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A HADRON COLLIDER?
“There are two reasons to be skeptical about the importance of the
LHC: one technical and one historical”.

Freeman Dyson, 2008



A PRECISION HADRON COLLIDER?
“The technical weakness of the LHC arises from the nature of the collisions

that it studies. These are collisions of protons with protons, and they have the

unfortunate habit of being messy”

“There have been sixteen important discoveries” (in HEP) “between 1945 and

2008:

four discoveries on the energy frontier,

four on the rarity frontier,

eight on the accuracy frontier” Freeman Dyson, 2008



A PRECISION HADRON COLLIDER!

Gudrun Heinrich
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PRECISION QCD TODAY
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THIS TALK:

• SUPRIZES, TRAPS, ISSUES

• TECHNIQUES, IDEAS, INSIGHTS

• BRIDGES

Disclaimer:

• not a review

• certainly not exhaustive

• names in slides refer to talks at this confetence and are NOT attributions of original

authorship



STEFANO CATANI (1958-2024)



‘‘We don’t just want
to make predictions;
we want to quantify
uncertainties’’

STEFFEN

SCHUMANN



αs AND ITS UNCERTAINTY
HIGGS IN GLUON FUSION: UNCERTAINTIES

G. Heinrich

UNCERTAINTY ON αs ∼ 1% ⇒ ∼ 3% ON CROSS SECTION

LO∝ α2
s; NLO≈LO≈2NNLO



DO WE KNOW THE αs UNCERTAINTY?
A SUBJECTIVE UNCERTAINTY ESTIMATE

V. Guglielmi



DO WE KNOW THE αs UNCERTAINTY?
THE PDG VALUE OVER TIME



DO WE KNOW THE αs UNCERTAINTY?
THE PDG VALUE OVER TIME

• RESULT DEPENDS ON WHO PERFORMS THE ANALYSIS

• UNCERTAINTY INCREASES WITH NEW DATA



THE PDF CORRELATION TRAP

V. Guglielmi

• PROFILING MOVES ALONG A LINE IN

PDF SPACE

• MISSES TRUE MINIMUM
b

Best fit line
2
g min
2
P min

Restricted best fit
Infinite weight minimum

SF, Kassabov, 2020



THE αs COMBINATION TRAP

V. Guglielmi

• CAN A COMBINATION HAVE A LARGER

UNCERTAINTY THAN WHAT ENTERS IT?

• GRESHAM’S LAW OF PDFS: THE SMALLEST

UNCERTANTY WINS

• A COMMUNITY EFFORT NEEDED

SIMILAR TO FLAG FOR LATTICE



THE PDF CORRELATION TRAP
WHAT ABOUT MW?

M. Seidel

DOES PDF PROFILING BIAS MW?



TECHNICAL DETAILS

‘‘ I am not a model bulider,

I am a technician’’

GUDRUN

HEINRICH

• HEAVY QUARKS

• OFF-SHELL VS. NARROW WIDTH



HIGGS IN GLUON FUSION:
TOP-BOTTOM INTERFERENCE

G. Heinrich

...REMEMBER YR4



DOUBLE HIGGS PRODUCTION:
TOP MASS DEPENDENCE

• TOP MASS ⇒ SETS SCALE OF

FORM FACTOR

• MS VS POLE UP TO 20%,
MASS VALUE FEW %

G. Heinrich



OFF-SHELL EFFECTS IN
TOP PAIR PRODUCTION

R. Poncelet

INTERFERENCE WITH IRREDUCIBLE BACKGROUND NEEDED FOR PHENO



HADRONIZATION

‘‘ We should be talking about algorithms,
not models’’

SIMON
PLÄTZER

S. Plätzer

• LARGE DIFFERENCES BETWEEN HADRONIZATION MODELS

• USE SCALE MATCHING TO CONSTRAIN HADRONIZATION



QCD VS EW

‘‘ The separation between QCD and EW

is not well defined beyond LO’’

ANSGAR

DENNER

• CANCELLATION AND INTERFERENCE WITH

MULTIPARTICLE FINAL STATES

• THE PHOTON PDF AND HIGGS



TRIBOSON PRODUCTION

A. Denner



THE PHOTON PDF
HIGGS IN GLUON FUSION

R. Stegeman

• PHOTON PDF MIXES UPON QCD× QED EVOLUTION

• SUBTRACTS MOMENTUM FROM GLUON ⇒ GLUON SUPPRESSED

• 1-2% EFFECT ON TOTAL GLUON FUSION HIGGS CROSS-SECTION
NOT ACCOUNTED FOR & NOT INCLUDED IN UNCERTAINTY IN HXSWG



‘‘We must think how to
use calculations in a
clever way ’’ LORENZO

TANCREDI



THE COMPLEXITY FRONTIER

L. Tancredi

• 2 MASSLESS 1 MASSIVE AT TWO LOOPS: pp→ Hjj, V γγ . . .

• MANY RESULTS AT LEADING COLOR (PLANAR), FIRST AT NLC!

• FIRST PHENO STUDIES!



