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Overview

Quantum Information expands the tools for understanding fundamental
interactions

“It from bit” philosophy: all things physical are information-theoretic in
origin

Are quantum information quantities imposing the structure of
fundamental interactions?

Gauge invariance fixes most of it: let’s remove it from the equation and
check how far can we go.

Two case studies in tree-level QED, weak, QCD and perturbative gravity:
Entanglement as a constraining principle
Magic as a constraining principle
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Quantum Information in Quantum Field Theory

Exploring all quantum information content

/@w = E))

Traditional thinking:
fields, symmetries, interactions.

Cross sections, decay rates,
asymmetries, ...

Criticality, RG flows on coupling
constants, Conformal Symmetry,...

Barosione “Given operators and dynamics, what
copercomputind  measurable outcomes do we predict?”
Centro Nacional de Supercomputacion




Quantum Information in Quantum Field Theory

Exploring all quantum information content

/@w —

Traditional thinking: Quantum information emphasis on
fields, symmetries, interactions. guantum states
Cross sections, decay rates, Entanglement, magic, non-locality, ...

asymmetries, ...

Scaling of entropy, RG flows on states,
Criticality, RG flows on coupling distribution of entanglement: MERA,...
constants, Conformal Symmetry,...

“Given states and allowed operations,

arcalone “Given operators and dynamics, what what information can be stored,

capercomputing  measurable outcomes do we predict?” processed or transmitted?”
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Quantum Information in Quantum Field Theory
From tools to conceptual understanding

Ql as a probe and a tool:
HEP = Ql: e.g. non-locality experiments in high-energy regimes e.g. . Afik, J. R. M. de Nova, Eur. Phys. J. Plus 136 907 (2021).

Ql > HEP: e.g. precision tests, decoherence e. g. F. Maltoni, et al. .JEHP 2024, 99 (2024).
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Quantum Information in Quantum Field Theory

From tools to conceptual understanding

Ql as a probe and a tool:

HEP = Ql: e.g. non-locality experiments in high-energy regimes e.g. . Afik, J. R. M. de Nova, Eur. Phys. J. Plus 136 907 (2021).

Ql > HEP: e.g. precision tests, decoherence e. g. F. Maltoni, et al. .JEHP 2024, 99 (2024).

Symmetries: give structure to the QFT, yet not enough.
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From tools to conceptual understanding

Ql as a probe and a tool:
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Ql > HEP: e.g. precision tests, decoherence e. g. F. Maltoni, et al. .JEHP 2024, 99 (2024).

Symmetries: give structure to the QFT, yet not enough.

What if quantum information quantities are THE underlying
principle in fundamental interactions?
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Quantum Information in Quantum Field Theory

From tools to conceptual understanding

Ql as a probe and a tool:

HEP = Ql: e.g. non-locality experiments in high-energy regimes e.g. . Afik, J. R. M. de Nova, Eur. Phys. J. Plus 136 907 (2021).

Ql > HEP: e.g. precision tests, decoherence e. g. F. Maltoni, et al. .JEHP 2024, 99 (2024).

Symmetries: give structure to the QFT, yet not enough.

What if quantum information quantities are THE underlying
principle in fundamental interactions?

It from bit philosophy by J. A. Wheeler:

“All things physical are information-theoretic in origin”
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Quantum Information in Quantum Field Theory

From tools to conceptual understanding

Ql as a probe and a tool:

HEP = Ql: e.g. non-locality experiments in high-energy regimes e.g. . Afik, J. R. M. de Nova, Eur. Phys. J. Plus 136 907 (2021).

Ql > HEP: e.g. precision tests, decoherence e. g. F. Maltoni, et al. .JEHP 2024, 99 (2024).

Symmetries: give structure to the QFT, yet not enough.

What if quantum information quantities are THE underlying
principle in fundamental interactions?

It from qubit philosophy:

“All things physical are quantum information-theoretic in origin”
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What if quantum information quantities are THE
underlying principle in fundamental interactions?

Let’s play with this idea

Which Quantum Info quantity do we choose?
Which interaction do we pick?
What could be a minimal example?



