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What do we do?

Four fundamental forces in nature Quantum Chromodynamics
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What do we do?

We cannot compute the proton properties in perturbation theory

. Extract proton’s properties
Simulate the full theory pro prop
from experimental data
See poster of A. Maestri and A. Schiavi See posters of
L. Polano, A. Bacchetta, M. Radici
Emax A.C. Alvaro, B. Pasquini, S. Rodini
Strong Coupling: s Weak Coupling:
effective description perturbation theory
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tering experiments!

Low-energy High-energy
Coherent response Incoherent response

Global proton properties Resolve individual constituents



Low energy scattering

Real Compton scattering Virtual Compton scattering

Extractions from different
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High energy scattering
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High energy scattering

Semi-inclusive reactions,
Where being blind helps you see

MAP collaboration, JHEP 08 (2024) 232 Y - =D V-
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High energy scattering

ppT Parton correlators Densities
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Additional informations
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M.A.P. Collaboration

Madrid , Mainz, Tubingen University
BNL (US), DESY (DE),
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. Brook-US)

INFN project NINPHA, local o  Co-Director of ILCAC
coordinator M. Radici o PAC member of MAMI and MESA
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Bacchetta e M. Radici:
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o PAC member of JeffersonLab
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Theory & Phenomenology of Fundamental Interactions: QFT@COLLIDERS
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Theory

Provide precise theory

Lo -4 6 F predictions & Monte Carlo event
Explore the impact of experimental 1ipPy +he generators
results on the theory b Ty e
+ B~ Vip)

Experiment Monte Carlo

The
Standard Model \/
Df PARTICLE PHYSICS

Perform sensitivity studies,
assess theory uncertainties

B Quarks Gauge Bosons

affecting measurements

FERMIONS




A journey through frontiers

Intensity frontier Energy frontier Imagination(?) frontier
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- Physics at O(10) TeV sealos nover reehec
Flavour factories, proton-proton colliders

Muon g-2, MUonE before




Resolving the tension in muon anomaly a, =(g-2)/2 determination
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Precision electroweak physics at the LHC pp collider
Authors of NLO EW+NLO QCD+PS
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ol "ty The luminosity uncertainty is a limiting factor for the
v precision achievable at a collider
30 F OPAL g = |
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Proton Driver Target & Front End Cooling Acceleration Collider
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Fisica Matematica

Paolo Rinaldi



People

e Claudio Dappiaggi (PO)
e Paolo Rinaldi (RTT)

e Beatrice Costeri, Andrea Parpinel, Raman Deep Singh (PhD Students @)



Research topics: mathematical aspects of QF T
e Quantum field theory on curved spacetimes
e Algebraic quantum field theory

e Stochastic partial differential equations and stochastic quantization



Quantum field theory on curved spacetimes

Classical gravity (GR) + quantum matter (QFT)

Usual formulation of QFT on Minkowski strongly
relies on Poincaré symmetries and momentum
representation

A different paradigm is needed on curved

spacetimes E{>Alqebraic QFT

Applications: black hole physics, cosmology,
semi-classical analysis...

Recent interest: boundaries effects in QF T




Algebraic Quantum Field Theory (AQFT)

e Mathematical formulation of QF Ts

e algebra of observables + state + GNS theorem = Hilbert space formalism of QFT

e Particular emphasis on interacting theories:

1) renormalization as an extension procedure for distributions

2) mathematical background for perturbation theory and renormalization
group flow




(Singular) Stochastic Partial Differential Equations
®3 Equation: 0;p = A¢p — 3 + &£

e Irregular nature of the white noise =>
solution theory calls for

renormalization, just like interacting A o g, \/@%
QFT! e SR R O O
AL |4 R
e Recent progress: we proposed a novel v Hf@ 5 & <\m/j) =, s %Q_H Ryt £ 2 ey ,
framework to construct perturbatively a <t
renormalized solution to a large class of 7 s - e iy
singular SPDEs o '

e Based on microlocal analysis and
the tools of perturbative AQFT



Stochastic Quantisation

®3 Equation: 0;¢p = A¢ — ¢3 + &

e Program started formally by Parisi & = /
Wu in 1981 e o e

5567
S(x,t)

A

/,7
Ap(x,t) = +0(x,t) .
“lo

e Goal: non-perturbative construction
of the Feynman path inteqral
measure of an interacting quantum Pt D (i)} + 9, 2)
field theory > diiamics

== ’\*"‘*L—\w)’)] = white noise

e Constructed as Wick rotation of the
equilibrium limit of the above dynamics

(through renormalization!)

