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Entanglement is a hallmark of quantum theory, yet it alone does not capture the full extent of quantum
complexity: some highly entangled states can still be classically simulated. Nonclassical behavior also
requires magic, the non-Clifford component that enables universal quantum computation. Here, we
investigate whether the interplay between entanglement and magic-state resources constrains the structure
of fundamental interactions. We study gluon-gluon and graviton-graviton scattering at tree level. We focus
on the high-energy limit, where mass-dependent terms are negligible, and conformal symmetry is
preserved. In this regime, all particles behave as massless degrees of freedom, allowing us to isolate their
transverse helicities as two-qubit states. We explicitly break gauge and general covariance by modifying the
quartic vertices and analyzing the resulting generation of entanglement and magic. We find that imposing
maximal entanglement (MaxEnt) alone does not uniquely recover gauge-invariant and diffeomorphism-
invariant interactions, but adding the condition of minimal, but nonzero, magic-state generation singles it
out. Our results indicate that nature favors MaxEnt and low magic: maximal quantum correlations with
limited non-Cliffordness, sufficient for universal quantum computing but close to classical simulability.
This dual informational principle may underlie the emergence of gauge invariance in fundamental physics.

DOI: 10.1103/4gyj-l8bj

I. INTRODUCTION

Entanglement is often regarded as the core feature of
quantum theory, capturing correlations that cannot be
explained classically [1,2]. Yet, entanglement alone does
not fully characterize quantum complexity: highly
entangled systems can still be efficiently simulated on a
classical computer [3,4]. What distinguishes truly quantum
behavior is the presence of magic, the non-Clifford com-
ponent of a quantum state or process, that enables universal
quantum computation and resists classical description. In
this sense, while entanglement is necessary to go beyond
local realism, magic-state resources are required to go
beyond classical simulability [5].
These observations raise a fundamental question: are the

interactions governing elementary particles structured so
that they both generate entanglement and escape classical

simulability? In other words, could the underlying princi-
ples of nature be constrained not only by symmetry
requirements, such as gauge invariance, but also by
quantum information–theoretical principles such as entan-
glement and magic-state generation?
Recent developments support this viewpoint.By imposing

maximal entanglement (MaxEnt) generation, quantum
electrodynamics (QED) at tree level can be recovered [6],
and the weak mixing angle obtained aligns closely with
experimental values [6,7]. Similarly, enforcing MaxEnt in
gluon scattering at tree level reproduces quantum chromo-
dynamics (QCD) and filters almost all unphysical inter-
actions [8]. These phenomenological works are becoming
relevant, as experimental progress has also made it possible
to detect entanglement and nonstabilizerness at the LHC
[9–12] or to observe Bell inequality violations in particle
processes [13–15]. On the other limit, the degree of entan-
glement suppression itself appears to encode information
about the nature of the interactions and their symmetries
[16–18]. The latter is also being studied when imposing
MaxEnt [19], and it seems it can even predict the angles of the
Pontecorvo-Maki-Nakagawa-Sakata matrix [20]. The inter-
play between crossing symmetry and entanglement is also
studied in two-particle scattering processes in Ref. [21].

*Contact author: alba.cervera@bsc.es

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 113, 096019 (2026)

2470-0010=2026=113(9)=096019(9) 096019-1 Published by the American Physical Society

https://orcid.org/0009-0001-2483-3280
https://orcid.org/0009-0007-0388-0516
https://orcid.org/0000-0003-3669-6241
https://orcid.org/0000-0003-1702-7018
https://orcid.org/0000-0002-8835-2910
https://ror.org/03d2ezn18
https://ror.org/03d2ezn18
https://ror.org/003v3fz65
https://ror.org/012a91z28
https://ror.org/01mgdzc49
https://ror.org/01tgyzw49
https://ror.org/05sd8tv96
https://crossmark.crossref.org/dialog/?doi=10.1103/4gyj-l8bj&domain=pdf&date_stamp=2026-05-26
https://doi.org/10.1103/4gyj-l8bj
https://doi.org/10.1103/4gyj-l8bj
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Intriguingly, the generation of magic states also varies
among fundamental interactions. QED produces almost no
magic-state resources [22], while top quarks can generate a
significant amount of non-Cliffordness depending on
kinematics [23]. By contrast, gluon-gluon and graviton-
graviton scatterings exhibit very low magic-state resources
at tree level [24]. Other studies show that magic-state
resources can identify the confinement-deconfinement
transition in two-dimensional Z2 lattice gauge theories
[25]. Furthermore, the weak mixing angle has been
determined to sin2 θW ≃ 0.231, very close to the exper-
imental value, under the principle of minimal magic-state
generation [26]. Collectively, these results suggest that
quantum information principles, particularly those quanti-
fying entanglement and non-Cliffordness, may play a
crucial role in the structure of known interactions and in
the search for physics beyond the standard model [27–35].
In this work, we explore whether gauge invariance, a

