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… and Tools (for multi-loop calculations) 3
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Integrand subtraction 

Local Unitarity
 

Automation

✓ 222 participants (50 in person), mix of theory and experiment especially on week 1

✓ We are aiming at producing a shopping list of important target and calculations, 
collecting input from the speakers/participants of the workshop



First target & Template: Z-pole physics 4

✓ Take statistical uncertainties as ultimate target

✓ Theory enters in several ways, e.g.:
✓ Calibration: Initial State Radiation (ISR)
✓ Parametric uncertainties: masses and couplings
✓ Interpretation of results: ElectroWeak Precision Observables (EWPO)



First target & Template: Z-pole physics 5

✓ What experimentalists are asking from theory:



First target & Template: Z-pole physics 6

[talk by Ayres Freitas]



Initial State Radiation 7

✓ Model QED ISR: crucial for any measurement at lepton collider

✓ Talk by S. Frixione, based on Snowmass 21 contribution 2203.12557

✓ More progress needed, build on recent developments in QCD:

✓ NNLL description collinear radiation: within reach

✓ All-order resummation of soft and collinear logarithms (e.g. ttbar threshold)

✓ Process/Observable dependent

✓ NLL description gives sizeable correction

✓ Implementation in accurate Monte Carlo codes: several tools exist, must be 
improved



Fixed order: different types of processes/observables 8

1.  Numbers: masses and other SM parameters ( , …)ρ

2.  Multi-leg processes: QCD corrections to e+e− → n  jets/photons

3.  Multi-scale (e.g., masses) processes: (Mixed QCD-) EW corrections

4.  Combination of the above: , …e+e− → tt̄H

✓ Multi-loop calculations:
✓ Reduce amplitudes to minimal set of 

Feynman integrals

✓ Compute Feynman integrals

✓ Combine real and virtual corrections

[EW corrections to ZH, talk by Yang]

[Mixed QCD-EW correction to DY, talk by Rana]



Fixed order: different types of processes/observables 9

✓ Choose right tool for each job:

✓ Fully numerical: slow evaluation but generic, ideal for type 1.

✓ Analytic calculations: fast evaluation but hard to get, ideal for type 2.

✴ Build on new developments in LHC calculations and new ideas from 
neighbouring fields (amplitudes, pure mathematics, …) 

✴ FCee targets: very challenging, but substantial progress achievable with 
current tools (e.g., QCD corr.  at 2 loops vs EW corr.  at 2 loops)e+e− → 4 jets e+e− → Hνν̄

✓ New directions:

✓ Semi-analytic calculations, expansions: process specific, easier than 
full analytic, ideal for type 3.

[talks by Sotnikov, Peraro, von Manteuffel, Weinzierl]

[talks by Maheria, Gluza, Liu]

[talks by Chen, Rana, Hidding]

✓ Combine real and virtual: progress in Loop/Tree duality, integrand 
subtraction

✓ Towards automation: progress in OpenLoops2

[talks by Hirschi, Anastasiou]

[talk by Zoller]



10Resummation
✓ Fixed-order calculations insufficient, need to resum large logarithms

✓ e.g., event-shape distributions in Higgs physics

[talk by Yang]

✓ Required resummation achievable in the coming decade, sufficient to 
reduce perturbative uncertainties at the ~% level



Beyond standard perturbation theory — Top Physics 11

✓  colliders are precision tools for top quark physics (few permille/percent 
-level on cross section)
e+e−

[talks by Beneke and Simon]

✓ pNRQCD known to N3LO (also including EW+non-resonant effects @ NNLO)

✓ TH uncertainty in top mass ~ 40MeV (Beneke et al.) while EXP target is 20MeV

✓ matching of N3LO+NNLL (ongoing, NNLL from Hoang et al.)

✓ N4LO in pNRQCD needed (currently out of reach)

✓ NLL ISR QED, including soft limit



New challenges — NP effects 12

✓ Jet Physics: Non-Perturbative corrections are serious limitation of TH accuracy!

✓ Better understanding of hadronisation (for even shapes, jet rates, jet 
substructure)

✓ Compute new observables with reduced NP sensitivity

✓ First steps in understanding linear 1/Q corrections in multi-jet final states: 
see P.Nason’s talk for preliminary results

[talks by Kluth, Nason and Banfi]

[from A.Banfi]



Conclusion and outlook 13

✦ Future lepton colliders to bring drastic reduction of experimental uncertainties

✦ Theory precision likely to be among main bottlenecks

✦ Many technical challenges, with some calculations currently beyond reach: 
build upon tools developed for LHC calculations, new ideas and a lot of work

✦ Some conceptual issues, such as Non-Perturbative corrections to hadronisation

✦ Not covered here in detail but very important: Monte Carlo generators for both 
QCD and QED, resummation, jets and parton showers, … 

✦ Collect theory targets into a shopping list to develop and motivate theory 
community

✦ New editions of the workshop focusing on other important theory aspects (MC, 
resummation, …): we encourage everyone to attend!
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