
SPIF

PRECISION PHYSICS AT COLLIDERS

Leonardo Vernazza

INFN Torino

INFN Theory Group Retreat, Santo Stefano Belbo, 15/11/2025



THE GROUP

Paolo G.

Paolo T.
Martin

Lorenzo

Giulio

Leonardo

Sandro

Raquel

Silvia

Carlos Q.C.Alessandro

Simone

Marco

Daniele

Ezio

+ more … Carlos M.R.



• Phenomenology: from theory to experiment

• E.g.: calculate with the best precision possible 

• Goal: single out new physics 

as small deviations from the SM prediction.

• What it really implies: understand QCD dynamic at different scales

• More in general: understand mixed QCD-EW-EM interactions, i.e. QFT dynamics over several 

orders of magnitude.

PRECISION FOR COLLIDER PHENOMENOLOGY

(Figure from 2203.07460)

Pagani, QCD@LHC 2022
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• Theo/exp agreement over ~15 

orders of magnitude

• Remarkable success of the 

Standard Model: O(20) 

parameters explain phenomena 

occurring over ~15 orders of 

magnitude 

• Highly non-trivial! A theory as 

simple as QCD (“1 parameter 

theory”) gives rise to incredibly 

different phenomenology over 

several orders of magnitude.

PRECISION FOR COLLIDER PHENOMENOLOGY

(Figure from JHEP 02 (2009) 007)



• High-energy interaction among 

‘few’ elementary particles

• SM perturbation theory

• Expansion at fixed order in 

powers of the couplings:

QCD 𝛼s ~ 0.1, 𝛼em ~ 0.01

• SPIF – Audagnotto, Falcioni, 

Goel, Gomez-Ambrosio, Magnea, 

Maina, Rocco, Torrielli, Uccirati, 

Vernazza

• Amplitudes: Badger, Brancaccio

PERTURBATION THEORY

Hard scattering

~TeV
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• Calculations at NLO solved. Automatic codes: Phantom, Recola, MadGraph5_aMC@NLO;

• Frontier: calculations at NNLO and beyond. (Badger, Passarino, Uccirati)

⇒ Loop/phase space integrals, number of terms.

PERTURBATION THEORY

LO NLO NNLO

LO: 50-100% precision
NLO: 10-20% precision
NNLO: 5-10% precision



• Only total cross section (virtual + real) is finite. 

• Loop and phase space integrals develop infrared divergences: need counterterms

• Problem solved at NLO. 

• No general recipe at NNLO and Beyond. (Magnea, Rocco, Torrielli, Uccirati)

INFRARED DIVERGENCES

Bertolotti, 

Magnea, 

Maina, Milloy, 

Pelliccioli, 

Ratti, 

Signorile-

Signorile, 

Torrielli, 

Uccirati, 

2018 - 2025



• The infrared divergences of amplitudes are controlled by a renormalization group equation:

• where Zn is given as a path-ordered exponential of the soft-anomalous dimension: 

• The soft anomalous dimension for scattering of massless partons is an operator in color 

space given by

• Lot of work has been devoted to calculate/constrain Γn. (Falcioni, Magnea, Vernazza)

Becher, Neubert, 2009; Gardi, Magnea, 2009

INFRARED DIVERGENCES



• Allows to identify in a perturbative setup all-order analytic structures such as 

⇒ Regge poles, Regge cuts, and the Lipatov vertex

• Useful to constrain the structure of infrared divergences.

HIGER ORDER CALCULATIONS 
AND THE HIGH ENERGY LIMIT

• The structure of the perturbative 

expansion can be investigated 

within simpler setup:

⇒ more symmetries: N=4 SYM

⇒ Simplified kinematic: 

the high energy limit 

(Falcioni, Magnea, Vernazza)

• High-energy limit described by an 

effective field theory involving the 

exchange of Reggeons.

• The theory allows for the calculation 

of scattering amplitudes to high 

order;

Caron-Huot, Gardi, Falcioni, 

Maher, Milloy, Reichel, 

Vernazza, 2017-2025.



DECIPHERING THE NATURE OF 
ELECTROWEAK SYMMETRY BREAKING

• Is the EW sector linearly or non-linearly realised?

• The most general EFT is the non-linear Higgs Effective Field Theory (HEFT), which 

parametrises BSM interactions in terms of independent couplings: 

⇒ a (hWW), b (hWWW), d3 (hhh), c1 (Higgs-ffC), etc. 

⇒ At high-energies only a and bare relevant (& some exp data is available)

• In practice:

⇒ HEFT is an analogue of the successful Chiral Perturbation Theory.

⇒ We can borrow many traditional techniques: unitarisation, partial wave 

amplitude (PWA) analysis, etc.