RESUMMATION AND SCALES

‘‘ Resummation is about treating the soft
and collinear regions’’

THOMAS
BECHER

• N3LO EVOLUTION

• NNLO BFKL

• COLLINEAR VS. PDF FACTORIZATION

• SUPERLEADING LOGS



N3LO PERTURBATIVE EVOLUTION!

• MELLIN MOMENTS UP YO N = 20 KNOWN FOR ALL SPLIT-
TING FUNCTIONS

• ACCURATE APPROXIMATIONS COMBINING WITH SMALL
AND LARGE x RESUMMATION ⇒ UNCERTAINTY NEGLI-
GIBLE EXCEPT AT SMALL x

• FIRST ANALYTIC INSIGHT

S. Moch



TOWARDS NNLO BFKL

F. Buccioni

• SMALL x SPLITTING FUNCTIONS ⇔ HIGH ENERGY RESUMMATION OF
COLLINEAR SPLITTING FUNCTIONS

• BFKL FACTORIZATION BROKEN AT NNLO

• RESTORED IN COLLINEAR LIMIT BY MULTIGLUON EXCHANGES



COLLINEAR VS PDF FACTORIZATION

T. Becher

• COLLINEAR FACTORIZATION BROKEN BY INITIAL-STATE SPACELIKE
SPLITTING (Catani 2011)

• DOUBLE NON-UNIVERSAL SUPERLEADING (HIGHER THAN ALTARELLI-PARISI)
LOGS

• CANCELLED BY GLAUBER GLUONS

• PDF REMAINS UNIVERSAL (PDF FACTORIZATION)



SUPERLEADING LOGS
• COLLINEAR FACTORIZATION VIOLATION ⇒ HIGHER THAN ALTARELLI PARISI

• RESUMMATION

• PDF FACTORIZATION RESTORATION VERIFIED AT FIXED ORDER

T. Becher



HEAVY QUARKS

‘‘The biggest challenge is two loops with

masses’’

RENÉ

PONCELET

• APPROXIMATE MASS TREATMENT IN TOP PRODUCTION

• TWO-MASS EFFECTS IN DEEP-INELASTIC SCATTERING

• FLAVORED JETS



TOP MASS IN 2→ 3 PROCESSES

R. Poncelet

• FIRST NNLO ttW , ttH

• EXACT INTERNAL MASSES OUT OF REACH ⇒ APPROXIMATIONS



TWO-MASS TERMS IN
WILSON COEFFICIENTS FOR DIS

K. Schönwald

• mb & mc ⇒ MUST INCLUDE BOTH AT ONCE IN

VARIABLE-FLAVOR NUMBER SCHEME

• NEW TWO-MASS CONTRIBUTIONS

• SIZABLE WILSON COEFFICIENT AT LOW SCALE, VALENCE PEAK



JET FLAVOR TAGGING

• ALL-ORDER IRC SAFE DEFINITION OF

HEAVY FLAVORED JET NONTRIVIAL

• SEVERAL INEQUIVALENT ALGORITHMS AVAIL-
ABLE

• BENCHMARKING ⇒ EFFICIENCY?

G. Stagnitto



EXPERIMENT ⇔ THEORY

‘‘I’ll talk about experimental fesibility

like a poor theory guy’’

GIOVANNI

STAGNITTO

• JET OBSERVABLES

• ANGULAR DEPENDENCE AND SPIN CORRELATIONS

• MACHINE LEARNING



ENERGY CORRELATORS

T. Becher

• FACTORIZATION AND RESUMMATION TO HIGH ORDER

• PDF-INDEPENDENT αs DETERMINATION

F. Castillo



ANGULAR COEFFICIENTS:
THE Z pT AND RAPIDITY (ATLAS)

F. Castillo

• MOST GENERAL ANGULAR DEPENDENCE OF DISTRIBUTION ⇒ FINITE
NUMBER OF SPERICAL HARMONICS

• EXTRAPOLATION TO SIDEBANDS FIXED



SPIN CORRELATIONS IN TOP PRODUCTION

R. Poncelet

• DENSITY MATRIX ⇔ LEPTON AZIMUTHAL CORRELATIONS

• ENTANGLEMENT ⇔ BSM SEARCHES



MACHINE LEARNING EXPERIMENT
BYPASSING UNFOLDING

F. Castillo



MACHINE LEARNING THEORY
SUSTAINABLE SIMULATION

S. Schumann



MACHINE LEARNING HADRONIZATION

J. Gaunt

BYPASSING MODEL DEPENDENCE?



‘‘QCD is what will keep
us busy for the next 100
years’’ YASMINE

AMHIS



QCD ⇒ BSM
LARGE x PDFS

J. Cruz Mart́ınez

HIGH-MASS AFB IN Z PRODUCTION DETERMINED BY
UNDETERMINED LARGE x PDFS



BSM ⇒ QCD
DARK SECTOR SHOWERS

S. Plätzer



THE SMEFT CONNECTION

‘‘Leading order calculations will not
impress this community’’

ANKE
BIEKÖTTER

A. Biekötter

QCD∈ SM ∈ BSM



WHAT LIES AHEAD

‘‘ We look at two experiments that from the
outside look the same, but everything inside
is different’’

BRANDON
REGNERY