Warming up: Entanglement in QFT

Tree-level, 2 particle states, 2 d.o.f. each (helicities in HE regime)

|Wise) ~ Misgr|RR) + Mgy |RL) + Mj_, g |LR) + M;_; |LL)

Entanglement measured with Concurrence: | A = 2|ad — By| ?‘I%) Tglm) +Vy

Maximal Entanglement (MaxEnt) A = 1, local equivalent to a Bell state Scattering matrix elements
Minimal Entanglement (MinEnt) A = 0, product state.
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Warming up: Entanglement in QFT

Tree-level, 2 particle states, 2 d.o.f. each (helicities in HE regime)

Entanglement measured with Concurrence: | A = 2|ad — By| Wie) ~ IVIHRERlo[c{lf({)i);r Méﬁﬂ?ﬁ,ﬁ Mi:"Lg'lg))}MiﬁLLlLL)
\ o

Maximal Entanglement (MaxEnt) A = 1, local equivalent to a Bell state Scattering matrix elements
Minimal Entanglement (MinEnt) A = 0, product state.

One can check in QED that almost all processes generate MaxEnt states,
i.e. from a product state, the interaction can return a MaxEnt state.

Not surprising: we observe Bell Inequality violations after all...
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Warming up: Entanglement in QFT

Tree-level, 2 particle states, 2 d.o.f. each (helicities in HE regime)

|Wise) ~ Misgr|RR) + Mgy |RL) + Mj_, g |LR) + M;_; |LL)

Entanglement measured with Concurrence: | A = 2|ad — By| = «]00) + B|0T) + y|10} + 5]11)

Maximal Entanglement (MaxEnt) A = 1, local equivalent to a Bell state Scattering matrix elements
Minimal Entanglement (MinEnt) A = 0, product state.

One can check in QED that almost all processes generate MaxEnt states,
i.e. from a product state, the interaction can return a MaxEnt state.

Not surprising: we observe Bell Inequality violations after all...

MaxEnt states exist > Nature has mechanisms to generate MaxEnt

MaxEnt conjecture: Nature is such that MaxEnt states exist ?
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Entanglement as a constraining principle
Maximal Entanglement in lepton weak interactions

Z decay to leptons:

2
Initial transverse AO = |ngR|

- _ Ao =1if|gL| = |grl = gy =0
polarization: gL° Tt 8r

A 4

1
sin?(8y,) = i 0.25
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Entanglement as a constraining principle
Maximal Entanglement in lepton weak interactions

Z decay to leptons:

Initial transverse A = 2|8L8R| Ag=1if|g| =|gr| = gy =0

polarization: g% + gr*

g Same COM angle (i.e. 8 = m/2):
=% = +cot ?(8/2) initial [R)| g

Initial R/L
SN A=1—< &L = =41 - =
polarization: Z’_R — +tan 2(9/2) initial |L) gL |gL| |gR|
L
_ 1
sin?(8y,) = i 0.25
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Entanglement as a constraining principle
Maximal Entanglement in lepton weak interactions

Z decay to leptons:

Initial transverse A = 2|8L8R| Ag=1if|g| =|gr| = gy =0
polarization: g% + gr*

g Same COM angle (i.e. 8 = m/2):
initial R/L =% = +cot ?(8/2) initial [R)| g

. . A = 1 L = +1 - =
olarization: gR 2 . - |gL| |gR|
P ' . = + tan 2(0/2) initial |L) gL
L
_ _ . Other expresions, same conclusion 8 = 1w/2 '
ete” » utu~ Z mediated / > sin?(8y,) = % — 0.25
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Entanglement as a constraining principle
Maximal Entanglement in lepton weak interactions

Z decay to leptons:

2
Initial transverse AO = |ngR|

- _ Ao =1if|gL| = |grl = gy =0
polarization: gL° Tt 8r

g Same COM angle (i.e. 8 = m/2):
=% = +cot ?(8/2) initial [R)| g

Initial R/L
SN A=1—< &L = =41 - =
polarization: f;’_R — +tan 2(9/2) initial |L) gL |gL| |gR|
L
_ _ . 0 =rm/2 doo X 1
ete” » utu~ Z mediated ~ | > 12(0. ) = = = 0.25
P sin“(6y,) 2 :

ete” -» utu~ with Z/y interference

Agp, =1 - 0.0y = arccos(—1/3)

1
Alr=1- 0y = arcsin(ﬁ cot(6/2))
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What if quantum information quantities are THE
underlying principle in fundamental interactions?

Next audacity: can we recover gauge invariance
from a Ql principle?

Nature is such that MaxEnt states exist ?




Entanglement as a constraining principle

The QED example

QED Lagrangian at tree level (high-energy limit, m = 0):

free fermions free photons interaction term
ey 1 -
= iy 0,0 + EF'W Fre + —eA, G
Dirac eq. Maxwell eq.

