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Collider physics:            
a theoretical perspective 



Why is high energy interesting 
Higher energy allows to access heavier particles: 

Particle Collider / Experiment Energy (GeV) Year Mass (GeV/c²)

J/ψ SPEAR 3.1 1974 3.097

Tau (τ) SLAC/LBL (SPEAR) 4 1975 1.777

Bottomonium (Υ) Fermilab/Cornell 9.46 1977 9.460

W boson UA1 / CERN SPS 540 1983 80.379

Z boson UA1 / CERN SPS 540 1983 91.1876

Top quark Tevatron 1800 1995 173.0

Higgs boson LHC (ATLAS/CMS) 7000 2012 125.1

In the last 50 years, every time a new energy frontier was 
explored, a new particle was found 

E = mc2
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… but times have changed
With the discovery of the Higgs boson the Standard Model of 
particle physics is complete 

No new discovery can be easily anticipated
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Problems … 
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Lack of calculability/stability 

Phenomena unaccounted for in the SM 

Flavour mass hierarchy

Why                                        ?                                                  
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Dark matter 

Matter-antimatter asymmetry

Axions? 

Accidental symmetries and violations

TheoreticalObservational

Parity violation
Proton decay

EW hierarchy problem 

Why 3 generations? 
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Structure of the Standard Model (SM)



TeV-scale new physics? 
(As far as I know) The only hint of New Physics at the TeV energy 
scale comes from the hierarchy problem in the Higgs sector 

The argument: if there are new particles, that interact in any way with 
SM particles, they would give rise to corrections to the Higgs mass 
that depend quadratically on the New Physics scale  
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⇒ Since the Higgs is light, new physics must be around the corner … 
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The flavour problem
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☛ No effects in flavour physics suggests BSM must be heavy 
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_ _

If there are “light” new physics particles, they would affect many 
flavour changing decays, oscillation or mixing diagrams 



The Higgs & flavour tension 
Tension between hierarchy problem in the Higgs section and 
absence of New Physics in the flavour sector is a major puzzle

• With this in mind, exploring the energy frontier is our best opportunity 
to understand Nature from first principles


• At the same time, exploring the Standard Model as a fundamental 
theory in its own right is equally compelling
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☛ No effects in flavour physics suggests BSM 
must be heavy 

☛ Light Higgs suggests light physics Beyond 
Standard Model (BSM) 
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Collider events: the real world 

Search for Dark Matter in 
mono-jet events

Precision Higgs SUSY Searches  

Search for mini-blackholes

8



Theorist point of view 

9
Precision description of collider events a multilateral challenge 

The theory description of collisions 
involves many elements:  

• Hard primary interaction

• Emission of multiple secondary 

radiation (ISR/FSR) 

• Photon radiation 

• Formation of hadrons

• Decay of resonances / heavy 

hadrons

• Possible multi-parton interactions / 

beam remnants

• Pile-up



Role of precision 
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• test the Standard Model (SM) with highest precision and controlled 
theory uncertainties  


• constrain fundamental parameters and parton distribution 
functions (PDFs)


• probe New Physics via small deviations from SM predictions 


• optimise experimental analyses through design of better 
observables/selection criteria suitable for precision calculations 


• guide future collider designs and priorities 

Potential of LHC and future machines, in particular e+e- colliders, 
cannot be exploited without precision theory predictions 
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Precision a reality 
 Z-boson kinematics 
to below a percent

Z-boson transverse 
momentum used recently 
to extract strong coupling 

with high precision 

ATLAS, 2309.12986
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Precision a reality 
 Z-boson kinematics 
to below a percent

Crucial input for W-boson 
mass extraction 

W+

e+

ν ⇒ invisible

ATLAS, 2403.15085



Hard primary interaction

13



Electroweak and QCD interactions
The Standard Model: a gauge theory with gauge group

Interactions at collider energies are perturbative, so one can 
compute cross sections as expansions in the couplings: 

QCD interaction dominate. Rule of thumb:  α2
s ∼ αem ∼ αew

SU(3) × SU(2) × U(1)

αs(MZ) ∼ 0.118 αem(MZ) ∼
1

128
αweak(MZ) ∼ 0.01

σ = σ0 + α σ1 + α σ2 + …
LO NLO NNLO

14

strong weak electromagnetic

Precision achieved by computing more perturbative orders 



Perturbative expansions 
At any order include on extra real emission or virtual fluctuation:   

Loop integration 

Real: 

Virtual: 

Born: 

Leading order 

Next-to-leading order 

Next-to-leading order 

15
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The curse of perturbative expansion 

Because of unitarity, the real and virtual contributions are the 
same in divergent regions, with opposite sign  

Real and virtual separately divergent, only the sum is physical: 

Phase space integration 

Loop integration 

+∞

−∞

Real: 

Virtual: 

real + virtual = finite 

Divergences arise from soft 
and collinear emissions 

16



NLO: one-loop amplitudes

17

Main one-loop amplitude providers:


‣BlackHat(https://blackhat.hepforge.org/) 

‣Collier (https://collier.hepforge.org) 

‣GoSam (https://gosam.hepforge.org)  

‣Golem95 (https://golem.hepforge.org/) 

‣Helac-NLO/Helac-1Loop (https://helac-phegas.web.cern.ch)  

‣Ninja (https://ninja.hepforge.org/) 

‣Njet (https://www.physik.hu-berlin.de/de/pep/tools/njet) 

‣NLOX (http://www.hep.fsu.edu/~nlox/) 

‣OpenLoops (https://openloops.hepforge.org)  

‣Recola/Recola2 ( https://recola.hepforge.org)  
✓ Fast, automated generation and numerical evaluation of one-loop amplitudes


✓ Easy interface with full generators (Sherpa, Herwig, POWHEG, and others) 


✓ QCD only, or full SM (QCD+EW) 

https://collier.hepforge.org
https://gosam.hepforge.org
https://golem.hepforge.org/
https://helac-phegas.web.cern.ch
https://ninja.hepforge.org/
https://www.physik.hu-berlin.de/de/pep/tools/njet
http://www.hep.fsu.edu/~nlox/
https://openloops.hepforge.org
https://recola.hepforge.org


NLO: general purpose tools
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1. MadGraph5_aMC@NLO (https://launchpad.net/mg5amcnlo)  

• Full automation of NLO QCD and EW


• Process generation via FeynRules/UFO. Supports parton showers via aMC@NLO


2. Sherpa+OpenLoops (https://sherpa.hepforge.org, https://openloops.hepforge.org)  

• SHERPA handles phase space, subtraction, matching, and showering


• OpenLoops provides fast NLO matrix elements. Efficient for multi-leg processes


3. Herwig+Matchbox (https://herwig.hepforge.org)  

• Herwig’s Matchbox module enables automated NLO QCD corrections and matching


• Works with external amplitude providers (OpenLoops, MadGraph, etc.)


