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_ Today, UPC physics is moving
to a multi-differential program

See nice talk by Gian Michele Innocenti for an overview
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& MANY OBSERVABLES, ONE GOAL: /,
= FULLY EXPLOIT THE DATA TO REVEAL GLUON SATURATION =

OUR MULTIDIFFERENTIAL MENU

Variety is
the spice of
saturation!

~ THE PHYSICS WE WANT TO CONSTRAIN QUANTUM TOMOGRAPHY:

I'M POPULAR, A MODEL-INDEPENDENT LENS

 Ultra-Peripheral.
~ Collisions

BUT I CAN'T DO ' do/dt
THIS ALONE! (momentum transfer)

— >

It

f\ do/dy
. (rapidity)

Saturation scale QZ(x,b)

onset of non-linear dynamics;
strength of saturation

\ do/dp+
(transverse momentum) Pr

Energy (x) evolution A

how fast Qs grows with energy
(smaller x)

? N d’c/dpy dy
"x‘ ,/)" (kinematics)
-

? Multiplicity Ncp,
(actlvuty)

Coherent / Incoherent
(diffraction patterns)

A¢  Azimuthal correlations A¢

@ (angular structure)

Impact parameter profile Bg

transverse spatial distribution

" of gluons

Fluctuations / hot spots

OFtuct» Nhot , Rhot

magnitude, number, size

Initial conditions QZ, X

normalization and starting

point of evolution J

Z (beam)

DIRECTLY RECONSTRUCT
THE DENSITY MATRIX

No model assumptions

Directly reconstruct the density matrix
from the data

Complete, high-dimensional picture
Comparisons performed after the
reconstruction

FULLY EXPLOIT THE DATA —
LET NATURE SPEAK FOR ITSELF! J




Mirror Quantum
Tomography

A genuinely model independent data analysis
technique



THE RENAISSANCE ©F QUANTUM MFECHANICS
AND HAND -AMADE  SLIPES
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INC L.USIVE REACTIONS
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Pij (f) — il adL-j — CLEZ'EJ' — Zbﬁijkfk from

3 symmetry

Standard Model + shelf of books

predicts nothing more than two numbers

a=1/2; b=sin’0Oy

One could get a, b tomographicall
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THE ANGULAR P)STRIBUTION
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Mirror Quantum Tomography Finds Unexpected Polarization Phenomena in Z Boson

Production in pp Collisions at the LHC

A. Gautam (Kansas U.), J.C. Martens (Kansas U.), J.P. Ralston (Kansas U.), G. Stejskal (Kansas U.), J.D. Tapia
Takaki (Kansas U.) (May 5, 2026)

e-Print: 2605.03254 [hep-ph]
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Beam-axis out of page xyz = lab

ATLAS pp 8 TeV

Mirror Quantum Tomography Finds Unexpected
Polarization Phenomena in Z Boson Production in
pp Collisions at the LHC



https://arxiv.org/abs/2605.03254
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FIG. 4: Top: Maximum likelihood fit, with the contributions of cos m¢ for m = 0 — 4. Bottom: Two
weighted distributions defined by f (¢) = Re(y)? (blue) and f (¢) = Im(¢)? (red), coming from

the eigenstates of the rank two density matrix.
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Event-by-event Quantum tomography
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Mirror Quantum Tomography Finds Unexpected Polarization Phenomena in Z Boson

Production in pp Collisions at the LHC

A. Gautam (Kansas U.), J.C. Martens (Kansas U.), J.P. Ralston (Kansas U.), G. Stejskal (Kansas U.), J.D. Tapia
Takaki (Kansas U.) (May 5, 2026)

e-Print: 2605.03254 [hep-ph]




What Can We Learn from Entanglement and Quantum Tomography?

John P. Ralston (Nov 12, 2022)
Published in: MDPI Physics 4 (2022) 4, 1371-1383

pdf & DOI [4 cite [[d reference search

Applying Quantum Tomography to Hadronic Interactions
J.C. Martens (Kansas U.), John Ralston (Kansas U.), Daniel Tapia Takaki (Kansas U.) (Jul 14, 2022)
Published in: SciPost Phys.Proc. 8 (2022) 154 » Contribution to: DIS2021, 154

pdf ¢ DOI [4 cite [[@ reference search

Quantum Tomography Measures Entanglement in Collider Reactions
John C. Martens (Kansas U.), John P. Ralston (Kansas U.), Daniel Tapia Takaki (Kansas U.) (Oct 14, 2019)
Contribution to: DPF2019 « e-Print: 1910.06311 [hep-ph]

pdf [ cite [[d reference search

Quantum tomography for collider physics: lllustrations with lepton pair productio
John C. Martens (Kansas U.), John P. Ralston (Kansas U.), J. D. Tapia Takaki (Kansas U.) (Jul 6, 2017)
Published in: Eur.Phys.J.C 78 (2018) 1, 5 = e-Print: 1707.01638 [hep-ph]

pdf & DOI [4 cite @ reference search
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The density matrix eigenvalues are strange

y-integrated data. arXiv: 1606.00689

Avoided level crossing; eigenvectors swap

true QM expectation values <X>, <Y>, <Z> v PT

ATLAS
Evals 1\, of f’\‘ (blue ) are very different from evals from Born-level physics (red).
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there is no precedent for the resonance-like bump
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probe operators Gy

tr(G¢Gy) = dpr,  orthonormal matrices

observable:

< Gy >= t’l“(Ggpx)

px = unknown system

reconstruction:

/OX:Z < Gy > Gy
0

Completeness? It's complete for what it spans
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