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Precision physics at LHC

Thomas Gehrmann High-Precision Predictions for Collider Physics

• Precision tests of the 
Standard Model
• Measurements of masses and 

couplings
• Searches for deviaEons

• Interplay of calcula6ons and 
measurements
• Theory accuracy on most 

cross secEons ≳5%
• Limited by PDFs, QCD 

correcEons

2

1 event per second



Precision Predic3ons: State-of-the-art
• NNLO QCD predictions for 2 → 2 processes (NNLO revolution, 2015 →)
• accomplished during past 10 years on case-by-case basis
• as parton-level event generators (full final state information)
• computationally expensive
• current frontier at NNLO: 2 → 3 

• Typical size of corrections and uncertainty
• NLO corrections: 10..100%, uncertainty: 10..30%
• NNLO corrections: 2..15%, uncertainty: 3..8%
• expect N3LO to yield uncertainty at level of 1%.

Thomas Gehrmann High-Precision Predic9ons for Collider Physics 3



Ingredients to fixed order calculations
• Matrix elements with extra real (R) or virtual (V) partons

• Infrared singularities in all R-type and V-type subprocesses
• sum of all subprocesses finite
• require procedure to arrange IR cancellations between subprocesses

• Incoming hadrons: parton distributions
• mass factorization of initial-state radiation and parton evolution
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Matrix elements Parton evolution

LO Born 1-loop

NLO R, V 2-loop

NNLO RR, RV, VV 3-loop

N3LO RRR, RRV, RVV, VVV 4-loop



From amplitudes to cross sections
• Different final state mulCplicity for real and virtual correcCons

• R: n+1 par=cles; V: n par=cles
• applica=on of event selec=on, fiducial cuts: evaluate separately

• Upcycling of lower-order calculaCons
• only purely virtual correc=on (V, VV, VVV, ....) genuinely new
• real radia=on correc=ons from higher-mul=plicity calcula=ons at lower order
• e.g. Higgs boson produc=on: NNLO RV contribu=on = NLO V contribu=on to H+jet
• stability: use analy=c one-loop amplitudes if available 

• CancellaCon of infrared singulariCes between subprocesses
• must evaluate integrals of type 
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Real radia3on: methods

Infrared cancellations: challenges

• subtraction

• construction of subtraction term (completeness, overcompensation)
• integration of building blocks (analytical or numerical)

• slicing

• analytic computation of below-cut contribution
• numerical importance of power-suppressed terms, value of slicing parameter
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Real radiation: methods
• Slicing

• introduce auxiliary observable δ to identify singular real radiation regions
• typically using some resummation variable: below-cut contribution from resummation 
• e.g.: qT-slicing (S. Catani, M. Grazzini)                                                                                                                                 

N-jettiness slicing (R. Boughezal, X. Liu, F. Petriello; J. Gaunt, M. Stahlhofen, F. Tackmann, J. Walsh)

• Subtraction 

• construct subtraction terms describing real radiation in all singular regions
• e.g.: Residue subtraction (M. Czakon; F. Caola, K. Melnikov, R. Röntsch)                                                           

     Local analytic subtraction (V. Del Duca, G. Somogyi, et al.; L. Magnea, C. Signorile-Signorile, P. Torrielli et al.)                                                                                      
     Antenna Subtraction (A. Gehrmann-De Ridder, E.W.N. Glover, TG)                                                       
       Projection-to-Born (M. Cacciari, F. Dreyer, A. Karlberg, G. Salam, G. Zanderighi) 
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Real radia3on: slicing
Slicing parameter: transverse momentum (qT slicing) (S.Catani, M.Grazzini) 

N3LO Drell-Yan production
• below-cut contribution from expansion of N3LL                                                                     

qT resummation to O(αs
3) (W. Bizon, P. Monni, E. Re, P. Torrielli;                                                                               

S. Camrada, L. Cieri, G. Ferrera; T. Becher, T. Neumann; W.L. Ju, M. Schönherr)

• ingredients: three-loop soft and beam functions                                                                         
(Y. Li, H.X. Zhu; M. Ebert, B. Mistlberger, G. Vita; M.X. Luo, T.Z. Yang, Y.J. Zhu) 

• check: independence on qT,cut slicing parameter                                                                     
(X. Chen, E.W.N. Glover, A. Huss, T.Z. Yang, H.X. Zhu, TG)

• check: reproduce inclusive coefficient functions                                                                  
(no ingredients or methodology in common!)                                                                                               
(C. Duhr, F. Dulat, B. Mistlberger)                                                                                                                             
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Real radiation: subtraction
• SubtracCon terms extract singular real radiaCon

• Example: antenna subtrac1on for emission between two partons

• Phase space factoriza1on

• Integrated subtrac1on term
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Analy3cal phase space integrals
• integrated subtraction terms

• contain infrared real-radiation singularities

• translate phase space to loop integrals
• reverse unitarity (C. Anastasiou, L.J. Dixon, K. Melnikov, F. Petriello) 

• can include complicated constraints
• initial and final state kinematics, cuts, identified 

objects, ....  