G*": 4 x 4 arbitrary matrices

Gauge invariance: G = A"

Which are the couplings, G*, that generate MaxEnt?
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Entanglement as a constraining principle

The QED example

Expand in the Dirac basis
GH = algl + ai/ vy, + ialsy® + a' vy, + a7 [y, )
Impose C, P, T conservation
G* = ay/ ., ay; € R,
Recompute all amplitudes
_f pv
Miyoipy = [ (Ocom, ay’)

Maximize the concurrence for all processes, allowing different
optimal COM angles.

0 _ 00 _
ay = ay =0

maxaf:," {ABhabha; AComptong Apa,ir annihilation AMOHQI‘: .-
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QED Lagrangian at tree level (high-energy limit, m = 0):

free fermions free photons interaction term

= 1 -
5= iy 0,0 + EF'W | + —eA, G

Dirac eq. Maxwell eq.

G*": 4 x 4 arbitrary matrices

Gauge invariance: G = A"

Which are the couplings, G*, that generate MaxEnt?
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Entanglement as a constraining principle

The QED example

Expand in the Dirac basis

G' = agl+ ay’y, +iapy” + ay v + ap” [, 7,
Impose C, P, T conservation

G*
Recompute all amplitudes

Mg = [ (Ocom, ay’)

Maximize the concurrence for all processes, allowing different
optimal COM angles.

v

_ , % 0 _ 00 _
= ay Vv, ay, € R, ay = ay =0

maxaf:," {ABhabha; AComptong Apa,ir annihilation ANIOHQI‘: .-

QED Lagrangian at tree level (high-energy limit, m = 0):

free fermions free photons interaction term

= s 1 y -
£ = iy 0,0 + ZFW FH + —eA, G
Dirac eq. Maxwell eq.

G*": 4 x 4 arbitrary matrices

Gauge invariance: G = A"

Which are the couplings, G*, that generate MaxEnt?

-}

Notice two-body processes (two vertex) are blind to

vt = =" e — —e

[ (%970
(:l:,.},ﬂ? _’Tla _72: _’7%)
(G° G, G?,G3) = ¢
(:l:,-},[}? _71:’721 Af%)
(:l:,.},ﬂ? f};l: _’721 _f};%)

Barcelona \
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v

Nonphysical solution.
Could be discarded at higher orders?
Maybe with other Ql quantities?
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Entanglement as a constraining principle

The QCD example: gluon scattering at tree level

LK X

Initial RR. Non-zero amplitudes:

Mprrsrr = | (u, t,s, fabcf“’blc) No entanglement possible
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Entanglement as a constraining principle

The QCD example: gluon scattering at tree level

LK X

Initial RR. Non-zero amplitudes:

Mprrsrr = | (u, t,s, fabcf“’bic) No entanglement possible

Initial RL. Non-zero amplitudes:

MRrLrL = 01 ('U,, t,s, f““cfbbfc’ fab’c'}cab’c)
. -bb! e b e e
Mpr—Lr = g2 ('?L,_ t,s, J‘mcfbb ¢ }c ab C'}(ub (,)

.- 1
} |’{"f)>RL—}HL+LR — \/m

State generated independent of the structure
constants 2 “Universality of Entanglement”

(u?|RL) + t*|LR))
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Entanglement as a constraining principle

The QCD example: gluon scattering at tree level

LK X

Initial RR. Non-zero amplitudes:

Mprrsrr = | (u, t,s, fabcf“’blc) No entanglement possible

Initial RL. Non-zero amplitudes:

MRrLrL = 01 ('U,, t,s, faacfbbfc’ fab’c'}cab’c)
. . phh NIRRT
Mpr—Lr = g2 ('?L,_ t,s, J‘mcfbb ¢ )c ab C'}(ub (,)

| 1 ,
Y = ——— (v*|RL) + t*|LR
} | )RL—>HL+LR \/m ( | ) | ))

State generated independent of the structure
constants 2 “Universality of Entanglement”

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

Let’s break gauge invariance in

the interaction term...
M:M5+M£+Mu+ .M4

10 ____.________ ........ /.,..,r\ ......... The pIOt iS nicer
i 4 \ with 6 = /2, but
| i % \ there are no other
0.8 : ) .
L i I} \ maximums in other
Bt : ! ) angles
0.6 >~ K ‘_ g
I~ ! I/ \
< AN i / \
\ : { \
0.4 - A} H 1 \
A Y M ] \
) | \
NS = Mr(O=112)
0.2 1 N
\ i Ar (B =1/2)
\E,' —-— MaxEnt
vy
0_0 T T T T T T T T T T T
-4 =3 =2 =1 0 1 2 3 4 5 6
k

