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PRECISION FOR COLLIDER PHENOMENOLOGY
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(Figure from 2203.07460)

Phenomenology: from theory to experiment

E.g.: calculate with the best precision possible

P(pa) + P(pp) — t(q1) +t(q2) + H(gs)

Goal: single out new physics

as small deviations from the SM prediction.

Pagani, QCD@LHC 2022

What it really implies: understand QCD dynamic at different scales

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

orders of magnitude.



PRECISION FOR COLLIDER PHENOMENOLOGY

i i Status: October 2023
Standard Model Production Cross Section Measurements e
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PRECISION FOR COLLIDER PHENOMENOLOGY
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(Figure from JHEP 02 (2009) 007)

 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

o Highly non-trivial! A theory as
simple as QCD ("1 parameter
theory”) gives rise to incredibly
different phenomenology over
several orders of magnitude.



PERTURBATION THEORY

Y G
« High-energy interaction among
~TeV few’ elementary particles
n « SM perturbation theory
o Expansion at fixed order in
powers of the couplings:
- o
. o Pt QCD! i~ 0.1 o =Gl
5052 %04,

Hard scattering « SPIF - Audagnotto, Falcioni,
Goel, Gomez-Ambrosio, Magnea,
Maina, Rocco, Torrielli, Uccirati,

~GeV Vernazza

« Amplitudes: Badger, Brancaccio




PERTURBATION THEORY

LO NLO NNLO

+ [ ds +]..

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

o 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.



INFRARED DIVERGENCES

Bertolotti,

Magnea,

Maina, Milloy,

Pelliccioli,

2 Ratti,
Signorile-
Signorile,

[dos o~ oo Torrielli,

Uccirati,

2018 - 2025

Jdos T

~ — X

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

Loop and phase space integrals develop infrared divergences: need counterterms

d‘ggo = / d®,, (V+I)5n(X)+ / (d¢n+135n+1(X) —dEISMF(sn(X)), = / 0%, K.

Problem solved at NLO.

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



INFRARED DIVERGENCES

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

M ({pi}, 1y as(1?)) = Zy ({pi}, 1 s (1)) He ({pi}s 15 s (1))
where Z, is given as a path-ordered exponential of the soft-anomalous dimension:

Zy ({p’i}aﬂaaé‘(ﬂz)) = Pexp {_% /;u % 'y ({pi}a)\a O‘«S()‘z))} ’

Becher, Neubert, 2009; Gardi, Magnea, 2009

The soft anomalous dimension for scattering of massless partons is an operator in color
space given by

L'y ({pi}v )\7 O{S()\Z)) gy I‘rdzip. ({pi}a )\v aS(AZ)) = A’n ({Pijkl}) :

- b

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



HIGER ORDER CALCULATIONS
AND THE HIGH ENERGY LIMIT

Odd Even

expansion can be investigated L

The structure of the perturbative §
within simpler setup: <

= more symmetries: N=4 SYM

= Simplified kinematic:
the high energy limit

NLL

OA@VO

(Falcioni, Magnea, Vernazza)

High-energy limit described by an
effective field theory involving the
exchange of Reggeons.

NNLL

i

The theory allows for the calculation
of scattering amplitudes to high N3LL
order;

OAGVO | ONGVO

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

= Regge poles, Regge cuts, and the Lipatov vertex Caron-Huot, Gardi, Falcioni,

Maher, Milloy, Reichel,

Useful to constrain the structure of infrared divergences.
Vernazza, 2017-2025.



DECIPHERING THE NATURE OF
ELECTROWEAK SYMMETRY BREAKING

Gomez Ambrosio,
: ; : Quezada Calonge
o Is the EW sector linearly or non-linearly realised?

e 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)
slEPFactice:

= 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. (hew - wip)

= Allows to falsify SMEFT if correlations among the HEFT couplings are not found
to be present. (new - wip)



RESUMMATION

Particle evolution

~TeV

~GeV

« Energy loss via multiple
radiations down to ~ 1 GeV

o Arbitrary number of low-energy
radiations

« Perturbation theory beyond fixed
order: resummation

(Caletti, EI Menoufi, Falcioni,
Ferrario-Ravasio, Gavardi,
Lombardi, Magnea, Torrielli,
Vernazza)



RESUMMATION

T
g, . aF 9 3db o3

o Large logarithms for observables sensitive to IR region:
= effective coupling is a, In?(E_,/Ein)

« Resummmation of the perturbative series
= Leading logarithms (LL): " In2"(E_./E...) ~50-100% precision,
= Next-to-LL (NLL): a," In"1(E_./Enin) ~10-20% precision,

= Next-to-NNL (NNLL): a." In2"2(E__/E... ) ~5-10% precision.



