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Precision frontier



Cross section from the theory POV
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What you need for 2  3 at NNLO→
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High-multiplicity processes at NNLO
• An impressive number of 2 to 3 processes calculated at NNLO in the past few years:


•      Czakon, Mitov, Poncelet; Chen, Gehrmann, Glover, Huss, Marcoli

•   Chawdry, Czakon, Mitov, Poncelet; Badger, Gehrmann, Marcoli, Moddie


•              Chawdry, Czakon, Mitov, Poncelet; Kallweit, Sotnikov, Wiesemann


•       Hartanto, Poncelet, Popescu, Zoia


• Remarkable progress in the past few years thanks to break-through calculations of       
two-loop five point amplitudes: master integral calculation (analytic or numerical) and 
efficient integral reduction. Very impressive community efforts!

Abreu, Agawal, Badger, Bern, Bohm, Bonetti, Bonnum-Hansen, Buccioni, Canko, Chawdry, Chicherin, Czakon, de Laurentis, Dixon, 
Dormans, Duhr, Febres Cordero, Gehrmann, Georgoudis, Georgoudis, Gluza, Guan, Hartanto, Heinrich, Heller, Henn, Hermann, 
Hidding, Ita, Jones, Kadja, Kardos, Klinkert, Kosher, Kraus, Kreer, Krys, Larsen, Liu, Lo Presti, Ma, Maitre, Marcoli, Mitov, Moddie, 
Moriello, Page, Panzer, Papadopoulos, Pascual, Peraro, Poncelet, Ruf, Schabinger, Schulze, Smirnov, Sotnikov, Syrrakos, Tancredi, 
Tommasini, Tschernow, von Manteuffel, Wang, Wasser, Weinzierl, Wever, Zeng, Zhang, Zoia, ......

pp → 3 jets

pp → γγ+ jet

pp → γγγ

pp → Wbb̄
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Three-jet production at leading color

Czakon, Mitov, Poncelet, 2106.05531

Chen, Gehrmann, Glover, 
Huss, Marcoli, 2203.13531

• Different subtraction schemes:                                                                            
sector-improved residue subtraction (left) v.s. antenna (right)


• Main bottleneck to full color is virtual two-loop amplitudes


• 3/2 jet ratio is important for  measurement 


• NNLO stabilizes the ratio and smaller scale uncertainties            
How to better estimate scale uncertainties?


• Small corrections to triple jet invariant mass at NNLO

αs
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Three-jet production at leading color
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 production at leading colorWbb̄

• First NNLO corrections for a 1-mass 5 particle process


• Irreducible background to  and 


• Test ground for b-quark scheme.


• Substantial contributions from two- loop virtual corrections:               
5%(incl.) v.s. 10%(excl.)

pp → WH pp → bt
Hartanto, Poncelet, Popescu, Zoia, 
2205.01687 (notice also 2209.03280)

at least 2 b-jet                        exactly 2 b-jet

(uncorrelated scale variation
Stewart, Tackmann, 1107.2117) 12



More scales: non-factorizable single top production
• Large rate for single-top at the LHC can be used to 

measure properties of top quark and CKM.


• Previously NNLO corrections for factorisable only    
Brucherseifer, Caola, Melnikov                                 
Berger, Gao, Yuan, Zhu                                           
Campbell, Neumann, Sullvian


• Main bottleneck two-loop non-factorizable diagrams 
Bronnum-Hansen, Melnikov, Quarroz, Wang          
using auxiliary mass flow method                                  
Liu, Ma, Wang


• Only slightly smaller than factorisable corrections: 
0.4% for inclusive Xsec                                                 
O(1-2)% for kinematical corrections                              
Need to be taken into account in future percent-level 
measurements.