cornerstone of modern field theory, can be recovered purely
from quantum information principles. To this end, we study
gluon-gluon and graviton-graviton scattering at tree level. As
massless bosons, we take the two polarization states, left L
and right R, as the degrees of freedom, therefore restricting
the quantum information analysis to a two-qubit pure state.
As a consequence, both entanglement and magic-state
resources are well-defined monotones. We explicitly break
gauge invariance in QCD and general covariance in pertur-
bative quantum gravity by modifying the four-vertex inter-
action while leaving untouched the kinetic term in the
Lagrangian and studying how such deformations affect
entanglement and magic-state generation. Our analysis
shows that imposing MaxEnt alone does not uniquely
recover the gauge-invariant interaction, but when we further
impose minimal (but nonzero) magic-state generation, the
physical gauge-invariant solution is uniquely singled out.
These findings suggest that nature may indeed be guided

by a dual informational principle: it favorsmaximal quantum
correlation (MaxEnt) while maintaining low, yet nonzero,
magic—enough to enable universality in quantumdynamics,
but limited to preserve near-classical simulability. This
interplay between entanglement and magic-state resources
may thus provide a new lens throughwhich to view the origin
and structure of fundamental interactions.

II. ENTANGLEMENT AND MAGIC-STATE
RESOURCES IN TWO-PARTICLE PROCESSES

Our ultimate goal is to study under which circumstances
nonlocality and nonclassical simulability emerge from
fundamental interactions. In this work, we restrict our
analysis to two-particle processes, thereby limiting it to
tree-level processes. Both gluons and gravitons are mass-
less bosons, which impose two polarization states, jLi and
jRi. Therefore, their quantum state can be modeled by a
pure two-qubit state whose amplitudes come from the
scattering amplitudes computed at tree level,

jψfi ∼Mψ i→RRjRRi þMψ i→RLjRLi þMψ i→LRjLRi
þMψ i→LLjLLi; ð1Þ

where ψ i is the initial state and Mψ i→AB is the tree-level
amplitude for the outgoing particles having AB polarization
A;B∈ fR;Lg. We dropped the ket notation for simplicity.
In the high-energy regime (

ffiffiffi
s

p
≫ m) that we are consid-

ering, the restriction to tree-level scattering and massless
degrees of freedom is natural. At these fundamental scales,
mass-dependent terms are negligible and longitudinal
polarization states become dynamically irrelevant, which
reduces the asymptotic states to pure two-qubit systems
defined uniquely by their transverse helicities, jLi and jRi.
Also, in this ultrarelativistic limit, the fundamental inter-
actions exhibit conformal symmetry and, therefore, tree-
level amplitudes serve as a direct candidate to check the
gauge and diffeomorphism structure of the theories.
The reduction of the problem to two-qubit pure states

substantially simplifies the entanglement and nonlocality
analysis. Any two-qubit entangled state that is pure violates
a Bell inequality [36]. Moreover, all entanglement mea-
sures are equivalent to each other for two-qubit pure states
[37]. As a consequence, we can choose a convenient figure
of merit to quantify the amount of entanglement generated,
and the result will also imply the amount of nonlocality of
that state. Taking a general two-qubit pure state,

jψi ¼ αjRRi þ βjRLi þ γjLRi þ δjLLi; ð2Þ

with α; β; γ; δ∈C, and jαj2 þ jβj2 þ jγj2 þ jδj2 ¼ 1, we
quantify the entanglement using the concurrence

