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Overlap with other INFN 
groups/initiatives

● Machine learning: Stefano Carrazza, Stefano Forte, Alessandro Vicini, Ramon Winterhalder, Marco 
Zaro 

● Quantum computing: Stefano Carrazza

● JUNO: Vito Antonelli

+ synergies with ATLAS & LHCb groups
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The Standard Model of Particle Physics

Theoretical description of elementary particles:

● Quantum mechanics + special relativity + gauge invariance → Quantum Field Theory
● Mathematical formulation of high energy particle physics.

→ Quantum Electrodynamics (QED)                                   → Quantum Chromodynamics (QCD) 

→ Electroweak force (EW)

     with spontaneous symmetry breaking of 

     electroweak symmetry (EWSB) through 

     Higgs mechanism.
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The Standard Model of Particle Physics

● New questions:
➢ Is it really the SM Higgs?
➢ What is the exact form of the Higgs potential?
➢ How does it couple to the rest of the SM?
➢ Is it solely responsible for EWSB?
➢ …
➢

QCD + electroweak theory + Higgs mechanism 
= Standard Model of Particle Physics:

Mathematically consistent & concise 
description of nature at fundamental level.

In-depth investigations of the Higgs boson

Fundamental properties (mass, spin,…), couplings to 
other SM particles, self-couplings, high energy 
behavior, ….
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Beyond the Standard Model

● Abundant evidence that SM cannot be complete...
(Gravity not included in the SM; astrophysical and cosmological evidence for dark matter; 
neutrinos oscillate and therefore have mass; matter-antimatter asymmetry; hierarchy problem...)

● ...but no evidence for BSM physics at LHC.

● Stress-test SM in search of new physics:
➢ Can we observe traces of BSM physics in SM processes?

→ use Effective Field Theory to parametrize BSM physics

➢ Test self-consistency of SM

(Analogous to Fermi theory for weak interactions)

→ compare predictions and measurements of mW

Image: E. Vryonidou
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Theoretical Predictions
Schematic view of collision at LHC:

Energy
SM (BSM?) interactions

Q ~ 100 GeV – 1 TeV

Protons in beam

Hadrons in detector

Q ~ 1 GeV
Image: F. Kraus
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Theoretical Predictions
Schematic view of collision at LHC:

Energy

Protons in beam

Hadrons in detector

Q ~ 1 GeV

Challenge #1: understand 
behavior of partons (=quarks 
and gluons) inside protons

→ parton distribution functions

Image: F. Kraus
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Parton distribution functions
● PDFs not analytically computable (confinement), determined from fits to data.

→ using neural nets / machine learning to perform fit

(Stefano Carrazza, 
Stefano Forte)

● Inclusion of higher order QCD/QED effects in pdfs;
● Photon content of proton;
● Estimating theory uncertainties;
● Faithfulness of fits with inconsistent data;
● Determination of strong coupling;
● ...
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Parton distribution functions
● PDFs not analytically computable (confinement), determined from fits to data.

→ using neural nets / machine learning to perform fit

(Stefano Carrazza, 
Stefano Forte)

● Inclusion of higher order QCD/QED effects in pdfs;
● Photon content of proton;
● Estimating theory uncertainties;
● Faithfulness of fits with inconsistent data;
● Determination of strong coupling;
● ...

hep-ph/2503.17447

https://arxiv.org/pdf/2503.17447
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● Inclusion of higher order QCD/QED effects in pdfs;
● Photon content of proton;
● Estimating theory uncertainties;
● Faithfulness of fits with inconsistent data;
● Determination of strong coupling;
●   

Parton distribution functions
● PDFs not analytically computable (confinement), determined from fits to data.

→ using neural nets / machine learning to perform fit

(Stefano Carrazza, 
Stefano Forte)

hep-ph/2506.13871

➢ Impacts every LHC process
➢ Significant source of uncertainty for e.g. Higgs investigations.

https://arxiv.org/pdf/2506.13871
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● Inclusion of higher order QCD/QED effects in pdfs;
● Photon content of proton;
● Estimating theory uncertainties;
● Faithfulness of fits with inconsistent data;
● Determination of strong coupling;
●   

Parton distribution functions
● PDFs not analytically computable (confinement), determined from fits to data.