4. POWHEG-BOX (http://powhegbox.mib.infn.it)  

• NLO with matching to parton showers (POWHEG method)


• Semi-automated; requires user input for new processes


5. MCFM (https://mcfm.fnal.gov)  

• Parton-level code for NLO calculations (less automated)


• Mostly SM processes. Mostly based on analytic calculations, very stable and fast 


… 

https://launchpad.net/mg5amcnl
https://openloops.hepforge.org
https://herwig.hepforge.org
http://powhegbox.mib.infn.it
https://mcfm.fnal.gov


NLO automation

✔︎

NLO QCD calculations are now fully automated, thanks to:

✓ the ability to reduce one-loop amplitudes to master integrals

✓ analytic knowledge of all relevant master integrals

✓ a systematic understanding of how to handle intermediate divergences 

(e.g. subtraction/slicing methods)

✓ the availability of tools for computing tree-level real radiation

Open challenges at NLO 

• numerical stability and efficiency  for high multiplicity processes 

• NLO corrections to loop-induced processes

• NLO to BSM / EFTs   

19



NNLO: status 

⇒ no full automation yet 
20



NNLO: ingredients 
Amplitudes required at NNLO: 

1. two-loop virtual + one-loop squared

2. one-loop with one extra radiation

3. Tree-level double real 
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[issue:numerical stability in 
unresolved regions]

diagrams from C. Signorile-Signorile 
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NNLO: ingredients 
Amplitudes required at NNLO: 

1. two-loop virtual + one-loop squared

2. one-loop with one extra radiation

3. Tree-level double real 
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✗The hardest challenge

diagrams from C. Signorile-Signorile 
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2-loop calculations
q

q̄

e−

e+

W/Z/γ

W/Z/γ

Feynman 
rules 

• The goal is to express a large number of tensor integrals appearing in 
Feynman diagrams as linear combinations of a small set of master integrals.


• Well established reduction-techniques, e.g. 

‣ projection on form factors 

‣ integration-by-parts (IBP) identities

‣ Lorentz invariance identities

‣ dimensional shift relations  

‣ …  

<latexit sha1_base64="fARgaJ0f2h3mgg5a6vetUyHFong="></latexit>
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<latexit sha1_base64="hD0+avmLZT9+pHZGPycyP+Tks4E=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgxjJTiroRirpwWcE+oB2HTJppQ5PMmGSUMvZT3LhQxK1f4s6/MdN2oa0H7uVwzr3k5gQxo0o7zreVW1peWV3Lrxc2Nre2d+ziblNFicSkgSMWyXaAFGFUkIammpF2LAniASOtYHiZ+a0HIhWNxK0excTjqC9oSDHSRvLt4pVP4Tm89+ld5Zhn3bdLTtmZAC4Sd0ZKYIa6b391exFOOBEaM6RUx3Vi7aVIaooZGRe6iSIxwkPUJx1DBeJEeenk9DE8NEoPhpE0JTScqL83UsSVGvHATHKkB2rey8T/vE6iwzMvpSJONBF4+lCYMKgjmOUAe1QSrNnIEIQlNbdCPEASYW3SKpgQ3PkvL5JmpeyelKs31VLtYhZHHuyDA3AEXHAKauAa1EEDYPAInsEreLOerBfr3fqYjuas2c4e+APr8wcfM5Ki</latexit>

Di = q2i →m2
i
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2-loop challenge #1: reduction  
While the flowchart is rather straightforward: 

• define integral family

• generate IBP identities 

• solve Laporta algorithm 

from 2502.20778 
[NeatIBP + Kira]

The challenges involved are substantial and complex: 

• explosion in number of terms and algebraic 

complexity 

• finding minimal, linearly independent topologies 

not trivial 

• finding and exploiting symmetries 

23



Main public tools for IBP reduction of two-loop Integrals: 

1. AIR (https://people.phys.ethz.ch/~pheno/air/)

◦ Automates IBP reduction for scalar and tensor integrals to master integrals.


2. BLADE (https://gitee.com/multiloop-pku/blade)

◦ Fast IBP reduction in block triangular form 


2. FiniteFlow ( https://github.com/peraro/finiteflow-mathtools/)

◦ multivariate functional reconstruction using finite fields and dataflow graphs.


3. Fire (https://gitlab.com/feynmanintegrals/fire)

◦ Uses the Laporta algorithm for efficient IBP reduction of multi-loop integrals.


4. Kira (https://gitlab.com/kira-pyred/kira)

◦ High-performance tool for IBP reduction, particularly for multi-loop integrals.


5. LiteRed (https://github.com/rnlg/LiteRed2)

◦ A C++ program for IBP reduction, optimized for speed and simplicity.


6. NeatIBP (  https://github.com/yzhphy/NeatIBP)

◦ small-size integration-by-parts relations for Feynman integrals.


7. Reduze (https://reduze.hepforge.org/)

◦ Automates IBP reduction for scalar and tensor integrals, support both one- and two-loop level.

2-loop challenge #1: reduction  
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Main public tools for IBP reduction of two-loop Integrals: 

1. AIR (https://people.phys.ethz.ch/~pheno/air/)

◦ Automates IBP reduction for scalar and tensor integrals to master integrals.


2. BLADE (https://gitee.com/multiloop-pku/blade)

◦ Fast IBP reduction in block triangular form 


2. FiniteFlow ( https://github.com/peraro/finiteflow-mathtools/)

◦ multivariate functional reconstruction using finite fields and dataflow graphs.


3. Fire (https://gitlab.com/feynmanintegrals/fire)

◦ Uses the Laporta algorithm for efficient IBP reduction of multi-loop integrals.


4. Kira (https://gitlab.com/kira-pyred/kira)

◦ High-performance tool for IBP reduction, particularly for multi-loop integrals.


5. LiteRed (https://github.com/rnlg/LiteRed2)

◦ A C++ program for IBP reduction, optimized for speed and simplicity.


6. NeatIBP (  https://github.com/yzhphy/NeatIBP)

◦ small-size integration-by-parts relations for Feynman integrals.


7. Reduze (https://reduze.hepforge.org/)

◦ Automates IBP reduction for scalar and tensor integrals, support both one- and two-loop level.

2-loop challenge #1: reduction  

Steady progress allows reduction of increasingly 
complicated processes 
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Techniques for evaluation of master integrals: 


‣ difference and differential equations (DE), including auxiliary mass method


‣Mellin–Barnes representations


‣ sector decomposition


‣ expansion in limits


‣ iterated integrals


‣…

⇒ ongoing development of several new analytic and numerical methods

2-loop challenge #2: masters
At NNLO: the complete set 
of master integrals is not 
known. Often non-trivial to 
verify linear independence 

At NLO: the full set of 
master integral for any 
process is fully known 
analytically

25



2-loop challenge #2: masters

1. pySecDec (https://github.com/gudrunhe/secdeco)  

• Numerical evaluation of master integrals using sector decomposition  


2. FIESTA (https://gitlab.com/feynmanintegrals/fiesta)  

• Numerical evaluation of master integrals using sector decomposition 


3. AMFLOW (https://gitlab.com/multiloop-pku/amflow)  

• Numerical evolution of master integrals using finite flow method 


Most used public codes: 

‣ powerful checks of analytic calculations 


‣ used directly in numerical/phenomenological implementations


‣ if the evaluation is very slow, used to construct integration grids to be just 
interpolated on-the-fly

26
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Open challenges: 


• Elliptic and beyond:                                                                                        
Master integrals with elliptic or more general functions (e.g. modular forms) 
are not expressible in terms of multiple polylogarithms; the theory of these 
functions is still being developed.