Δ ¼ 2jαδ − βγj; ð3Þ

where 0 ≤ Δ ≤ 1. The states with Δ ¼ 0 correspond to
product states and the ones with Δ ¼ 1 to MaxEnt states.
Systems that generate high entanglement are not neces-

sarily hard to simulate. Indeed, one can construct highly
entangled states (even absolutelymaximally entangled states
[38,39]) in a quantum computer using only Hadamard and
controlled-Z gates [40] and still be able to represent that state
with classical resources efficiently [3]. One needs to use a
quantum gate outside the Clifford group to make things hard
to reproduce by a classical computer, i.e., to perform
universal quantum computation. This property is typically
exemplified by the number of T gates (non-Clifford gates)
necessary to construct such states. In otherwords, the amount
of non-Cliffordness in a quantum state is a measure of how
hard it is to simulate it with classical resources or how much
power does that state have to be used as a resource for
quantum information protocols.
Magic-state resources are used to quantify the amount of

non-Cliffordness. As happens with entanglement measures,
magic-state measures are diverse and not always well
defined for different systems [41]. Again, for pure states
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this discussion simplifies and several magic measures are
equivalent to each other. For that reason, we conveniently
chose the stabilizer Renyi entropies (SREs) [42,43] that are
easier to compute than other measures. They are defined as

MαðjψiÞ ¼
1

1 − α
log

�
1

4

X
P∈Pn

jhψ jPjψij2α
�
; ð4Þ

where Pn is the n-qubit family of Pauli string operators,
which for the n ¼ 2 is P2 ¼ Pi ⊗ Pj; Pi; Pj ∈
f1; σx; σy; σzg, such that a Pauli or 2 × 2 identity matrix
acts on each individual qubit. Then, for two-qubits we have
16 different Pauli string operators. Notice that a MaxEnt
state of two-qubits may have Mα ¼ 0 (e.g., a Bell state),
while one can find a product state that hasMα > 0 (e.g., the
T ⊗ Tj00i state). Therefore, classical simulability is linked
to both high entanglement and magic.

III. ENTANGLEMENT AND MAGIC-STATE
GENERATION IN GLUON AND GRAVITON

SCATTERING

In this section, we review the entanglement and magic-
state properties of gluons and gravitons scattering at tree
level [8,24] in terms of the polarization states R and L.
This process involves four Feynman diagrams, the s, t, and
u and quartic channels. The total scattering amplitude
becomes

M ¼ Ms þMt þMu þM4: ð5Þ

We are interested only in the generation of entanglement
and magic, not in its possible transformation or conserva-
tion. Therefore, we restrict the initial state to be a product
state of the polarizations.
To analyze entanglement, we use the concurrence

Δ as the figure of merit. For gluons, entanglement
is only generated when the initial polarizations are
opposite,

Δgluons
RL ¼ 2t2u2

t4 þ u4
; ð6Þ

and similarly for initial LR. MaxEnt is achieved when t and
u channels are indistinguishable, i.e., the center-of-mass
(COM) frame angle is θCOM ¼ π=2 and independent of the
color charge. Remarkably, any channel can generate some
amount of entanglement on its own, but all of them are
necessary to achieve the maximum.
To quantify the magic, we use the stabilizer Renyi

entropy of degree 2 ; M2. The magic-state resource in
gluon scattering is only nonzero when the initial polar-
izations are opposite. It takes the form

M2ðjψiRLÞ ¼ − log

�
t16 þ 14t8u8 þ u16

ðt4 þ u4Þ4
�
: ð7Þ

Its maximum value is achieved at Mmax
2 ¼ logð4=3Þ ∼

0.288 for a center-of-mass frame angle θCOM ∼ 1.35.
Similarly for gravitons, only opposite polarizations can

generate entanglement,

Δgrav
RL ¼ 2t4u4

t8 þ u8
; ð8Þ

and the maximum is achieved when θCOM ¼ π
2
, i.e., t ¼ u.

The fact that Eq. (8) looks like the “squared” version of
Eq. (6) is expected from the Kawai-Lewellen-Tye (KLT)
relations [44].
Likewise, the magic-state resource in graviton scattering

becomes

M2ðjψiRLÞ ¼ − log

�
t32 þ 14t16u16 þ u32

ðt8 þ u8Þ4
�
; ð9Þ

which achieves its maximum value of Mmax
2 ¼ logð4=3Þ ∼

0.288 for θCOM ∼ 1.46, the sameM2 as gluons. For details,
see Appendix A and Supplemental Material [45].