→ using neural nets / machine learning to perform fit

(Stefano Carrazza, 
Stefano Forte)

hep-ph/2506.13871

➢ Impacts every LHC process
➢ Significant source of uncertainty for e.g. Higgs investigations.

https://arxiv.org/pdf/2506.13871
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Parton distribution functions
● PDFs assume zero transverse momentum
● Extend to small (but non-zero) transverse momentum → transverse momentum distribution 

hep-ph/2502.04166

https://arxiv.org/pdf/2502.04166
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Theoretical Predictions
Schematic view of collision at LHC:

Energy
SM (BSM?) interactions

Q ~ 100 GeV – 1 TeV

Challenge #2: compute 
hard (high-energy) 
scattering process

Image: F. Kraus
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Theoretical Predictions
Schematic view of collision at LHC:

Energy

Challenge #3: account 
for multiple radiated 
partons

Image: F. Kraus
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Theoretical Predictions
● QFTs of SM not analytically solvable – compute perturbatively in strong and EW couplings

Leading  
Order 
(LO)

NLO 
QCD

NNLO 
QCD

N3LO 
QCD

NLO 
EW

Mixed 
QCD-EW

● Two major obstacles in computing higher order corrections:

1) Calculating multi-loop amplitudes (Feynman integrals)

2) Treatment of infrared singularities

(Giancarlo Ferrera, Stefano Forte, Raoul Röntsch, Alessandro Vicini, Marco Zaro) 
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Techniques for higher-order calculations
● Current state-of-the-art: 2→ 3 processes at NNLO QCD
● Often require ~ 10 million CPU hours
● Improvements in calculational techniques is an active field

hep-ph/2503.15251 hep-ph/2506.18707

https://arxiv.org/pdf/2503.15251
https://arxiv.org/pdf/2506.18707
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Theoretical Predictions

● Want calculations to be used by community → efficient, stable, public codes

hep-ph/2503.07439

(Ramon Winterhalder, Marco Zaro) 

https://arxiv.org/pdf/2503.07439
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Theoretical Predictions

● Want calculations to be used by community → efficient, stable, public codes

hep-ph/2503.07439

● Interplay of SMEFT effects and higher-order corrections

hep-ph/2412.16076

(Ramon Winterhalder, Marco Zaro) 

https://arxiv.org/pdf/2503.07439
https://arxiv.org/pdf/2412.16076
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Theoretical Predictions

● Want calculations to be used by community → efficient, stable, public codes

(Ramon Winterhalder, Marco Zaro) 

hep-ph/2503.07439

hep-ph/2502.12846

● Interplay of SMEFT effects and higher-order corrections

https://arxiv.org/pdf/2503.07439
https://arxiv.org/pdf/2502.12846
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Lepton colliders
● Revisiting old LEP data and planning for future e+e- collider

hep-ph/2506.10732

hep-ph/2412.02629

hep-ph/2502.01570

https://arxiv.org/pdf/2506.10732
https://arxiv.org/pdf/2412.02629
https://arxiv.org/pdf/2502.01570
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Machine Learning

ML becoming ubiquitous in HEP – need to understand its limits as well as opportunities it provides.

hep-ph/2504.03387

● Improving HEP simulations using ML…                           … while keeping computational costs low

hep-ph/2412.12069

https://arxiv.org/pdf/2504.03387
https://arxiv.org/pdf/2412.12069
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Quantum Computing

hep-ph/2410.00101

hep-ph/2502.19872

hep-ph/2409.05988

● ML for QC● Quantum sensors for DM searches

● Middleware for quantum computing 
emulation and calibration (Qibo)

Synergy with INFN Gruppo V: QUART&T

https://arxiv.org/pdf/2410.00101
https://arxiv.org/pdf/2502.19872
https://arxiv.org/pdf/2409.05988
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Community-wide involvement

hep-ph/2503.15043

hep-ph/2504.00086

hep-ph/2506.17022

hep-ph/2504.06689

https://arxiv.org/pdf/2503.15043
https://arxiv.org/pdf/2504.00086
https://arxiv.org/pdf/2506.17022
https://arxiv.org/pdf/2504.06689
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Community-wide involvement
Looking to the future:

hep-ph/2506.10733

hep-ph/2506.15390

hep-ph/2505.00274

https://arxiv.org/pdf/2506.10733
https://arxiv.org/pdf/2506.15390
https://arxiv.org/pdf/2505.00274


Consiglio di Sezione INFN
15/07/2025 Raoul Röntsch – Gruppo IV (SPIF) 25

Summary

Group is extremely active:
● Covers most areas of perturbative QCD & precision collider physics:

– PDFs
– Fixed-order perturbative calculation
– Resummation
– Public availability of codes

● Different aspects of collider phenomenology: Drell-Yan, Higgs physics, top physics, jets, …
● BSM physics through SMEFT, ML in HEP, quantum computing, …
● Strong involvement across HEP community
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THANK YOU FOR YOUR ATTENTION
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