= X
5 measure.

g ' x:a/{X,---ff(m r~JDZé=5?')-4a(x{x,L) — A e




Collaborations

e [ B Genova, Roma-Tor Vergata,
Trento, Milano-Statale

e ZE York, Oxford

e MM | cipzig, Regensburg,
Potsdam, Wurzburg

e [EJLausanne - EPFL, Geneve

e [ 0§ Paris - Sorbonne, Grenoble,
Tours v
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Quantum Information and
Quantum Foundations

Alessandro Bisio



Beachcombers on the wilder shores of Quantum Physics...

POWERED BY
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quantum 1nforrnat10n
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Quantum Foundations in the light of Quantum Information

Quantum systems are the carriers of information. ___Qubit . y \
The mathematical structure of quantum theory is the
handbook that tells us what operations are allowed and J

e N

what are the ultimate performance limits.

No perfect No programming
state detector i '

Ul = ) ) t id

: ONE DOES NOT SIMPLY
QOHIHY, HIH G HI -~
i+ G

Teg=0 (V N ) TRY ALL THE SOLUTIONS AT ONCE




Operational Probabilistic Theories (OPTs)

What is special about quantum theory as opposed to classical theory?
Can we derive the mathematics of quantum theory from information-theoretic properties?



Operational Probabilistic Theories (OPTs)

What is special about quantum theory as opposed to classical theory?
Can we derive the mathematics of quantum theory from information-theoretic properties?

OPT

Diagrammatic Language




Operational Probabilistic Theories (OPTs)

What is special about quantum theory as opposed to classical theory?
Can we derive the mathematics of quantum theory from information-theoretic properties?

OPT

Diagrammatic Language
_I_
Probabilistic structure




Operational Probabilistic Theories (OPTs)

e Fermionic
Theory

Purification
® Quantum

Theory

o Classical

Theory e QT with reals

® Bilocal
CT

® PR boxes

discriminability

No information
without disturbance

Applications: Information processing in more general frameworks:
Fermionic theory, theories with fundamental or effective constraints
(superselection, energy conservation, intrinsic level of noise...)



Higher-Order Quantum Theory

What is the best storage-and-retrieval strategy which is allowed by Quantum Theory?

There are redundancies
in the description

-

There are several
architectures.




Higher-Order Quantum Theory

What is the best storage-and-retrieval strategy which is allowed by Quantum Theory?

X e There are several
1= Ju K | architectures.

(21,8

There are redundancies - ﬂ 2 -F _ “ “ -@R-
in the description | |

Higher-Order Quantum Maps

The most general admissible map
S Uk from some type of process to another
type of process

12




Higher-Order Quantum Theory

Higher-Order Maps provide a non redundant
description of any information processing task.

Grover diffusion operator

- { 0 —EH - —E- - This is crucial when transformations, rather then

: cee US| --0 [ 2]0%) (07 - I,

10) states, are the carriers of information.

Repeat ~ 7v/N times




Higher-Order Quantum Theory

Higher-Order Maps provide a non redundant
description of any information processing task.

Grover diffusion operator

|0”>{ 0 This is crucial when transformations, rather then

Uo | -+ [ 2[0M)(0" - I

10) states, are the carriers of information.

Repeat =~ 7V N times

Some Higher-Order Quantum Maps admits a
realization as quantum circuit with open slots... U ﬂ ﬂ ﬂ

— b J




Higher-Order Quantum Theory

Higher-Order Maps provide a non redundant
description of any information processing task.

Grover diffusion operator

|0">{ 0 This is crucial when transformations, rather then

Us | -+ |2[0%)(0" = I

10) states, are the carriers of information.

Repeat ~ 7V/N times

Some Higher-Order Quantum Maps admits a
realization as quantum circuit with open slots... U ﬂ ﬂ ﬂ

— b J

...but some do not.

Indefinite causal structure: the cause-effect
order of the resources is not fixed.
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Quantum Cellular Automata

Classification of Quantum Cellular Automata: g’g’g =“= EQ§og
what are the simplest admissible dynamics? 8’8’ ».. =.=.’




Quantum Cellular Automata

Classification of Quantum Cellular Automata:
what are the simplest admissible dynamics?