Gauge invariance point (k=1) maximize RL while minimize RR
Other non-physical points with MaxEnt: k=-3, k=11/3,
MinEnt: k=-1

C. Nunez, ACL, J.I. Latorre, SciPost Phys. 20, 063 (2026)



Entanglement as a constraining principle

The perturbative gravity example

Let’s break diffeomorphism
invariance in the interaction term...
.M:-Ms_i_-ML-l_Mu-l_ .M4

2 7 P T
_ 4 / \ | "" 7 \
Ser = -2 f s g £ . W i (| ;7
K ) 8 \ |11 / J/
. ,/ N \ 1 11—
2 . i Ny [T 71/
K™ = 327TGN Guv = Nuv + hh,u,u ,’ \[ V|| 7|/
/ \ VALY
T 177 0
/ YERY)
v \ |\
\ \
Gauge invariance point (k=1) maximize RL while minimize RR l k1l
Other non-physical points with MaxEnt: k=3 THF
B pi E A
=== Apr(@=m/2) |1 |
- Dr(0=1172)
¥ | ]
-2 -1 0 1 2 3 4
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MaxEnt constraints most of the interaction,
but it is not enough

Nature is such that MaxEnt states exist and... ?
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Magic as a constraining principle

Gluon and graviton scattering

Gluons Gravitons
e S e S O O Y gy
M=M;+ M+ M, +k My 07 IS T 4s
S A N MaxMagic | I I MaxMagic
| Mo
2"
Stabilizer Renyi Entropy L. Leone et. al., PRL 128, 050402 (2022) o4 i b
03. '_r ol

1 1

20x ! !
My ([9) = ——log | = > [(¥|Ply)] /
I
1 — X 4 17 3\
PE’Pn 0.0 —r —
o.g fr s cem e et mmm =0
— k=1 — k=1
0.7 —— k=-=3 —-— k=3
------ MaxMagic ------ MaxMagic
0.6
= 0.571
x
0.4 A
= /T
0.3 / N R ,"‘\‘./-
.’-/ » ™ '{ .l){', \\\ / "(\ !
0.2 / 3 7 B i v
/ \ A N AR
0.1 L emmme e WS ] S gt YA
|5 ' e \\‘ '~ 7/ Ay
sl __ - \._._____,'s-.—r;' L: / ‘\ N
. 0.0 T T T T T T T R —
Barcelona 0 ™ n o3 n st 3 In g 0 Lid n 3n n st 3m In
Supercomputing 8 47 2 B 7T 3 8 4 7' 2 B 7T F
Center Bcom Bcom
Centro Nacional de Supercomputacion
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Optimal settings vs average behavior

A comment on finding max/min of a quantum observable (QO)

What is your goal?
1. Finding the optimal parameters such that QO is max/min
2. Find the average* behavior of a QO

You shouldn’t expect the same result!

“This symmetry is recovered”, “this quantity is predicted”, ...
assuming (1), (2) or both? What should we impose?

Our motivation was in goal (1): e.g. in Bell inequalities, you don’t average, you look for the optimal settings.

In experiments, we have to average (cross sections).
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Magic as a constraining principle

Gluon and graviton scattering

Optimal setting Average behavior
Take the “worse-case”* for each k Integrate over COM angle
_ ~ 1 ,
M3 = jnax Ms(0conm, k) M, (k) = 3 Mo (k,0con)sinbcomdcom
bcom

Gluons Gravitons

0.301

0.251 \
0206 . .

= 0.151 = \
0.2 0.101
—— gravitons RL | o — RL a=2
0.1 g o s
Gluons RR RR
0.0 = MinMagic 0007535 00 05 10 15 20 25 30-10 05 00 05 10 15 20 25 30
-1.0 -05 00 05 1.0 15 20 25 3.0 k k
k
Minimal magic (but non-zero) obtained at the singular point k=1

Barcelona (gauge invariance)
Supercomputing * f lassical si labilit
Conter or classical simulability
Centro Nacional de Supercomputacion
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What does “magic” tell us?

* Cost of classical description: “Magic” as the amount of “non-Cliffordness”, i.e. the distance to an
efficient classical description (Gottesman-Knill theorem s. Aaronson, D. Gottesman, PRA 70, 052328 (2004) )

» Resource theories: “Magic” as a measure of universality, i.e. as a resource for quantum information
tasks . T. Campbell, M. Howardhys. PRL 118, 060501 (2017)

Therefore, several measures of Magic exist, not always equivalent to each other
Z-W. Liu, A. Winter PRXQ 3, 020333 (2022)

Magic was “created” for many-body problems (many qubits).