Bronnum-Hansen, Melnikov, Quarroz, 
Signorile-Signorile, Wang, 2204.05770
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N3LO frontier
• Rapid progress in N3LO calculations in the past few years


• : Anastasiou, Duhr, Dulat, Herzog, Mistlberger; Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni; Mistlberger;      
Dulat, Mistlberger, Pelloni; Cieri, Chen, Gehrmann, Glover, Huss; Billis, Dehnadi, Ebert, Michel, Tackmann


• : Duhr, Dulat, Mistlberger; Duhr, Dulat, Hirschi, Mistlberger


• : Dreyer, Karlberg


• DIS jet production: Currie, Gehrmann, Glover, Huss, Niehues, Vogt; Gehrmann, Huss, Niehues, Vogt, Walker


• : Chen, Li, Shao, Wang


• Neutral-current Drell-Yan: Duhr, Dulat, Mistlberger; Chen, Gehrmann, Glover, Huss, Yang, Zhu; Duhr, Mistlberger;                    
Chen, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli


• Charged-current Drell-Yan: Duhr, Dulat, Mistlberger


• Three methods for infrared singularities:                                                                                  
analytic phase space integration                                                                                                         
qT subtraction, Projection-to-Born (slicing methods)

gg → H

bb̄ → H

pp → H + 2 jets

gg → HH
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Z/γ* at N3LO
• The last missing contribution to neutral-current DY 

Duhr, Mistlberger


• New ingredient: singlet axial-current contribution 
Three-loop virtual amplitudes                               
Ahmed, Chen, Czakon                                                   
Chen, Czakon, Niggetiedt                                  
Gehrmann, Primo


• The size of corrections and scale dependence similar 
to γ* or W production (evaluated earlier)


• Scale variation band does not overlap from        
NNLO to N3LO


• The ratio of NC-DY and W production shows a few 
percent difference in K factor


• Careful with precision estimates                                    
for W production based on neutral current DY

Duhr, Mistlberger, 2111.10379
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Z/γ* at N3LO
• Scale variation band does not overlap from NNLO to N3LO : an effect of PDFs ?

Baglio, Duhr, Mistlberger, Szafron, 2209.06138 16



W boson rapidity at N3LO

• Relatively flat N3LO corrections in function of rapidity ( -2.5% )


• As for inclusive cross section, rapidity distribution with non-overlapping scale variation band from NNLO to N3LO


• Charge asymmetry sensitive to PDFs


• Scale uncertainties varying independently in the numerator and denominator                                                                                                         
N3LO corrections depends on rapidity                                                                                                                                                                        
Scale variation bands overlap for charge asymmetry

Chen, Gehrmann, Glover, 
Huss, Yang, Zhu, 2205.11426
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W transverse mass at N3LO

• W boson transverse mass distribution plays significant role in recent 
CDFII W mass determination


• Normalised distribution shows convergence of perturbation series at 
N3LO (less than 1% in the peak region)                                                            
in contrast to large corrections from NLO to NNLO.


• Sensitivity to EW parameters can be reliably estimated using NNLO 


• Variation of EW parameters  and  modifies normalised 
distributions by 2-6%.

MW ΓW
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pT resummation: state-of-the-art

• N3LL’+N3LO standard for DY and Higgs pT distributions


• Less than 5% theory uncertainties for DY for pT<50 GeV


• Excellent agreement with ATLAS for pT spectrum                                                                                                                                                
More efforts required to bring down theory uncertainties to compete with experimental ones


• Lepton pT important for W mass measurement                                                                                                                                                    
Good perturbative convergence with N3LL resummation. Inclusion of EW corrections?

Chen, Gehrmann, Glover, 
Huss, Monni, Rottoli, Re, 
Torrielli, 2203.01565
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Higgs physics



Higgs production in gluon fusion
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: top quark mass effectsgg → H

• N3LO results have been obtained in heavy top limit (HTL)


• Full top mass effects at NNLO:                                          
Czakon, Harlander, Klappert, Niggetiedt ’20                 
-0.26% @13TeV relative to HTL
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Higgs+jet with mass effects
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Higgs+2 jets: ggF and VBF with mass effects
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 @ NLOgg → H + Z

Chen, Davies, Heinrich, Jones, Kerner, Mishima, Schlenk, Steinhauser ’22
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: highest orders fiducialgg → H
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: high orders + resummationgg → H
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NNLO + parton shower
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Top-quark physics



Best description of  in the di-lepton channeltt̄
• NLO QCD/EW full off-shell:


• NLO QCD corrections to WWbb production at hadron colliders Denner, Dittmaier, Kallweit, Pozzorini, 1012.3975

• Complete off-shell effects in top quark pair hadroproduction with leptonic decay at next-to-leading order                                  