A Finite-Depth Quantum Circuit (FDQC)
@ﬁ% is a QCA. But not all the QCA are FDQC.
When a QCAis a FDQC?

Ceci nest pas une FDQC



Quantum Cellular Automata

Classification of Quantum Cellular Automata:
what are the simplest admissible dynamics?

A Finite-Depth Quantum Circuit (FDQC)
@ﬁ% is a QCA. But not all the QCA are FDQC.
When a QCA is a FDQC?

In 1D and 2D quantum information behaves as
an incompressible fluid. QCA are classified ™ i ﬂ
by their flow rate.




Quantum Cellular Automata

What is the (quantum) computational power of a QCA?

When a given How hard is it
QCA is Quantum to classically
? imulat
/:/:/://///:/v Turing complete” grgx’?ea

What is the large scale dynamics of a QCA?




A collective endeavor




A collective endeavor




Summary

e What is special about
Quantum Theory?

e Transformations as the
carriers of information

® Quantum Dynamics in
the light of Quantum
Information

Quantum\ Theory The OPTs
Y %Iraesosri;al ‘H = : R’QT éilocal CT I a n d S ca pe

~

Higher-Order

> Quantum Theory
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~

Quantum
Cellular
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Complex Systems
&
Econophysics

Giacomo Livan



Complex Systems & Econophysics group

A collection of a large number of units that interact locally — in the
absence of explicit coordination — giving rise to an emergent '
macroscopic behavior that is generally hard to describe or predict
based on the behavior of the individual units.

“More is different” — P. W. Anderson (Science, 1972)

What we do, in a nutshell:
cross-disciplinary applications of Statistical
Mechanics -



Complex Systems & Econophysics group

e Giacomo Livan, Guido Montagna (UniPV & INFN)
¢ Oreste Nicrosini (INFN)

Federica De Domenico Giacomo Frigerio Federico Quetti
Graduated Feb. 2026 Complex Systems PhD programme . .

@ UniCT




Econophysics
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e Capturing statistical regularities
and “stylized facts” in financial

markets

¢ Analysis of shocks and systemic

risk in financial networks

F. De Domenico, G. L., G. Montagna, O. Nicrosini,
Physica A (2023)

G. Ricciardi, G. Montagna, G. Caldarelli, G. Cimini,
Physica A (2023




Complex socio-economic systems
Jo (

101

e Economic complexity (macroeconomic shifts
as phase transitions)

1072
e Opinion dynamics, diffusion of Z
(mis)information in complex networks =
107.{
¢ Evolutionary game theory, evolution of
cooperation B

F. Marcuccini, G. L., J. Stat Mech. (2025)

F. De Domenico, F. Caccioli, G. L., J. Phys. Complexity (2025)

F. De Domenico, F. Caccioli, G. L., G. Montagna, O. Nicrosini, RSOS (2024)
D. Riazi, G.L., Physica A (2024); Advances in Complex Systems (2025)

O. Sikder, R. E. Smith, P. Vivo, G. L., Sci. Rep. (2020)
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Signal vs noise in complex systems

7
. ‘// Z

¢ Network filtering

e Generation of synthetic time
series with realistic statistical
properties

e Emergence of Zipf’s law

|Observed set of time series W|

I
|
|
|
— — I
B : max In P( w ‘ ;3) Unbiased randomization of W

i —'Canomcal ensemble of W'—— preserving, on average,
z= Z PW) the observables {O;(W )},

Wew

o= SR Oi(W)

Pw) ="

D. Cugini, A. Timpanaro, G. L., G. Guarnieri, J. Stat. Mech. (2025)
S. Tilly, G. L., Expert Systems with Applications (2021)

R. Marcaccioli, G. L., Phys. Rev. E (2020)

R. Marcaccioli, G. L., Nature Communications (2019



Science of Science

e Data-driven analysis of scientific publications A
and careers ]
e Detecting “citation cartels” V ° |
L o8 ;
e Academic Great Gatsby curve ﬁ oo ¢4 8 |10
¢ 2020 Eugene Garfield Award B §

M. S. Mariani et al., Nature Communications (2024)
Y. Sun, F. Caccioli, G. L., J. Royal Society Interface (2024)
Y. Sun, X. Li, F. Caccioli, G. L., PNAS (2023)
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eChina: Southern University,
Southeast University

eUSA: Indiana University,
Michigan, University

eAustria: Complexity Science
Hub

eBank of England

eCentral banks in South
America
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