IV. RECOVERING GAUGE INVARIANCE FROM
MAXENT AND MINIMUM MAGIC

We want to explore if quantum informational quantities,
such as entanglement and magic, impose certain structures
in fundamental interactions. However, interactions such as
QCD and perturbative quantum gravity are fixed by gauge
invariance. Therefore, we must explicitly break gauge
invariance to discern if quantum information is at the core
of such interactions as well.
There are many ways of breaking gauge invariance. We

chosewhat we consider aminimal approach for the tree-level
calculations that we are carrying out in this work. This
approach consists of breaking gauge and diffeomorphism
invariance in the interaction term only, i.e., we left the kinetic
term untouched. This way, we avoid modifying the degrees
of freedom and we can continue using only two helicity
eigenstates for the gluons and gravitons. Moreover, the
interaction term is modified in a way that only the four-
vertex coupling is affected, which allows us to reuse the
scattering amplitudes already computed for standard grav-
iton and gluon scattering. Phenomenologically, it implies
introducing an extra four-vertex term in the Lagrangian with
a certain structure so it only affects the four-vertex Feynman
diagram by modifying the coupling by a rescaling factor k.
Explicitly for QCD, Lagrangian density takes the form

F̃a
μνF̃μνa ¼ −

1

4
Fa
μνFμνa −

1

4
λQCDΛabcdAa

μAbμAc
νAdν; ð10Þ

where Fa
μν ¼ ∂μAa

ν −∂νAa
μþgfabcA

b
μAc

ν. Moreover, we chose
the same color dependence as the standardQCDLagrangian,
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Λabcd ¼ Λabcd
QCD. Taking λQCD ≡ ðk − 1Þg2 only changes the

four-vertex Feynman rule, which is now proportional to
−ikg2 instead of −ig2. Therefore, for k ¼ 1 we recover the
QCD gauge-invariant interaction. In perturbative quantum
gravity, this breaking in the total interaction Lagrangian
density takes the form

L̃ ¼ L2 þ L3 þ L4 þ λGRL4; ð11Þ

where L2, L3, and L4 are the standard 2-, 3-, and 4-point
interactions givenby theEinstein-Hilbert Lagrangiandensity
2=κ2

ffiffiffiffiffiffi−gp
R (see Appendix A and Supplemental Material).

We can choose λGR ≡ ðk − 1Þ so the only Feynman rule at
tree levelmodified is the coupling in the four-vertex diagram,
which becomes −ikκ2. As a result, the total scattering
amplitudes from Eq. (5) now take the form

M ¼ Ms þMt þMu þ kM4: ð12Þ

The amplitudes per channel in gluons can be found in
Ref. [8], while for gravitons they are written explicitly in
Appendix A and Supplemental Material.
If we impose MaxEnt, we recover the known gauge-

invariant result for k ¼ 1 both for gluons and gravitons, but
we also obtain other nonphysical solutions. In gluons and
θCOM ¼ π=2, the concurrence becomes

Δgluons
RL ðkÞ ¼

���� 4ðkþ 1Þ
5þ 2kþ k2

����; ð13Þ

Δgluons
RR ðkÞ ¼ 2

���� 2ðk − 1Þðk − 7Þ
93 − 34kþ 5k2

����: ð14Þ

MaxEnt can also be obtained for k ¼ −3 for initial RL and
for k ¼ 11=3 for initial RR polarizations. Notice that these
nonphysical solutions imply nonzero entanglement in the

other polarization scheme, while the gauge-invariant sol-
ution achieves MaxEnt in RL only when we do not have
entanglement at all in RR. We plot this result in the left plot
from Fig. 1 for θCOM ¼ π=2, which is independent on the
color of the gluons. For other values of θCOM, concurrence
does depend on the color, but MaxEnt is achieved for all
possible color configurations for different k (see
Appendix B for details).
Similarly, for gravitons we recover the known result

for k ¼ 1 (MaxEnt for initial RL and zero entanglement for
RR), but also nonphysical solutions. In particular, for
θCOM ¼ π=2, the concurrence for initial RL and RR
polarizations becomes