• Numerical evaluation stability: 
Some integrals can only be evaluated numerically, but the precision and 
speed required for collider applications are often challenging/prohibitive.


• Automation bottlenecks: 
While IBP and DE methods are largely automated, choosing good bases and 
simplifying expressions still requires expert intervention.

Frontier: 2 to 2 process with full off-shell legs, 2-loop integrals with 
3-4 scales, multi-leg QCD-EW mixed contributions …  

2-loop challenge #2: masters
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NNLO challenge #3: singularities  
While full results are finite, double-virtual, real-virtual and double-real 
amplitudes involve intermediate singularities. Since they live in 
different phase-spaces (Φn, Φn+1, and Φn+2) the cancellation of 
singularities must occur before numerical evaluation. 
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NNLO challenge #3: singularities  
Two core ideas 

Slicing Subtraction  

• Non-local in the phase space

• Dependence on the slicing parameter

• Local in the phase space 

• Construction and integration of 

counterterms hard/process specific 

soft-collinear 
counterterms 
⇒ poles in 1/ε 

finite ⇒ numerical 
evaluation   

approximate 
evaluation close to 
soft-collinear limits  

finite ⇒ numerical 
evaluation   

Many practical realisations of these ideas at two-loops and beyond 

<latexit sha1_base64="u0slHZruZV1jNPZByKoUk682F0Y="></latexit>∫
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NNLO challenge #3: singularities  
Method Local? Analytic? Examples Public tool

Antenna subtraction

[Gehrmann-De Ridder et al. ’05]
 ✓ ✓ e+e- → 3 jets, DIS, Z/H+jet, dijets, diphoton, 

VBF Higgs …  
NNLOJet

qT subtraction

[Catani, Grazzini ’07] ✗ ✓

Colour singlet processes (2 to 2) , tt, bb, ttH, 
ttW 

HNNLO, DYNNLO, 
MCFM

N-jettiness subtraction

[Boughezal et al.  ’15; Gaunt et al. ’15] ✗ ✓ V+jet, H+jet, top decay, single top  Geneva, MCFM

Sector improved residue subtraction

[Czakon ’10; Czakon, Heymes ’14]
 ✓ ✗

tt, Higgs+jet, inclusive jet, W+jet, 3 γ, 2 γ +jet, γ 
+ 2 jet,3 jets, B-hadrons

STRIPPER (private)

Local analytic subtraction [Magnea, 
Maina, Pelliccioli, Signorile-S., Torielli, 

Ucciratial. ’18-’20]
✓ ✓ e+e- → 2 jets Private code

Nested soft–collinear subtraction [Caola, 
Melnikov, Rontsch ’17] ✓ ✓ VH, VBF QCD-EW Drell Yan Private code

ColourFull subtraction [Del Duca, Duhr, 
Somogyi, Trocsanyi ’05] ✓ ✓ e+e- → 3 jets, H → bb, H NNLOCAL

Projection to Born [Cacciari, Dreyer, 
Karlberg, Salam, GZ ’15] ✓ ✓

VFB H, DIS, H → bb, HH, t-channel single top  
[also jet in DIS, H → bb,  gg →  @ N3LO)

Private codes

Loop Treel duality [Bierenbaum, Catani,  
Draggiotis, Rodrigo ’10, Capatti, HIrschi, 

Kermanschah, Pelloni, Ruijl ’19]
✓ ✗ 𝛾*→ 2 jets, 𝛾*→ tt Private code

Locally finite two-loops [Anastasiosu, 
Sterman ’18] ✓ ✗

Multi-photon in e+e-, multi-Higgs and EW 
bosons finite finite top-mass, electroweak 

production through gluon fusion

Private code

30
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Phenomenological 
examples



Example: gg → HH 

• Double-Higgs production golden channel for the direct measurement of the Higgs 
self-coupling, the footprint of the SM Higgs boson and of Higgs potential


• Small cross section because of accidental cancellations and phase space effect 

• Interesting also in the context of possible new resonances (2HDM, MSSM, RS, …)

Bizon et al. 1810.04665
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Stephane Cooperstein Aspen Center for Physics 02/01/2026

A new frontier: HH production

3

Electroweak symmetry breaking: ɸ → H

V(H) = λv2H2 + λvH3 + 1
4 λH4 − 1

4 λv4

Measuring HH production rate is our best direct probe of V( )Φ

Example: gg → HH 

33

Measuring the HH production rate is our most direct probe of the Higgs potential 



Example: gg → HH 

34

Stephane Cooperstein Aspen Center for Physics 02/01/2026

The search program

5

HH final state branching fractions

Three search channels dominate sensitivity in HH searches* at the LHC**:

HH→4b: largest rate, but very large backgrounds 
The most events, but also the most experimentally 
challenging

HH→2b2τ: good compromise between 
rate & bkg. 
Good balance between signal purity and 
event rate

HH→2b2γ: “golden channel”, 
but very small rate

*I will focus in this talk on non-resonant HH searches

**expansive searches in many other channels too, not covered because of time

New Run 3 results covered today From S. Cooperstein



Example: gg → HH 
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Stephane Cooperstein Aspen Center for Physics 02/01/2026

Culmination of an enormous effort, with many 
new ideas & techniques introduced that greatly 
accelerated HH program at the LHC 

Observed 95% C.L. upper limit on HH 
production rate of λHH = μHH /μHH,SM < 2.5

ATLAS + CMS HH with Run2 data

6
CMS-PAS-HIG-25-014ATLAS-CONF-2025-012

Today’s  95% C.L. upper limit 
on the HH production rate 

After HL-LHC program expect 7σ on HH 
cross-section and 30% precision on λ

Stephane Cooperstein Aspen Center for Physics 02/01/2026

Looking to the future (from today)

8
arXiV:2504.00672 (ESPPU 2026)

Measurement of HH production is a key 
milestone in (HL-)LHC physics program 

Only ~five years ago, it was expected that we 
would need future colliders to measure  to 
better than 50% precision 

Run2 HH program was a great step forward 
→ projecting to HL-LHC, we expect: 

 >7  for HH production 

30% precision in  

A paradigm shift in perspective on what we 
can achieve in studying HH at (HL-)LHC 

And this is already out of date! (see rest of talk)

λ

μ
λ

 (68% C.L.)!0.74 < σλ < 1.29



gg → HH: LO

Going beyond LO highly non-trivial 

19

(In)direct probes of κλ

Loop probes of κλ can only compete with hh production because of destructive 
interference between box & triangle contribution in gg→hh amplitude 

Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–16]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [17] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 11, 18–22].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 20, 23–27]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM prediction.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [15, 28–37, 39, 40] to the case of the h4 vertex. Specifically, we consider the
constraints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-
loop amplitudes and combine them with the exact O(↵2

s) matrix elements [5–7]. This allows us
to predict the cross section and various distributions for double-Higgs production at the next-to-
leading order (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-
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(In)direct probes of κλ