We deal with 2 qubits here... what fundamental conclusions can we draw from it? A ,

@
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Quantum information as a resource

Article | Open access = Published: 09 December 2024
Quantum error correction below the surface code .
threshold 101 qubits

Google Quantum Al and Collaborators

Nature 638, 920-926 (2025) | Cite this article

Article | Open access = Published: 10 November 2025

A fault-tolerant neutral-atom architecture for
universal quantum computation 448 qubits

Dolev Bluvstein, Alexandra A. Geim, Sophie H. Li, Simon J. Evered, J. Pablo Bonilla Ataides, Gefen Baranes,

Andi Gu, Tom Manovitz, Muging Xu, Marcin Kalinowski, Shayan Maijidy, Christian Kokail, Nishad Maskara,

Elias C. Trapp, Luke M. Stewart, Simon Hollerith, Hengyun Zhou, Michael J. Gullans, Susanne F. Yelin,

Markus Greiner, Vladan Vuleti¢, Madelyn Cain & Mikhail D. Lukin®&

Nature 649, 39-46 (2026) | Cite this article

15.000 sites

Article  Open access = Published: 04 February 2026
Large-scale analogue quantum simulation using atom
dot arrays

M. B. Donnelly ® v. Chung, R. Garreis, 5. Plugge, D. Pye, M. Kiczynski, J. Tamara-Isaza, M. M. Munia, S.

Sutherland, B. Voisin, L. Kranz, Y. L. Hsueh, A. M. Saffat-Ee Hug, C. R. Myers, R. Rahman, J. G. Keizer, S. K.

Gorman & M. Y. Simmons &

Nature 650, 574-579 (2026) | Cite this article

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion




Quantum information as a resource

Article | Open access = Published: 09 December 2024

Quantum error correction below the surface code
threshold

101 qubits

Google Quantum Al and Collaborators

Nature 638, 920-926 (2025) | Cite this article

Article | Open access = Published: 10 November 2025

A fault-tolerant neutral-atom architecture for
universal quantum computation

448 qubits

Dolev Bluvstein, Alexandra A. Geim, Sophie H. Li, Simon J. Evered, J. Pablo Bonilla Ataides, Gefen Baranes,

Andi Gu, Tom Manovitz, Muging Xu, Marcin Kalinowski, Shayan Maijidy, Christian Kokail, Nishad Maskara,

Elias C. Trapp, Luke M. Stewart, Simon Hollerith, Hengyun Zhou, Michael J. Gullans, Susanne F. Yelin,

Markus Greiner, Vladan Vuleti¢, Madelyn Cain & Mikhail D. Lukin &

Nature 649, 39-46 (2026) | Cite this article

Article  Open access = Published: 04 February 2026

15.000 sites

Large-scale analogue quantum simulation using atom
dot arrays

M. B. Donnelly & v. Chung, R. Garreis, 5. Plugge, D. Pye, M. Kiczynski, J. Tamara-Isaza, M. M. Munia, S.

Sutherland, B. Voisin, L. Kranz, Y. L. Hsueh, A. M. Saffat-Ee Hugq, C. R. Myers, R. Rahman, J. G. Keizer, S. K.

Gorman & M. Y. Simmons &

Nature 650, 574-579 (2026) | Cite this article

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

Why do we want a quantum computer/simulator?

Nature is quantum, damit!
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Why do we want a quantum computer/simulator?

| can simulate efficiently low
entanglement, “structured”
high entanglement (e.g.
stabilizers), low magic states,



Quantum information as a resource
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Understanding the quantum information Necessary analog
content of fundamental interactions could serve interactions, necessary
as an estimator of the quantum/classical quantum gates, ....
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Conclusions

* Maximal entanglement constraints most of the interaction*
* When magic is considered the gauge-invariant result is completely recovered
when magic is a minimum.

Nature is such that MaxEnt states exist and they are ‘)
“easy” to represent classically C
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*tree level QED, gluon scattering, graviton scattering
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2505.00873

* Magic as a constraining principle Q. Liu et. al. 2509.18251

* Are there Ql quantities more important than others?

* How to move from tree-level to many-body behavior?

* The role of symmetry in these results N. McGinnis 2511.10559
* Other relevant Ql quantities?
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