Δgrav
RL ðkÞ ¼

����1 − 2

5þ 4kðk − 2Þ
����; ð15Þ

Δgrav
RR ðkÞ ¼

���� ðk − 1Þð3kþ 17Þ
19 − 10kþ 7k2

����: ð16Þ

MaxEnt is also achieved for initial RR for k ¼ 3 and
θCOM ¼ π=2, as shown in Fig. 1, right. For k > 3, we
further confirm that there always exists a θCOM that
achieves MaxEnt. As happened with gluons, when entan-
glement is maximal in RR, it is not minimal, i.e., zero,
for RL.
In conclusion, nature chooses an extremal solution, i.e.,

if MaxEnt is generated in opposite polarizations, it has to be
zero for the same polarization scheme.
Let us analyze the amount of magic-state resources that

can be generated as a function of k. We restrict our initial
analysis to the second-order SRE, M2. We obtain a quartic
polynomial profile of M2 as a function of θCOM with the
intermediate minimum centered in different θCOM values
depending on k and with different heights. Figure 2 shows
that dependence for gluons and gravitons with initial RL

FIG. 1. Concurrence as a function of the four-vertex parameter k for initial polarizations RL and RR and COM angle θCOM ¼ π=2. The
gauge-invariant solutions correspond to k ¼ 1, where MaxEnt is achieved for initial RL polarization while RR generates a product state.
Left: for QCD, MaxEnt is also obtained for two other unphysical solutions, k ¼ −3 and k ¼ 11=3, for an initial polarization of jRRi.
Right: in gravity, another nonphysical solution is obtained, k ¼ 3, for an initial polarization of jRRi.

CLAUDIA NÚÑEZ et al. PHYS. REV. D 113, 096019 (2026)

096019-4



and RR polarizations. For gluons, the result depends on the
color, in particular, it depends on F1 ¼ faa

0cfbb
0c,

F2 ¼ fab
0cfba

0c, and F3 ¼ fabcfa
0b0c coefficients, except

the gauge-invariant solution k ¼ 1. Since there exist up to
six different F1 − F2 − F3 configurations, we plot the
median and a shade between the maximum and minimum
values. Notice, however, that the gauge-invariant solution
k ¼ 1 is the only one thatM2 does not depend on the color,
following a color universality similar to the one found for
MaxEnt [8].
We now consider the maximal amount of magic,

quantified by M2, as a function of k. In other words, for
each possible value of k, how far from a stabilizer state are
the final states generated? Since M2 varies with the center-
of-mass angle, we first maximize it over the allowed
kinematical configurations in order to characterize the

worst-case quantum complexity associated with each
deformation, i.e.,

Mmax
2 ≡max

θCOM
M2ðθCOM; kÞ: ð17Þ

Again, for gluons, the M2 will depend on the color. We
analyze different Mmax

2 curves depending on the possible
relation between F1 − F2 − F3 factors, as we did above. In
all cases, the Mmax

2 has a global minimum at k ¼ 1, as
shown in Fig. 3. The nonphysical solutions obtained by
imposing MaxEnt are not extremal points inMmax

2 . Here, it
is clearer that k ¼ 1 is the only solution that does not
depend on the color. In gravitons, as shown in Fig. 3, the
absolute minimum is also located at k ¼ 1. The other

FIG. 2. Magic-state resources measured with M2 as a function of θCOM for different values of the four-vertex parameter k and initial
RL polarization. Left, for gluons, and right, for gravitons. For initial RL polarization, M2 has a local minima at θCOM ¼ π=2. Then, it
shows two symmetric maxima. The value of that maximum depends on k and it is minimal at k ¼ 1, as shown in Fig. 3. For initial RR
polarization, other values of k show some magic, while k ¼ 1 is a product state with no magic. For k ≠ 1, the gluon result depends on the
color, in particular to the relations between the structure constants F1 ≡ faa

0cfbb
0c, F2 ≡ fab

0cfba
0c, and F3 ¼ fabcfa

0b0c: there are six
possible combinations between these F1, F2, and F3 specified in the plots with a shade between the maximum and minimum values,
while the solid line corresponds to the median. For comparison, the maximal amount of M2 (MaxMagic) for a pure two-qubit state is
logð16=7Þ.
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unphysical solutions obtained when imposing MaxEnt do
not show an extremal behaviour in terms of magic.
Both for gluons and gravitons, the global minimum is

Mmax
2 ðk ¼ 1Þ ¼ logð4

3
Þ ∼ 0.288 for initial RL polarization,

significantly below the maximum M2 that can be achieved
by a pure two-qubit state,Mmax