Loop probes of κλ can only compete with hh production because of destructive 
interference between box & triangle contribution in gg→hh amplitude 

Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–16]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [17] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 11, 18–22].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 20, 23–27]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM prediction.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [15, 28–37, 39, 40] to the case of the h4 vertex. Specifically, we consider the
constraints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-
loop amplitudes and combine them with the exact O(↵2

s) matrix elements [5–7]. This allows us
to predict the cross section and various distributions for double-Higgs production at the next-to-
leading order (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-
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gg → HH: beyond LO  

Borowka et al. ’16

As for single Higgs production very large NLO corrections and large 
residual uncertainties  ⇒ strong motivation to improve precision  
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gg → HH: approx NNLO  
Since a full NNLO (3-loop) is out of reach, clever approximations 
developed: 

‣ High energy expansion 


‣ Small-t expansion 


Idea is to fully cover the physically relevant phase space with the two approximations 
(reminiscent, and exploits, the strategy of regions, according to which full results are 
recovered by summing over all relevant regions at integrand level)  


Robust validation using overlap regions, lower orders and numerical results

These and similar approximations 
(soft Higgs, massification, threshold 
exp., large Nc, …)  are expected to 
become increasingly relevant as we 
aim to halve theoretical 
uncertainties — a common target 
in future projections.
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Validation at NLO: 
Ratio to exact NLO



Top-pair production in 
association with a Higgs boson 
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Key process to measure directly the top-Yukawa coupling.  
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Figure 2: Weighted diphoton invariant mass spectrum in the tt̄H-sensitive BDT bins observed in 79.8 fb�1 of
13 TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT bin is the expected tt̄H signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09 ± 0.24 GeV. The non-resonant and total background components
of the fit are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and
background-only curves shown here are obtained from the weighted sum of the individual curves in each BDT bin.

signal-plus-background and background-only curves shown here are obtained from the weighted sum of
the individual curves in each BDT bin. The expected and observed event yields are presented in Table 1
and shown in Figure 3. In Figure 3, a tt̄H signal strength µ = �/�SM of 1.4 is assumed. The total
number of fitted tt̄H signal events in the mass range 105 GeV < m�� < 160 GeV is 36+12

�11. For 13 TeV data
corresponding to an integrated luminosity of 79.8 fb�1, the expected significance of the tt̄H signal in the
H ! �� channel is 3.7 standard deviations. The significance of the observed tt̄H signal is 4.1 standard
deviations. The expected significance in the Had (Lep) region is 2.7 (2.5) standard deviations, while the
observed significance in the Had (Lep) region is 3.8 (1.9) standard deviations.

3 H ! ZZ
⇤ ! 4`

In the H ! Z Z
⇤ ! 4` analysis, using the same data as in the H ! �� analysis, events with at least

four isolated leptons (four electrons, four muons, or two electrons and two muons) corresponding to two
same-flavour opposite-charge pairs are selected. The four-lepton invariant mass is required to be in a
window of 115 GeV < m4` < 130 GeV. To search for tt̄H events, at least one jet is required, with
pT > 30 GeV and containing a b-hadron identified using a b-tagging algorithm with an e�ciency of
70%. The event selection is described in more detail in Ref. [5]. The current analysis improves the
expected tt̄H significance by defining two signal regions, and by applying a BDT in one of them. A ‘Had’
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Figure 4: Observed event yields in all analysis categories in up to 79.8 fb�1 of 13 TeV data. The background yields
correspond to the observed fit results, and the signal yields are shown for both the observed results (µ = 1.32) and the
SM prediction (µ = 1). The discriminant bins in all categories are ranked by log10(S/B), where S is the signal yield
and B the background yield extracted from the fit with freely floating signal, and combined such that log10(S + B)
decreases approximately linearly. For the H ! �� analysis, only events in the smallest m�� window containing 90%
of the expected signal are considered. The lower panel shows the ratio of the data to the background estimated from
the fit with freely floating signal, compared to the expected distribution including the signal assuming µ = 1.32 (full
red) and µ = 1 (dashed orange). The error bars on the data are statistical.

calculated to next-to-leading-order accuracy (both QCD and electroweak). The cross section extracted
in the combined likelihood fit, as well as the results from the individual analyses, are shown in Table 3,
while their ratios to the SM predictions are displayed in Figure 5. The measured total cross section for tt̄H

production at 8 TeV is 220 ± 100 (stat.) ± 70 (syst.) fb. Figure 6 shows the tt̄H production cross sections
measured in pp collisions at centre-of-mass energies of 8 and 13 TeV, compared to the SM predictions.
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z

⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction, and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.
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First observation 
in 2018



Approximate ttH at NNLO 

40

Two-loop pp → ttH amplitudes still missing. 


Idea: approximate with amplitudes with a soft 
Higgs emitted off heavy quarks 

Test the procedure 
at NLO

‣approximation not that great and works better for the quark-induced 
channel than the gluon-induced one

Catani et al. 2210.04846 



Approximate ttH at NNLO 

41

Two-loop pp → ttH amplitudes still missing. 


Idea: approximate with amplitudes with a soft 
Higgs emitted off heavy quarks 

Catani et al., 2210.04846 

Size of approx. 
NNLO

‣ but two-loop corrections are very small (below a %)



Approximate ttH at NNLO 

42

⇒ estimated uncertainty on 
the total cross section at the 
few percent level 

Interesting to validate this 
once full NNLO is available 

Catani et al., 2210.04846 



ttW

43

ttW is crucial rare process: it is an irreducible background, limiting the 
sensitivity of same-sign dilepton searches and of key measurements 
such as ttH 

Tension in data and theory NLO predictions 
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Figure 1: Illustrative Feynman diagrams for the dominant production modes of 𝐿𝐿𝑀 : (a) the LO contribution (𝑁𝑁2
s ),

(b) a real emission diagram from the NLO QCD contribution (𝑁𝑁3
s ), (c) the tree-level EWK contribution (𝑁3), and (d)

a representative diagram of the combined NLO QCD and EWK contributions (𝑁3
𝑁s). The pink circles correspond to

QCD couplings and the blue circles correspond to EWK couplings.

as shown in Figure 1(d)) gives a 6.9% positive correction to the 𝑂(𝐿𝐿𝑀)
QCD calculation [27]. The

NLO multileg-merged FxFx prediction from Ref. [27] captures a significant fraction of the NNLO QCD
contributions to the cross-section.

Table 1: Summary of theoretical predictions with NNLO precision in the strong coupling [15] and using FxFx NLO
mult!et merging [27], both including NLO EWK corrections. The first uncertainty is due to variations of the chosen
renormalisation and factorisation scales. Where there is a second contribution to the uncertainty, this corresponds to
the approximation used in the 2-loop calculation. Uncertainties due to the choice of PDF and 𝑁s are omitted.