Bevilacqua, Czakon, van Hameren, Papadopoulos, Worek, 1012.4230

• NLO electroweak corrections to off-shell top-antitop production with leptonic decays at the LHC Denner, Pellen, 1607.05571


• NWA @ NNLO

• Higher order corrections to spin correlations in top quark pair production at the LHC                                                                               

Behring, Czakon, Mitov, Papanastasiou, Poncelet, 1901.05407

• NNLO QCD corrections to leptonic observables in top-quark pair production and decay Czakon, Mitov, Poncelet, 2008.11133


• b-quark fragmentation:

• B-hadron production in QCD: application to LHC ttbar events with leptonic decays                                                                         

Czakon, Generet, Mitov and Poncelet, 2102.08267


•  NNLO + PS:

• Next-to-Next-to-Leading Order Event Generation for Top-Quark Pair Production                                                                         

Mazzitelli, Monni, Nason, Re, Wiesemann, Zanderighi, 2012.14267

• Top-pair production at the LHC with MiNNLO_PS Mazzitelli, Monni, Nason, Re, Wiesemann and Zanderighi, 2112.12135
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Careful definitions needed

Czakon, Mitov, Poncelet, 2008.11133
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Multitude of tools at parton level
Reconstructed top-quark pT with applied fiducial cuts Extrapolated top-quark pT

Clearly improved description through NNLO QCD corrections → translates to the extrapolation

Reason: NNLO K-factors are similar for fiducial & inclusive spectrum in this case

C
M

S-
PA

S-
T

O
P-

20
-0

06
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Flavour anti-kT algorithm 

pp → tt̄ → ll̄νν̄ + 2b-jets

Czakon, Mitov, Poncelet, 2205.11879

• Flavor-sensitive jet algorithms are needed due to this type of configurations

• Originally problem solved with the flavour kT algorithm of Banfi, Salam, Zanderighi `06


• A flavour anti-kT algorithm has been proposed in Czakon, Mitov, Poncelet, 2205.11879 
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Jet algorithms
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Relevance of infrared safety



Flavoured jet algorithms
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B-hadron observables through fragmentation

36Czakon, Generet, Mitov and Poncelet, 2210.06078 



B-hadron observables through fragmentation
A step further and we can also describe B-hadron decays

Czakon, Generet, Mitov and Poncelet, 2210.06078 
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▪ More exclusive final states are produced @ LHC


Associated  Production tt̄

/ndf and p-values between measured normalised cross sections and 

various predictions from MC simulations and NLO calculation 

χ2

Bevilacqua, Hartanto, Kraus, 
Weber, Worek ’18 ‘19 ’20


ATLAS Collaboration ‘20 

▪ NLO QCD full off-shell 
predictions for  

• Di-lepton channel 

tt̄γ

pp → tt̄ + X, X = γ, W±, Z

pp → ℓ+νℓ ℓ−ν̄ℓ bb̄ γ
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Application: BSM Exclusion Limits 
▪ BSM  ⇰  Kinematical edges & high pT regions


▪   ⇰  Top quark backgrounds: 


▪ Observable  ⇰  

tt̄ + DM tt̄ & tt̄Z

MT2, W & MT2, t & pmiss
T

▪ After cuts 25% of events come from 

▪ NLO smaller uncertainties w.r.t LO, NLO + LO decays   

tt̄

Before & after applying additional cuts


Hermann, Worek ‘21

NLO ttZ

pp → tt̄ + YS/PS → W+W−bb̄ + YS/PS → e+νe μ−ν̄μ bb̄ + χχ
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Hermann, Worek ‘21

NLO ttZ

Comparison of signal strength exclusion limits

40

Application: BSM Exclusion Limits 



Conclusions



Future directions
• Higher-order calculations:


1. Higher multiplicity at NNLO (four final states) and N3LO (two final states)

2. Several mass scales on internal and external lines (top quark and EW bosons)

3. Combination with electroweak corrections

4. Inclusion of decays in the Narrow Width Approximation

5. Direct evaluation of cross sections for the actual final state (off-shell, interferences, …)


• Resummation:

1. Analytic resummation for selected processes

2. Parton-shower matching and merging at NNLO 

3. NLO parton showers
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