)] = 𝑖 ℏ 𝛿3(x − y),

quantify field quanta. Allowing the spacetime
metric itself to be a dynamic quantum opera-
tor complicates these commutation relations,
as fixed background reference frames break
down.

Vacuum Energy and the Cosmological
Constant
QFT's Enormous Zero-Point Energy vs Observed
Small Λ. Zero-point fluctuations of quantum
fields give a vacuum energy density,

𝜌vac = 1
2

∑
k

ℏ𝜔k,

which diverges or is cut off at some high-
energy scale. Conservative cutoffs overshoot
the observed 𝜌vac by up to 10120, creating the
cosmological constant problem. GR requires
consistency between vacuum energy and cur-
vature (through Λ), leading to an immense
discrepancy ΛQFT ≫ Λobs.

Non-Renormalizability of Gravity
Perturbation Theory Fails for Graviton Loops.
Treating the graviton (the quantum of the met-
ric field) in perturbation series yields loop in-
tegrals with divergences that cannot be can-
celled by renormalization.

A dimensionful coupling 𝐺 implies higher-
order terms require infinitely many countert-
erms. Unlike quantum electrodynamics or
QCD, gravity does not fit the renormalizable
pattern:

ℒeff = √−𝑔( 𝑅
16𝜋𝐺

+𝛼1𝑅2+𝛼2𝑅𝜇𝜈𝑅𝜇𝜈+… )

with each 𝛼𝑛 an unknown parameter.

Black Hole Information and Unitarity
Information Loss vs Quantum Conservation.
Hawking's semiclassical calculation predicts
black hole evaporation that appears to erase
quantum information. Quantum mechanics
requires unitary evolution: no information
loss. GR accommodates singularities where
classical time ends. This clash forms the black
hole information paradox, driving quantum
gravity research.

Spacetime Superposition
Can the Metric Exist in a Quantum Superposi-
tion? Standard QFT can superpose field states,
but GR demands a specific geometric frame-
work for defining intervals, causal structure,
and even time. A superposition of metrics
|𝜓⟩ = 𝛼 ∣𝑔(1)

𝜇𝜈 ⟩ + 𝛽 ∣𝑔(2)
𝜇𝜈 ⟩ challenges defining

distance and time, essential for measurement
theory.

Conclusion
GR and QFT tension stems from fundamental
descriptive differences. Attempts to quantize
gravity face the cosmological constant puz-
zle, non-renormalizable infinities, and concep-
tual conundrums such as black hole informa-
tion loss. Through string theory, loop quan-
tum gravity, asymptotically safe gravity, or
other approaches, finding consistent quantum
spacetime remains a foremost theoretical chal-
lenge.
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