NNLO [15] FxFx [27]
Order 𝑂 [fb] Order 𝑂 [fb]

LO QCD: 𝑁2
s𝑁 420 +106

→79

NLO QCD: +𝑁3
s𝑁 622 +79

→72 𝐿𝐿𝑀+0,1,2j@NLO 691 +66
→74

NNLO QCD: +𝑁4
s𝑁 711 +35

→46 ± 14

NLO EWK: +𝑁s𝑁
3
+ 𝑁

2
s𝑁

2
+ 𝑁

4 745 ± 50 ± 13
+𝑁s𝑁

3 739 +75
→81

+𝑁
2
s𝑁

2
+ 𝑁

4 722 +70
→78

This paper presents measurements of inclusive and di"erential cross-sections of 𝐿𝐿𝑀 production at
↑
𝑃 = 13 TeV, including measurements of the 𝐿𝐿𝑀 relative charge asymmetry. This is the first measurement

of di"erential cross-sections of 𝐿𝐿𝑀 production at the LHC. The measurements are performed by analysing
final states with two same-sign electric-charge leptons (2𝑄SS) and three leptons (3𝑄), where 𝑄 denotes
electrons or muons. The rest of the paper is structured as follows. Section 2 describes the ATLAS detector,
Section 3 provides an overview of the data and simulated samples used in the measurements, Section 4
details the object reconstruction and selection and Section 5 defines the analysis strategy. Section 6
provides a description of the strategy used to estimate non-prompt-lepton backgrounds. An overview of
the systematic uncertainties is given in Section 7. The results are presented in Section 8 and conclusions
are given in Section 9.
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s ), (c) the tree-level EWK contribution (𝑁3), and (d)

a representative diagram of the combined NLO QCD and EWK contributions (𝑁3
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QCD couplings and the blue circles correspond to EWK couplings.

as shown in Figure 1(d)) gives a 6.9% positive correction to the 𝑂(𝐿𝐿𝑀)
QCD calculation [27]. The

NLO multileg-merged FxFx prediction from Ref. [27] captures a significant fraction of the NNLO QCD
contributions to the cross-section.

Table 1: Summary of theoretical predictions with NNLO precision in the strong coupling [15] and using FxFx NLO
mult!et merging [27], both including NLO EWK corrections. The first uncertainty is due to variations of the chosen
renormalisation and factorisation scales. Where there is a second contribution to the uncertainty, this corresponds to
the approximation used in the 2-loop calculation. Uncertainties due to the choice of PDF and 𝑁s are omitted.
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𝑃 = 13 TeV, including measurements of the 𝐿𝐿𝑀 relative charge asymmetry. This is the first measurement

of di"erential cross-sections of 𝐿𝐿𝑀 production at the LHC. The measurements are performed by analysing
final states with two same-sign electric-charge leptons (2𝑄SS) and three leptons (3𝑄), where 𝑄 denotes
electrons or muons. The rest of the paper is structured as follows. Section 2 describes the ATLAS detector,
Section 3 provides an overview of the data and simulated samples used in the measurements, Section 4
details the object reconstruction and selection and Section 5 defines the analysis strategy. Section 6
provides a description of the strategy used to estimate non-prompt-lepton backgrounds. An overview of
the systematic uncertainties is given in Section 7. The results are presented in Section 8 and conclusions
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Figure 4: Comparison between data and the signal-plus-background prediction for the event yields in the ten control
region categories. The signal and background contributions after the likelihood fit to data (‘Post-Fit’) under the
signal-plus-background hypothesis are shown as filled histograms. The total signal-plus-background prediction
before the likelihood fit to data (‘Pre-Fit Bkg.’) is shown as a dashed blue histogram in the upper panel. The ratio of
the data to the total prediction (‘Pred.’) is shown in the lower panel, separately for the post-fit prediction (black points)
and pre-fit background (dashed blue line). The combined statistical and systematic uncertainty in the prediction is
indicated by the blue hatched band.

estimated signal and background rates, the migration of events between categories, and the shape of the
fitted distributions; they are summarised in Section 7. Both 𝐿 and →𝑀 are treated as free parameters in the
likelihood fit. The NPs →𝑁 allow variations of the expectations for signal and background according to the
systematic uncertainties, subject to Gaussian constraints in the likelihood fit. Their fitted values represent
the deviations from the nominal expectations that are needed to provide the best fit to the data. Statistical
uncertainties in each bin due to the limited size of the simulated event samples are taken into account with
dedicated parameters, using the Beeston–Barlow ‘lite’ technique [115].

The observed and expected yields in the 10 CRs and the 56 SRs after the combined likelihood fit under the
signal-plus-background hypothesis are compared in Figures 4 and 5. The corresponding post-fit yields for
the SRs and CRs are shown in Tables 7, 8, and 9. There are no significant deviations from the predictions
after the fit to data.

The best-fit value of the 𝑂𝑂𝑃 cross-section, 𝑄(𝑂𝑂𝑃), is:

𝑄(𝑂𝑂𝑃) = 880 ± 50 (stat.) ± 70 (syst.) = 880 ± 80 fb.

It is compatible with the SM NNLO cross-section of 745±50 (scale)±13 (2-loop approx.)±19 (PDF, 𝑅s) fb
from Ref. [15] at the level of 1.4𝑄. It is also compatible with the SM cross-section of 722 +70

↑78(scale) ±
7 (PDF) fb from Ref. [27] at the level of 1.5𝑄. The systematic uncertainty, 7.9%, is somewhat larger than
the 5.8% reported by CMS in Ref. [9]. However, the systematic uncertainty would decrease to 5.6% if
uncertainties related to algorithmic choices in the 𝑂𝑂𝑃 ME generator and PS, which are not considered
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Figure 6: Comparison of (a) the measured inclusive 𝐿𝐿𝑀 cross-section and (b) the 𝐿𝐿𝑀
+
/𝐿𝐿𝑀

→ cross-section ratio
with theoretical predictions from S!"#$%, the M%&G#%$!5+P’(!)% 8 FxFx prescription including EWK corrections
from Ref. [27], the NLO+NNLL calculation from Ref. [20], and the NNLO calculation from Ref. [15], and also the
measurement from CMS [9]. The theoretical uncertainty in 𝐿𝐿𝑀

+
/𝐿𝐿𝑀

→ is calculated assuming scale variations are
fully correlated between 𝐿𝐿𝑀

+ and 𝐿𝐿𝑀
→ .

Figure 6(b) compares the measured charge ratio with theoretical predictions and the measurement from
CMS. The measured value is in good agreement with the theoretical prediction of 𝑁(𝐿𝐿𝑀) = 2.007 ±

2.1% (scale) ± 1.7% (PDF) from Ref. [15], as well as those of 𝑁(𝐿𝐿𝑀) = 1.93± 0.02 (scale) ± 0.04 (PDF)
from S!"#$% (as described in Section 3) and 𝑁(𝐿𝐿𝑀) = 1.92 ± 0.02 (scale) ± 0.04 (PDF) from the
M%&G#%$!5+P’(!)% 8 FxFx prescription including EWK corrections from Ref. [27]. This measurement
yields a value higher than the one measured by CMS, but each measurement’s uncertainty has a large
statistical component.
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Figure 7: Two-dimensional likelihood scan of the 𝐿𝐿𝑀+ and 𝐿𝐿𝑀
→ cross-sections. The black cross indicates the best-fit

point and the green and lilac markers show the SM predictions from Refs. [27] and [15], respectively. The blue
dashed and solid lines correspond to the 68% and 95% confidence interval contours, respectively.
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Buonocore et al., 2306.16311 

Two approximations (“soft W” and “massification”) estimate missing 
two-loop ttW corrections, yielding 10% accuracy at NLO and similar 
results at NNLO, even outside their ideal validity.