2 ¼ log ð16=7Þ ∼ 0.827 [46].
However, it is not zero, meaning that both gravitons and
gluons’ interaction can generate certain magic.
To analyze if this result holds for other SREs, we plotM3

and M4. Moreover, instead of taking the maximal θCOM,
this time we integrate over all θCOM,

M̃αðkÞ≡ 1

2

Z
θCOM

Mαðk; θCOMÞ sin θCOMdθCOM; ð18Þ

where we introduce the k and θCOM dependence explicitly.
Figure 4 shows the result, which follows the same con-
clusion as Fig. 3: there is a global minimum at k ¼ 1, the
gauge-invariant solution. Notice also that the SREs in
gluons depend on the color configuration, except for the
gauge-invariant point k ¼ 1, where all possibilities con-
verge: the universality of entanglement in terms of the color
observed in Ref. [8] is also reproduced for SREs. In other
words, the gauge-invariant point is the only one where
magic-state resources are independent on the color con-
figuration, as happens with the entanglement.

V. CONCLUSIONS

We break gauge invariance explicitly in QCD and
perturbative gravity and analyze its effect in the capacity
of entanglement and magic-state generation in gluon and
graviton scattering at tree level in the high-energy regime.
The gauge-invariant solution appears as a global minimum
in terms of magic-state resources and corresponds to the
generation of maximally entangled states. Our results
suggest that nature favors maximal quantum correlations
(MaxEnt) while maintaining low—but nonzero—magic. In
this regime, interactions generate strong entanglement, yet
remain close to the boundary of classical simulability. This
balance appears to be a recurring feature of physical
systems: maximal magic-state generation is not necessarily
desirable, as excessive non-Cliffordness can hinder com-
putational or physical efficiency. For instance, in measure-
ment-based quantum computation (MBQC) with only Pauli
measurements, too many magic-state resources leads to
inefficient computation, mirroring the way excessive entan-
glement can be detrimental in standard MBQC architec-
tures [41].
Nevertheless, several caveats are in order. SREs provide

reliable measures of magic-state resources only for pure
states, and caremust be takenwhen extending them tomixed

FIG. 3. Maximum M2 achieved as a function of the four-vertex
parameter k. The global minimum is obtained for k ¼ 1, i.e., the
gauge-invariant solution, and corresponds to M2 ¼ logð4=3Þ
(MinMagic) for initial RL polarization, and zero for initial RR
polarization.

FIG. 4. Stabilizer Renyi entropies of degree α ¼ 2, 3, 4 for gluons and gravitons’ final state scattering. The SRE are integrated over the
COM angle. For gluons, the result depends on the color, so the plot shows the region between maximum and minimum values and the
lines correspond to the median. As happened in Fig. 3, there is a single global minimum at k ¼ 1, the gauge-invariant solution.
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or multipartite scenarios. The definition of a “good” magic
measure remains an active topic of research [41], with similar
ambiguities known from multipartite entanglement theory.
These limitations reflect the inherent complexity of quanti-
fying nonclassical resources in realistic quantum systems.
Here, we only analyze qubit processes involving two
particles, so there exists the possibility that one needs to
go to multipartite [47] or higher-dimensional systems to rule
out certain solutions with maybe only one principle.
The rescaling of the four-gluon and four-graviton inter-

action terms represents a specific choice of gauge sym-
metry breaking. While we regard it as a minimal
deformation—since it does not modify propagators or alter
the number of physical degrees of freedom beyond the
quartic vertex—other forms of gauge symmetry breaking
should be investigated to determine to what extent quantum
information principles can recover gauge invariance in
more general settings.
Our magic-state resources analysis has been limited to

integrating over all angles in order to study the average
behavior. In principle, one could also include the prob-
ability of observing each event, i.e., weight the configu-
rations by the differential cross section. However, once the
event probability (the cross section) is taken into account,
the vast majority of events would correspond to forward
scattering, since we are working in the high-energy regime
where forward scattering dominates. As a consequence,
the most probable states would be those with θ → 0,
which are product states that do not exhibit entanglement
nor magic. Presenting the analysis in this way, although
physically well motivated, would, therefore, tend to
obscure the central question we aim to address: whether
there exists a preference for the gauge-invariant solution.
In this sense, including the full cross section weighting
would mask the underlying structure we are trying to
uncover. Nevertheless, in analogy with the discussion
surrounding the choice of the gauge symmetry breaking
method, such an analysis should be incorporated in future
work in order to reach more fundamental and far-reaching
conclusions.
Our findings reinforce the view that the laws of nature