• use multi-loop machinery
• IBP reduction to phase space master integrals
• canonical differential equations
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NNLO cross sec3on

• Real and virtual contributions:
• Singular double real radiation:
• Singular one-loop single real radiation:
• Mass factorization terms:

• Each line finite and free of poles → numerical implementation
• Implementation: parton-level event generator at NNLO                                    

MATRIX: M. Grazzini, S. Kallweit, M. Wiesemann; MCFM: J. Campbell, T. Neumann, R.K. Ellis, S. Seth; NNLOCAL: V. Del Duca et al.; 
NNLOJET: A. Huss et al., MiNNLOPS: P. Monni, P. Nason, E. Re, M. Wiesemann, G. Zanderighi; GENEVA: S. Alioli et al. 

Thomas Gehrmann High-Precision Predictions for Collider Physics 11

<latexit sha1_base64="5fThSx6fnNsetuJP2gG/UMS5jeM="></latexit>

d�RR, d�RV , d�V V
<latexit sha1_base64="Uc+Zfuu6dy9vbnWyZoDQjv0Axzw=">AAAB+3icdVDLSgMxFM34rPVV69JNsAiuhky1td0V3bisaB/QGUsmk7ahycyQZMQyzK+4caGIW3/EnX9j+hBU9MCFwzn3cu89fsyZ0gh9WEvLK6tr67mN/ObW9s5uYa/YVlEiCW2RiEey62NFOQtpSzPNaTeWFAuf044/vpj6nTsqFYvCGz2JqSfwMGQDRrA2Ur9QTF0pYJBBV7GhwLfpddYvlJCNqpU6qkNkV5BTmxGEqrXyCXQMmaIEFmj2C+9uEJFE0FATjpXqOSjWXoqlZoTTLO8misaYjPGQ9gwNsaDKS2e3Z/DIKAEcRNJUqOFM/T6RYqHURPimU2A9Ur+9qfiX10v0oOalLIwTTUMyXzRIONQRnAYBAyYp0XxiCCaSmVshGWGJiTZx5U0IX5/C/0m7bDsVG12dlhrnizhy4AAcgmPggDPQAJegCVqAgHvwAJ7As5VZj9aL9TpvXbIWM/vgB6y3Tz6NlJc=</latexit>

d�S
<latexit sha1_base64="119Fi9dhDF3I/cc5NEL9+HY2Gcg=">AAAB+3icdVDLSgMxFM34rPVV69JNsAiuhky1td0V3bis0Bd0xpLJpG1oMjMkGbEM8ytuXCji1h9x59+YPgQVPXDhcM693HuPH3OmNEIf1srq2vrGZm4rv72zu7dfOCh2VJRIQtsk4pHs+VhRzkLa1kxz2oslxcLntOtPrmZ+945KxaKwpacx9QQehWzICNZGGhSKqSsFDDLoKjYS+DZtZYNCCdmoWqmjOkR2BTm1OUGoWiufQceQGUpgieag8O4GEUkEDTXhWKm+g2LtpVhqRjjN8m6iaIzJBI9o39AQC6q8dH57Bk+MEsBhJE2FGs7V7xMpFkpNhW86BdZj9dubiX95/UQPa17KwjjRNCSLRcOEQx3BWRAwYJISzaeGYCKZuRWSMZaYaBNX3oTw9Sn8n3TKtlOx0c15qXG5jCMHjsAxOAUOuAANcA2aoA0IuAcP4Ak8W5n1aL1Yr4vWFWs5cwh+wHr7BEASlJg=</latexit>

d�T
<latexit sha1_base64="MgpQ9wQ+798AnjqMCyQyr1g7sJ4="></latexit>

d�MF,1, d�MF,2



Three-jet production
• 3-jet produc6on and related event 

shapes at hadron colliders at NNLO                 
(M. Czakon, A. Mitov, R. Poncelet)

• using residue subtracEon (M. Czakon)

• enabled ATLAS αs determinaEon based on 
energy-energy correlaEon funcEons
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NNLOJET code

• NNLO parton level event generator 
• Based on antenna subtraction

• Provides infrastructure
• Process management
• Phase space, histogram routines
• Validation and testing 
• Parallel computing (MPI) support for warm-up and production
• ApplGrid/fastNLO interfaces