Clever approximations enable precision for key processes (ttH, 
ttW, ttZ, …) crucial to constrain SM parameters (yt, gttZ, …).
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Two examples where new theory ideas 
bring in new physics opportunities 
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LHC as lepton collider 
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A LEPTON-PROTON COLLIDER?

21

• Search for resonant leptoquarks 
(produced in s-channel) 

• Enabled by new calculations of 
proton lepton content & resulting 
lepton density functions & 
leptoquark production rates 

• Improved constraints on leptoquark 
masses by a factor of 2 compared 
to previous ATLAS result
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• Search for resonant (s-channel) 
leptoquark production 


• New experimental search enabled 
by recent calculations of proton 
lepton content, resulting in lepton 
parton distribution functions 
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34 9. Quantum Chromodynamics
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Many new determinations from the LHC, 
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Use the fact that the shape of Drell-Yan transverse 
momentum spectrum at low pt is very sensitive to  αs(MZ)

• Fully compatible with world average, with comparable error

• Accurate theory predictions indispensable for this measurement

• (Open questions regarding final uncertainty) 

q

q̄

e−, µ−

e+, µ+

Z/γ∗

g

...

...

Figure 1: Leading-order Feynman diagram for the production of a massive electron or muon pair through the
Drell–Yan process, including soft gluon radiation from the initial-state quarks.

This article presents a precise determination of 𝐿s(𝑀𝐿 ) from a semi-inclusive observable,1 namely the
low-momentum Sudakov region2 of the transverse-momentum distribution of 𝑁 bosons produced via the
Drell–Yan process [34], which refers to the production of a massive lepton-pair in hadron–hadron collisions
at high energies. The strong force is responsible for the radiation from the initial-state partons, and for
the subsequent recoil of the 𝑁 bosons which acquire non-zero transverse momentum with respect to the
incoming proton beam axis. The hardness of the transverse-momentum distribution is a measure of the
strength of the recoil of the 𝑁 bosons, which in turn is proportional to the strong coupling. In contrast
to most other determinations of 𝐿s(𝑀𝐿 ) at hadron colliders, which analyse observables based on QCD
final-state radiative objects, this analysis uses QCD initial-state radiative processes to determine the strong
coupling. In the Drell–Yan process, the final-state particles are not subject to the strong interaction, which
reduces theoretical complications and uncertainties. The energy scale at which the strong-coupling constant
is perturbatively expanded is unambiguously fixed to the 𝑁-boson mass. This methodology was tested in
Ref. [35] using proton–antiproton collision data at the Tevatron, and is applied here for the first time at the
LHC.

Figure 1 depicts the leading-order Feynman diagram of the Drell–Yan process, with a schematic representa-
tion of soft gluon radiation from the initial-state quarks. Figure 2 shows the 𝑁-boson transverse-momentum
distribution for three di!erent values of 𝐿s(𝑀𝐿 ).

Compared to other determinations of 𝐿s(𝑀𝐿 ) at hadron colliders, based on either exclusive or inclusive
observables, this determination gathers the desirable features for high precision: large observable sensitivity
to 𝐿s(𝑀𝐿 ) relative to the experimental precision, and high perturbative accuracy of the theoretical
predictions [38–40], enabled by the computation of some perturbative corrections in QCD at four- or
five-loop level [41–45].

1 Semi-inclusive observables are those with more than one kinematic momentum scale in the perturbative regime, where the
semi-inclusive region is close to the boundary of the phase space allowed by the kinematics. In such a limit, the associated
parton radiation is strongly inhibited and large logarithmic corrections appear in the perturbative computation [31, 32].

2 The low-energy region of the transverse-momentum distribution of 𝑁 bosons is characterised by very high probabilities of
gluon emissions with vanishingly small momenta. Rather than calculate each of these, it is theoretically simpler to model them
as a single factor quantifying the probability of no emission, known as the Sudakov form factor [33].
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Figure 2: Transverse-momentum distribution of 𝐿 bosons predicted with DYTurbo [36] at di!erent values of 𝑀s (𝑁𝐿 ),
using the MSHT20 PDF set [37]. The impact of changing 𝑀s (𝑁𝐿 ) on the PDFs is included.

2 ATLAS detector and data sample

The ATLAS experiment [46] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4𝑂 coverage in solid angle.3 It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |𝑃 | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(|𝑃 | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to |𝑃 | = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a
system of precision chambers for tracking and fast detectors for triggering. A three-level trigger system is
used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to accept events at a rate of at most 75 kHz. This is followed by two software-based trigger
levels that together reduce the accepted event rate to 400 Hz on average depending on the data-taking
conditions during 2012. An extensive software suite [47] is used in data simulation, in the reconstruction
and analysis of real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment. The data were collected by the ATLAS detector in 2012 at a centre-of-mass

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the 𝑄-axis along the beam pipe. The 𝑅-axis points from the IP to the centre of the LHC ring, and the 𝑆-axis
points upwards. Cylindrical coordinates (𝑇, 𝑈) are used in the transverse plane, 𝑈 being the azimuthal angle around the 𝑄-axis.
The pseudorapidity is defined in terms of the polar angle 𝑉 as 𝑃 = → ln tan(𝑉/2). Angular distance is measured in units of
ω𝑊 ↑

√
(ω𝑃)2 + (ω𝑈)2.
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Figure 3: Determination of 𝐿s (𝑀𝐿 ) at various di!erent orders in the QCD perturbative expansion, using the MSHT20
PDF set. The filled area represents missing higher-order uncertainties estimated through scale variations, and the
vertical error bars include experimental and PDF uncertainties.

5 Determination of 𝜴s(𝜶𝜷)

The determination of 𝐿s(𝑀𝐿 ) with central values of the QCD scales and using Eq. (1) yields 𝐿s(𝑀𝐿 ) =
0.11847±0.00067, with contributions to the fit uncertainty from the experimental sources and from the PDFs
estimated as ±0.00044 and ±0.00051 respectively.6 Uncertainties arising from missing higher orders, due
to truncation of the perturbative series, are estimated through independent variations of 𝑁r, 𝑁f and 𝑂 in the
range 0.5 ·

√
𝑀

2
𝑀𝑀

+ 𝑃
2
T → {𝑁r, 𝑁f ,𝑂} → 2 ·

√
𝑀

2
𝑀𝑀

+ 𝑃
2
T with the constraints 0.5 → {𝑁f/𝑁r,𝑂/𝑁r,𝑂/𝑁f} → 2,

leading to 14 variations.