optimize quantum informational principles. In this case,
they maximize quantum correlation while minimizing non-
Clifford complexity. Such a finding might be especially
relevant when studying effective theories such as pertur-
bative gravitation, where the high-energy regime may
impose quantum information constraints on low energies.
Understanding the role that these information-theoretic
measures play in fundamental interactions can also help
establish how hard it will be to simulate them using
quantum devices [48]. Overall, this balance among entan-
glement, magic, and possibly other factors may represent a
fundamental informational constraint that guides the struc-
ture of physical interactions.
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APPENDIX A: GRAVITON SCATTERING
AMPLITUDES AT TREE LEVEL

General relativity can be described by the well-known
Einstein-Hilbert action

SGR ¼ −
2

κ2

Z
d4x

ffiffiffiffiffiffi
−g

p
R; ðA1Þ

where g is the determinant of the spacetime metric gμν, R is
the Ricci scalar, κ2 ¼ 32πGN , andGN is Newton’s constant.
Feynman rules for Einstein’s gravity are then obtainedwithin
a framework of perturbative effective gravity where the
metric is decomposed as gμν ¼ ημν þ κhμν, that is, gravita-
tional effects below the Planck scale M2

P ¼ 8πGN are
encoded in small metric perturbations hμν around the flat
background of Minkowski spacetime ημν. The perturbations
hμν can be formally identified with the graviton, a massless
particle of spin 2.
To compute the amplitudes for the four channels accord-

ing to their respective Feynman rules, we employ the
FeynGrav package for Mathematica [49], which extends the
capabilities of the widely used FeynCalc package in particle
physics to include gravitational interactions. The kinemat-
ics and conventions used for the gravitational scattering are
the same as [50]. All of the following expressions are
evaluated in the transverse-traceless gauge and with the on-
shell condition sþ tþ u ¼ 0 imposed. The explicit com-
plete set of scattering amplitudes for gravitons in general
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relativity is presented in Supplemental Material. Here, we
show its k-modified version,

MRR→RR
LL→LL

¼ iκ2

4

�
s3

tu
þ 8ðk − 1Þ t

2u2

s3

�
;

MRL→RL
LR→LR

¼ iκ2

4

u3

st
;

MRR→LL
LL→RR

¼ −2iκ2ðk − 1Þ tu
s3

ð2t2 þ tuþ 2u2Þ;

MRL→LR
LR→RL

¼ iκ2

4

t3

su
;

MRR
LL→

RL
LR
¼ MRR

LL→
LR
RL
¼ MRL

LR→
RR
LL
¼ MRL

LR→
LL
RR

¼ 2iκ2ðk − 1Þ t
2u2

s3
: ðA2Þ

Of course, this matches the sum of the total general
relativity amplitudes for the case k ¼ 1.

APPENDIX B: ENTANGLEMENT IN GLUONS

In Ref. [8] we presented a detailed analysis of gluon
scattering entanglement, both for the gauge-invariant sol-
ution and the gauge-breaking solution that depends on the
four-vertex coupling k. However, we only discussed the
θCOM ¼ π=2 solution, but other solutions exist for other
angles and k. When the initial states have opposite polar-
izations, there always exists a θCOM for some color configu-
ration that achieves MaxEnt if k < −1. If it shares the same
polarization, we can find MaxEnt for some θCOM if k ≥
1
3
ð10 ffiffiffiffiffi

10
p

− 23Þ ∼ 2.87 or k ¼ 1=3. The range of k for which
MaxEnt can be achieved varies depending on the six possible
relations between the structure constants for each case:
F1 ¼ 0, F2 ¼ 0, F1 ¼ F2, F1 ¼ −F2, F1 ¼ 2F2, and
2F1 ¼ F2, for initial opposite polarizations, and
F1 ¼ 0 ≠ F3 ¼ −F2, F2 ¼ 0 ≠ F1 ¼ F3, F3 ¼ 0 ≠
F1 ¼ F2, F1 ¼ 2F2 ¼ 2F3, F2 ¼ 2F1 ¼ −2F3, and
F3 ¼ 2F1 ¼ −2F2, for equal initial polarizations.
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