• Processes implemented at NNLO
• Z+(0,1)jet, γ+1 jet, H+(0,1)jet, W+(0,1)jet
• DIS-2j, LHC-2j
• Typical runtimes: 60’000-250’000 core-hours 
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NNLOJET project:
A.Huss, L.Bonino, O.Braun-White, S.Caletti, X.Chen, 
J.Cruz-Martinez, J.Currie, W.Feng, G.Fontana, 
E.Fox, R.Gauld, A.Gehrmann-De Ridder,  
E.W.N.Glover, M.Höfer, P.Jakubcik, M.Jaquier, 
M.Löchner, F.Lorkowski, I.Majer,  M.Marcoli, 
P.Meinzinger, J.Mo, T. Morgan, J.Niehues,  J.Pires, 
C.Preuss, A.Rodriguez-Gracia, K.Schönwald, 
R.Schürmann, V.Sotnikov, G.Stagnitto, D.Walker,  
J.Whitehead, T.Z.Yang, H.Zhang, TG

NNLO
JET

J



Di-jet produc3on
• 2-jet production at LHC

• most basic hard QCD process 
• large cross section: high-statistics 

measurement
• combine ATLAS/CMS data sets
• group data according to μ=M2j

• correlation of αs with PDFs
• vary PDF through APPLgrid interface
• combine with DIS 2-jet (HERA)

• reach: 7.4 GeV ... 7.0 TeV

    αs (MZ) = 0.1178±0.0014exp,pdf±0.0017th
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(APPLfast+NNLOJET: F. Ahamdova et al.) 

(Par%cle data group)



Parton distributions
Global fit to collider data at NNLO                  
(NNPDF: R.Ball et al., MSHT: T.Cridge et al.; CT: A.Ablat et al.; ABMP: S.Alekhin et al.) 

• NNLO cross sec=ons, 3-loop parton spliing func=ons
• include ~4000 data points from ~70 data sets
• constrain quark and gluon distribu=ons to (1..3)% level
• substan=al improvement of fit quality from NLO to NNLO
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Towards N3LO for fiducial cross sections
Three-loop amplitudes for 2 → 2 processes (VVV)

• algebraic complexity of integral reduction, computation of master integrals
• first results

• four-parton amplitudes (F.Caola, A.Chakraborty, G.Gambuti, A.von Manteuffel, L.Tancredi)

• parton-photon amplitudes (P.Bargiela, F.Caola, A.Chakraborty, G.Gambuti, A.von Manteuffel, L.Tancredi)

• V+3-parton amplitudes (planar)                                                                                              
(P.Jakubcik, C.Mella, N.Syrrakos, L.Tancredi, TG)

• H+3-parton amplitudes (leading colour)                                                                                   
(X.Chen, X.Guan, B.Mistlberger) 

Infrared cancellations at N3LO
• Slicing: qT (S.Catani, M.Grazzini)

• N3LO subtraction methods under development
• Projection-to-Born (M.Cacciari, F.Dreyer, A.Karlberg, G.Salam, G.Zanderighi) 

• Antenna subtraction (X.Chen, P.Jakubcik, M.Marcoli, G.Stagnitto; G. Fontana, K. Schönwald, TG)
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Parton distribu3ons at N3LO
Four-loop Altarelli-Parisi splitting functions

• from four-loop anomalous dimensions of quark and gluon operators 

• fixed Mellin moments n≤20, approximate full x-dependence                                                                        
of splitting functions (G.Falcioni, F.Herzog, S.Moch, A.Pelloni, A.Vogt) 

• tracing parameter for all-n calculation                                                                                                         
(J.Ablinger, J.Blümlein, A.Hasselhuhn, C.Schneider, A. von Manteuffel)

• four-loop quark non-singlet splitting functions                                                                                 
for all-n = exact x-dependence                                                                                                                   
(A. von Manteuffel, V. Sotnikov, T.Z. Yang, TG)
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Precision physics with legacy data
Energy-energy correlators

• theory progress leads to renewed interest
• ResummaEon at N4LL (C.Duhr, B.Mistlberger, G.Vita)

• Renormalon subtracEon (S.Schindler, I.Stewart, Z.Sun)

• Light-ray OPE (H.Chen, I.Moult, X.Zhang, H.X.Zhu; K.Lee, B.Macaj, I.Moult)

• EEC for charged tracks (P.F.Monni, G.Vita, Z.Xu, H.X.Zhu)

• rich phenomenology in e+e- annihila6on
• reanalysis of LEP data (Electron-positron alliance: H.Bossi et al.)
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Precision physics with legacy data
Energy-energy correlators: ALEPH data reanalyzed                                  
(Electron-positron alliance: H.Bossi et al.)
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Precision physics with legacy data
NNLO correc6ons to e+e- → 4 jets                   
(X.Chen, D.Chicherin, E.Fox, N.Glover, M.Marcoli, V.Sotnikov, H.Sun, H.Zhang, S.Zoia)

• two-loop 1→ 4 amplitudes and efficient subtrac=on
• confront LEP precision data