The fit is repeated for each scale variation, and the determined values of 𝐿s(𝑀𝐿 ) range from a minimum of
0.11786 to a maximum of 0.11870. The midpoint of this range of 𝐿s(𝑀𝐿 ) values, 𝐿s(𝑀𝐿 ) = 0.11828, is
taken as the nominal result, and the range’s envelope of ±0.00042 is used as an estimate of the uncertainties
due to missing higher orders, henceforth referred to as ‘missing higher-order uncertainties’.

The procedure is repeated at lower orders, starting from next-to-leading-logarithm accuracy matched to
next-to-leading order (NLL+NLO). The MSHT20 PDF set is used throughout, and the order of the PDFs is
matched to the order required by the logarithmic terms included in the 𝑃T-resummation, i.e. NNLO at
N3LL and NLO at NNLL.7 The results are shown in Figure 3. At every order, the estimate of missing
higher-order uncertainties obtained from the scale variations overlaps with determinations of 𝐿s(𝑀𝐿 ) at
higher orders, giving confidence in the robustness and gradual convergence of these estimates.

6 The non-perturbative QCD parameters are left free in the fit, and, due to their correlation with 𝐿s (𝑀𝐿 ), the experimental
uncertainties are significantly larger here than in the pseudo-fit, where they are kept fixed to assess the experimental sensitivity
to 𝐿s (𝑀𝐿 ).

7 At NLL the NLO PDF set is used because the LO PDF set does not have 𝐿s (𝑀𝐿 ) variations.
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Table 1: Summary of the uncertainties in the determination of 𝐿s (𝑀𝐿 ), in units of 10→3.

Experimental uncertainty ±0.44
PDF uncertainty ±0.51
Scale variation uncertainties ±0.42
Matching to fixed order 0 →0.08
Non-perturbative model +0.12 →0.20
Flavour model +0.40 →0.29
QED ISR ±0.14
N4LL approximation ±0.04

Total +0.91 →0.88

Fits without the O(𝐿
3
s ) matching corrections yield an 𝐿s(𝑀𝐿 ) central value which is 0.00024 lower, and

the half envelope due to the scale variations increases from ±0.00042 to ±0.00062, which is consistent
with the observed shift. Uncertainties in the matching to fixed order are estimated with fits in which the
unitarity constraint is not applied. For these fits, the midpoint and half envelope of 𝐿s(𝑀𝐿 ) values from
the scale variations yield 𝐿s(𝑀𝐿 ) = 0.11820 ± 0.00037. The di!erence between this set of fits and the
nominal set of fits is taken as a one-sided matching uncertainty of →0.00008.

Additional uncertainties in the modelling of the non-perturbative form factor are estimated with variations
of corresponding parameters, leading to an estimate of +0.00012

→0.00020, as described in Section 7. The e!ect
of charm- and bottom-quark masses and thresholds are estimated with various alternative fits, such as
by including variable-flavour number either in the evolution of the PDFs (→0.00029) or in the running
of 𝐿s [67] in the Sudakov form factor (+0.00021), by varying the charm threshold 𝑁𝑀 by a factor of 2
(+0.00007), by varying the bottom threshold 𝑁𝑁 by a factor of 0.5 (→0.00029), or by including the e!ect of
final-state gluon-splitting into massive bottom-quark (+0.00040) and charm-quark (+0.00001) pairs. The
largest excursions are taken as an estimated uncertainty of +0.00040

→0.00029 associated with the flavour model.

The inclusion of initial-state radiation of photons at leading-logarithm accuracy shifts the value of 𝐿s(𝑀𝐿 ) by
→0.00028. Half of this shift is assigned as an uncertainty associated with missing higher-order corrections
for the initial-state radiation of photons. Initial-state radiation of photons at next-to-leading-logarithm
accuracy [62] shifts the value of 𝐿s(𝑀𝐿 ) by +0.00007, which is well within the assigned uncertainty.
The inclusion of NLO electroweak corrections shifts the value of 𝐿s(𝑀𝐿 ) by +0.00006, and uncertainties
related to missing electroweak higher orders are considered negligible.

Uncertainties related to the numerical approximation or our incomplete knowledge of some of the
coe"cients required for N4LL accuracy of 𝑂T-resummation are estimated to contribute at the level of
±0.00004, with the largest contribution coming from the numerical approximation of the cusp anomalous
dimension at five loops [42], and from our incomplete knowledge of the hard-collinear contributions at
four loops [45]. Uncertainties due to the numerical approximation of the four-loop splitting functions are
already included in the MSHT20 PDF uncertainties.

A summary of the uncertainties in the determination of 𝐿s(𝑀𝐿 ) is shown in Table 1.

The goodness of fit is assessed by computing the value of the 𝑃
2 function with the theory predictions

evaluated at the measured value of 𝐿s(𝑀𝐿 ) and with the best-fit values of the non-perturbative parameters
and the QCD scales. In addition to the PDF uncertainties included in Eq. (1), all theory uncertainties
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ATLAS DETECTOR IN RUN 3

3S. Majewski, Aspen 2026
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Consensus building on Future Circular Collider (first e+e-, then hh): Timeline

26/1/26
What is the FCC?                                          
Guy Wilkinson

As well as a careful exposition of the physics case, and a detailed description of 
the accelerator aspects, the Feasibility Study involved investigations of the civil 
engineering, infrastructure needs, sustainability, impact on local environment etc.
The Feasibility Study was well received by the international particle physics 
community.  There is a consensus that this is the logical next step for the field.

Approval, requires CERN Council being convinced the project is financial feasible.

Sample current and projected total uncertainties 

Table 3.1: Current and projected uncertainties on a selection of EWPOs at the FCC-ee, the
LCF and LEP3. The current uncertainties are taken from Ref. [13, 15]. When a single num-
ber is quoted, it refers to the total uncertainty, otherwise the statistical error is quoted and the
experimental systematic error is given in the parentheses. ! (! ) stands for absolute (relative)
uncertainty.

Observable Current FCC-ee LCF LEP3
!mZ (keV) 2000 4 (100) 200 7.5 (100)
!∀Z (keV) 2300 4 (12) 125 7.5 (23)

!Rµ (→10↑6) Rµ ↓ ∀had
∀µ

1600 2.4 (2.3) 90 (90) 4.5 (2.3)

!Rb (→10↑6) Rb ↓ ∀b
∀had

3300 1.2 (1.6) 70 (60) 2.2 (3.0)
!sin2 ∀W (→106) 130 0.4 (0.5) 2.7 (2.3) 0.75 (0.95)

!#(mZ)↑1 (→103) 14 0.8, 3.8 – 1.4, 7.3
!mW (keV) 9900 180 (160) 500 (1600) 430 (700)
!∀W (keV) 42000 270 (200) 2000 650 (500)

fraction to s-quarks over that for all hadrons. The projected uncertainties on a selection of these
ratios are shown in Table 3.1. Minimizing these uncertainties places strong requirements on the
design of the detectors.