⇒ Leverage ML methods to classify partial from proton collisions in order to

extract the PWA and study resonances. (new - wip)

⇒ Allows to falsify SMEFT if correlations among the HEFT couplings are not found 

to be present. (new - wip)

•→ 

Gomez Ambrosio, 

Quezada Calonge



• Energy loss via multiple 

radiations down to ~ 1 GeV

• Arbitrary number of low-energy 

radiations

• Perturbation theory beyond fixed 

order: resummation

(Caletti, El Menoufi, Falcioni, 

Ferrario-Ravasio, Gavardi, 

Lombardi, Magnea, Torrielli, 

Vernazza)

RESUMMATION

Particle evolution
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• Large logarithms for observables sensitive to IR region: 

⇒ effective coupling is 𝛼𝑠 ln2(Ecm/Emin)

• Resummmation of the perturbative series

⇒ Leading logarithms (LL): 𝛼𝑠
n ln2n(Ecm/Emin) ~50-100% precision,

⇒ Next-to-LL (NLL): 𝛼𝑠
n ln2n-1(Ecm/Emin) ~10-20% precision,

⇒ Next-to-NNL (NNLL): 𝛼𝑠
n ln2n-2(Ecm/Emin) ~5-10% precision.

…

RESUMMATION



RESUMMATION

• Transverse momentum resummation: impact on precision determination of fundamental 

SM parameters: 

⇒ 𝛼𝑠 at ~1%, ⇒ mW at ~0.01%

Z, W boson

P P

resummation

Re, Rottoli, Torrielli, 2021 Rottoli, Torrielli, Vicini, 2022



RESUMMATION

• Joint resummation, Resummation of mixed QCD+EW

Monni, Rottoli, Torrielli, 2020
Buonocore, Rottoli, Torrielli, 2024



• Consider Drell-Yan, DIS near partonic threshold and Thrust in the back-to-back jet limit:

• The partonic cross section has singular expansion

with ξ = z for DY, ξ = x for DIS, and ξ = T for Thrust.

• Resummation of large logarithms relevant for precision phenomenology. 

→ well understood at LP (up to N3LL and beyond),

→ progress toward resummation at NLP.

RESUMMATION NEAR THRESHOLD

LP NLP



• Phenomenological analyses have shown LLs at NLP to be competitive with NNLLs at LP: 

relevant for precision physics.

van Beekveld, Laenen, 
Sinninghe Damsté, LV, 2021.

Beneke, Garny, Jaskiewicz, 
Szafron, LV, Wang, 2019

RESUMMATION NEAR THRESHOLD



4-LOOPS SPLITTING FUNCTIONS IN QCD

Falcioni, Herzog, Moch, Pelloni, Vogt, 2023, 2024

• Collinear evolution of partons: 4-loops splitting functions in QCD (Falcioni)



• Frameworks for numerical IR resummation

• Much more than this: full event simulation, detector calibration, reconstruction,

⇒ flexibility, ⇒ Low accuracy: (so far) LL, but

• NLL accuracy: Caletti, El Menoufi, Ferrario-Ravasio, Gavardi, Lombardi, FIS grant FLAME

PARTON SHOWERS



• Confinement of elementary 

quarks/gluons into observable 

hadrons

• Strong interactions beyond 

perturbation theory

• Non-perturbative models and 

lattice QCD

• Hadron structure: 

Boglione, Nocera, Signori

• Lattice QCD:

Caselle, Panero

NON PERTURBATIVE QCD

~TeV

~GeV

E



• Flavour Phenomenology: same as before:

from theory to experiment: calculate with 

the best precision possible flavour observable, 

involving matrix elements with QCD interactions 

from the EW scale to the non-perturbative scale.

• Goal: single out new physics 

as small deviations from the SM prediction.

• What it really implies: understand QCD (EW, EM) dynamic at different scales

PRECISION FOR FLAVOUR PHENOMENOLOGY

(Figure from 2203.07460)

Finauri, Gambino, Jung, 
Miro Arenas, Ricciardella

Pagani, QCD@LHC 2022



PRECISION FLAVOUR PHYSICS



THE IMPORTANCE OF |VCB|



VIOLATION OF 
LEPTON FLAVOUR UNIVERSALITY WITH Τ



EXCLUSIVE DECAYS



INCLUSIVE DECAYS



THE IMPORTANCE OF |VCB|

• Fit |Vcb| from inclusive B→Xlν and exclusive B→(D,D*)lν

•→ 

Carvunis, Finauri, Gambino, Jung, Mächler, 2025; Bobeth, Bordone, Gubernari, Jung, van Dyk, 2025; 

Finauri Gambino, 2023; Gambino, Hashimoto, Mächler, Panero, Sanfilippo, 2022
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