Hadron-in-jet produc6on                                        
in e+e- annihila6on
(L.Bonino, A. Gehrmann-De Ridder, A.Huss,                                                              
F.Merlo\, G.Stagni]o, TG)

• probe parton-to-hadron                                                   
transi=on and jet structure
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Beyond LHC: EIC
• Electron-Ion Collider at BNL

• High-luminosity: 1033...1034 cm-2s-1

• Centre-of-mass energy range: 40..140 GeV
• Full identification of hadronic final state
• precision QCD: hadron structure,                       

fragmentation,....
• Polarized collisions

• Theory challenges
• NNLO precision for unpolarized and polarized 

benchmark processes
• identified hadrons, fully exclusive final states
• novel types of observables:                                                                                                  

TMD, GPD, ....
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Beyond LHC: FCC-ee
• FCC-ee project at CERN
• ultrahigh-luminosity e+e- collider
• under consideraEon
• start of operaEon ~2045

• Will require new level of precision predic6ons
• electroweak NNLO correcEons (mulE-scale loop amplitudes)
• precision QCD: jets, hadrons, energy correlators
• novel types of observables
• transiEon perturbaEve ↔ non-perturbaEve
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PARTICLES

Physics Area

Area coordinator: Riccardo Rattazzi (EPFL)

The FCC-ee is designed to operate through multiple energy stages, each targeting specific physics objectives and span-

ning about 15 years of operation. The program begins with a Z-pole run at approximately 91.2 GeV center of mass energy

enabling electroweak (EW), quantum chromodynamics (QCD), and flavor-physics studies. This is followed by a W-pair

threshold run around 160 GeV to refine the W boson’s properties and investigate W -pair production.

Next, the Higgs factory run at roughly 240 GeV focuses on precise measurements of the Higgs boson’s couplings,

mass, and rare decay channels. The final stage, the top quark threshold run at 340—365 GeV, aims to accurately deter-

mine the top quark’s mass, width, and EW couplings, completing the study of the heaviest known fundamental particle.

Throughout its operation, FCC-ee will produce over 1013 Z bosons, 108 W -pair events, 106 Higgs bosons, and a similar

number of top quarks, achieving statistical precision between 10−3 and 10−5. This precision enables the exploration of

particle dynamics at unprecedented resolution, allows deeper investigations into the open questions of the Standard Model

(SM), enhances sensitivity to indirect Beyond the Standard Model (BSM) effects up to tens of TeV, and paves the way for

potential discoveries at the FCC-hh.

FCC-ee physics runs ordered by energy
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Figure 4: The tentative physics program (green) is ordered by increasing center-of-mass energy. Also indicated are the
approximate numbers of Z, WW , ZH , and tt events with 15 years of running and the physics opportunities with additional
center-of-mass energies (orange). Adapted from [11].

The Physics Area program maximizes the FCC-ee’s potential to test the SM with unprecedented precision and search for

new physics, focusing on four domains: Higgs Physics, Electroweak and Quantum Chromodynamics Physics, Flavor

Physics, and Elusive Phenomena. Projects are rigorously selected from Switzerland’s extensive expertise, prioritizing those

with the highest impact. In Phase 1, theoretical efforts build upon CERN LEP-era precision physics expertise, blending it

with modern approaches to strengthen current capabilities. Experimental teams concentrate on essential tasks that guide

detectors’ early design and technology selection to achieve or surpass the physics objectives.

The program involves leading Swiss theorists and experimentalists with established international collaborations, ensur-

ing impactful contributions. Swiss expertise spans top theory groups in precision calculations (ETH, PSI, UniBe, UZH),

BSM physics (EPFL, UniBa, UniGe, UZH), and flavor physics (UniBa, UniBe, UZH). Renowned experimental groups

from LHC experiments—CMS (ETH, PSI, UZH), ATLAS (UniBe, UniGe), LHCb (EPFL, UZH), SND (EPFL, UZH), and

FASER (ETH, UniBe, UniGe)—cover a broad range of collider phenomena and contribute to beyond collider program at

NA62 (EPFL), SHiP (EPFL, UZH), and NA64 (ETH).

The projects in the Physics Area will establish Switzerland as a research leader and key contributor to the FCC-

ee’s transformative impact on fundamental physics. This effort will be further strengthened by establishing a new

professorship at the Department of Theoretical Physics at the University of Geneva under this NCCR initiative,

focusing on theoretical aspects of precision physics complementary to the existing Swiss expertise.
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Summary
• LHC is on a decade-long program of precision physics 
• Ultimate precision challenge for QCD
• predictions for complex final states at per-cent level accuracy

• Theory ready to face this challenge
• NNLO predictions becoming the new standard
• N3LO techniques, tools and first results emerging

• Exciting opportunities for precision physics at FCC-ee and EIC
• learn technical experience from LHC calculations 
• develop novel methods and observables
• recover legacy from previous-generation experiments 
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