The value of the electroweak parameter sin2 ∀W is determined at e+e↑colliders via mea-
surements of different types of asymmetries. For linear colliders with longitudinal beam po-
larization, the asymmetry between the electron left- and right-handed couplings to the Z bo-
son can be measured directly via the quantity ALR [ID140]. For circular colliders, sin2 ∀W
can be determined via the combination of several forward-backward asymmetries (A f ,0

FB) and
from the forward-backward asymmetry of the ∃-polarisation (Apol(∃)

FB ) [ID217]. Lower-energy
e+e↑colliders, ep colliders and neutrino scattering facilities can also probe sin2 ∀W . For exam-
ple, ep colliders such as EIC and LHeC would provide information about the running of sin2 ∀W
at scales of a few tens of GeV and enable the separate, high-precision determination of the elec-
troweak couplings of the up and down quarks. In addition, in the low-momentum range of
10↑3 ↑10↑1 GeV, low-energy experiments like P2 [16], MOLLER [17] and CONUS+ [ID191]
can provide a precision on sin2 ∀W of 0.13%, 0.12% and 5%, respectively.

The current precision of the fine-structure constant #(mZ) [15] will not be sufficient for
future electroweak precision tests and therefore improved determinations of it are vital. At the
FCC-ee and LEP3, #(mZ) can be determined via off-peak measurements at the Z-pole of the
forward-backward asymmetry [18]. More recently, a novel approach based on the comparison
of the differential distributions of electrons, muons and positrons produced on the Z-peak has
been proposed [19]. This study has the potential to greatly reduce the statistical uncertainties
on the measurement of #(mZ), though more work is needed to correctly assess the associated
systematic uncertainties. At linear colliders, the luminosity is not sufficient to perform such
a measurement via this methodology and therefore rely on predictions from Lattice QCD (see
Sect. 3.4). There are several experiments devoted to probing QED in the strong-field limit,
including the AWAKE plasma wakefield accelerator at CERN [20], the European XFEL in
Germany [21], or the FACET facility at SLAC [22]. The proposed new experiments will probe
QED in the critical field regime, which is of relevance for instance for astrophysical phenomena

22
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Calculations required to match experimental uncertainty at FCC-ee: 

68], must be used for the !tt̄ vs.
→

s theoretical prediction. Simulation studies of the tt̄ threshold
data samples at the FCC-ee [39] —assuming that the value of ∀s(m

2
Z) will be known within

10↑4 from the Z pole run (Fig. 4.1) [59], while the value of top Yukawa coupling (yt) will be
constrained within 3% according the expected HL-LHC precision [69]— lead to a final foreseen
experimental precision on mt and !t of about 7 and 13 MeV [ID217], respectively, dominated
by statistical uncertainties (Fig. 4.2, right, shows the available previsions3 for mt). Such a
tiny experimental uncertainty is a challenge for the theoretical predictions. Although fixed-
order QCD calculations up to N3LO are available [70], the !tt̄ cross-section near threshold is
dominated by Coulomb interactions, since the tt̄ pair is produced (nearly) at rest. This kinematic
regime, where the top-quark velocity is of order ∀s, is described by non-relativistic QCD [71–
73], which offers a framework to include QCD effects up to N3LO and the resummation of
Coulomb corrections [74–76]. EW effects, currently known to N2LO accuracy [77], can be
described within an analogous EFT framework, and the description of the W+W↑bb̄ + X final
state also requires including nonresonant channels (without onshell top quarks) [78, 79]. For
the potential-subtracted mt [67], the combined theoretical uncertainties from missing higher-
order corrections lead to an uncertainty of about 35 MeV on the extracted mt value [39, 80],
which are a factor of five larger than the experimental ones (Fig. 4.2, right). For observables
other than the

→
s lineshape, more theoretical work is still needed, in particular regarding the

calibration of the top-quark mass parameter used in MC event generators, dubbed the MC mass,
which corresponds most closely to a short-distance mass (such as the MSR mass [81] at a
low scale), not directly to the pole mass, with an associated theoretical uncertainty of about
±(0.5↑1.0) GeV [43].

4.1.3 Progress in theoretical predictions

Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD O(∀n
s ) and/or

EW O(∀n) to match the expected experimental uncertainty at future e+e↑and e p colliders.
Observable Missing higher-order & power-suppressed corrections
Hadronic Z width O(∀5

s ), O(∀6
s ), O(∀3), O(∀s∀

3), O(∀2
s ∀2)

Hadronic W width O(∀5
s ), O(∀2), O(∀2

s ∀)

Hadronic # width O(∀5
s )

Hadronic event shapes (Z, W , H decays) N3LO differential, N3,4LL resummation, power corrections
Inclusive jet rates 3-jet cross-sections at N3LO, 4-jets at N2LO, 5-jets at NLO
Lattice QCD results O(∀6

s ) ∃ -function; O(∀5
s ) heavy quark decoupling; O(∀4

s ) static potential
(∀s extr.; quark masses mc,mb) O(∀3

s ) lattice perturbation theory matching (lattice coupling to ∀MS
s etc.)

!(e+e↑ ↓ W+W↑) vs.
→

s EW N2LO: O(∀2), Mixed EW-QCD: O(∀s∀
2), O(∀2

s ∀)

!(e+e↑ ↓ tt̄) vs.
→

s NRQCD: O(∀5
s ), Non-resonant: O(∀5

s ), O(∀3
s ) differential; QED: O(∀3) at NNLL

H↓ bb̄ width N4LO (mb ↔= 0); N4LO differential (mb = 0)
H↓ gg width N5LO (heavy-top limit), N4LO (mt ↔= 0); N4LO differential, N3LO differential (mt ↔= 0)
MC simulations for e+e↑ ↓ X processes N2,3LO matched to N2,3LL PS. Permille control of non-pQCD effects (hadronization, CR, . . . )
ep ↓ hadrons (PDF and ∀s determ.) N3,4LO evolution equations and inclusive cross-sections
ep ↓ jets (∀s determ.) N3LO cross-sections

Achieving the theoretical precision that matches experimental uncertainties for future col-
lider measurements is a formidable challenge for precision QCD calculations, far exceeding the
current state of the art. For the benchmark observables, the required improvements at higher
order in QCD and EW perturbation theory are summarized in Table 4.2. Progress towards those

3The LC experimental precision on the top mass is expected to be around 20 MeV [ID140] with a similar
theoretical uncertainty of 35 MeV.
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The success of this program hinges on a step change in theoretical 
precision, including ultra-precise perturbative QCD and electroweak 
calculations, non-perturbative dynamics and next-generation Monte 
Carlo tools. It requires a dedicated community effort. 



Conclusion
Progress in perturbative calculations beyond expectations           
⇒ remarkable success of theorists 

• Progress not due to cranking old machinery but driven by new 
ideas and developments of new methods


• Strong complementary between numerical and analytical methods

• Development of clever and robust approximations key to meet 

precision goals

• [Many other aspects not covered in this talk, e.g. all orders 

resummation, parton showers, non-perturbative effects…]  

Many calculations eagerly awaited and in sight in the next five years 

 Perturbative QCD well on track to keep up with experimental precision 
at the HL-LHC (precision at FCC-ee requires yet a dedicated effort)   
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