RESUMMATION
/ Z, W boson
« Transverse momentum resummation: impact on precision determination of fundamental
SM parameters:

= a, at ~1%, = my at ~0.01%

16x103 (13 TeV)
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RESUMMATION

NNLL / ,4J.v
do ?P;pt ) [ pb]

e Joint resummation, Resummation of mixed QCD+EW

Ratio to QCD+EW

Monni, Rottoli, Torrielli, 2020
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RESUMMATION NEAR THRESHOLD

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

el

q > pL,pR

qu
n
1T = Hll::(n;ﬁl—l| — 1
Lai!

e The partonic cross section has singular expansion
2n—1

5%?%%)h1_+§:@mﬁﬁga

F o 01 =) + .|
_I_

Lp S N\ nLp
with & = z for DY, £ = x for DIS, and & = 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

« Phenomenological analyses have shown LLs at NLP to be competitive with NNLLs at LP:
relevant for precision physics.
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4-LOOPS SPLITTING FUNCTIONS IN QCD

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

1.08

1.04 —

g=dlng/dInp;
“’rzu’f

Evolution of the gluon PDF

@ NNLO effects already small.
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Falcioni, Herzog, Moch, Pelloni, Vogt, 2023, 2024



PARTON SHOWERS

7, Ministero
{7~ dell'Universita
%2> edella Ricerca

AFIS

« 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

Theorists’ description
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NON PERTURBATIVE QCD

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



PRECISION FOR FLAVOUR PHENOMENOLOGY

forward

scattering

A

Y

decay
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QCD
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shower

o

Y

fragmentation
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Y

detectors

“‘\

inverse

« 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.

o Goal: single out new physics

as small deviations from the SM prediction.

(Figure from 2203.07460)

Pagani, QCD@LHC 2022

Finauri, Gambino, Jung,
Miro Arenas, Ricciardella

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



PRECISION FLAVOUR PHYSICS

| Tests of the flavour structure of the SM: 3 generations of up and down quarks
| with different masses, mixing with each other via charged current.

The unitary 3x3 Cabibbo-Kobayashi-Maskawa (CKM) parametrises the mixing
and leads to CP violation in the SM.

y Vud Vus Vub G -
Vokm = Ved Ves Vo VEKM Ve = 1
Vea ViV
Ve - % L V. ‘=1 first row
Ve 200 V.: oy V., 2 -1 second row etc.

New Physics could manifest itself as violation of unitarity, or shift Flavour Changing
Neutral Currents (loop induced in the SM) like b — sy, B and K mixing, etc
Hierarchical structure of CKM matrix = can probe Ayp > Agy,



THE IMPORTANCE OF |V g]

An important CKM unitarity test is the

Unitarity Triangle (UT) formed by SHRP
Y.V V.,V
i udub+ tdtb:() 1

VeaVe,  VedVep

C C
0.8

Ve plays an important role in UT

€K%$|Vcb|4+... 08
and in the prediction of FCNC: 0.4f=

o [VisVis|? = Ve |1+ O(32)]

0.2

where it often dominates the
theoretical uncertainty.
Vw/Veo constrains directly the UT

UTfit

summer22

|/7/
O T
> .

Our ability to determine precisely V¢ is crucial for indirect NP searches



VIOLATION OF
LEPTON FLAVOUR UNIVERSALITY WITH T
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EXCLUSIVE DECAYS

B VCb\\C
X =D Pt

There are |(2) and 3(4) FFs for D and D* for light (heavy) leptons, for instance

s M2_M2 M2_M2
(D) ex"b|B) = |0+ )" - 22 Dq“] B2P() + —E L PP ()

Information on FFs from LQCD (at high g2), LCSR (at low g?), HQE, exp,
extrapolation, unrtarity constraints, ...

A model independent parametrization is necessary



INCLUSIVE DECAYS

/

)= EN Ty

d,u

Simple idea: inclusive decays do not depend on final state, long distance dynamics

of the B meson factorizes. An OPE allows us to express it in terms of B meson
matrix elements of local operators.

The Wilson coefficients are perturbative, matrix elements of local ops
parameterize non-pert physics: double series in a,, A/m,,

| owest order: decay of a free b, linear A/my, absent. Depends on my, ., two

parameters at O(Az/m ), 2 more at 0(A3/m3) Many higher order effects have
been computed.




THE IMPORTANCE OF |V |

e Fit |V| from inclusive B—Xlv and exclusive B—(D,D*)lv

Global BGL fit to Belle | 8+FNAL+|LQCD+HPQCD data:
Ves|=40.3(7) 10732, = 91) using only total rate |Vp|=42.4(1.0) 1072

min

Vap| = (41.97 & 0.274p £ 0.31, 4 0.250))x 1072 = (41.97 + 0.48) x 1073

Carvunis, Finauri, Gambino, Jung, Machler, 2025; Bobeth, Bordone, Gubernari, Jung, van Dyk, 2025;
Finauri Gambino, 2023; Gambino, Hashimoto, Machler, Panero, Sanfilippo, 2022
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