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Hard scattering 
(Perturbative quantum field theory) 

 1~3 % level!±
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State-of-the-Art QCD Calculations @ NNLO Marcoli’s slide @ Loop Summit 2
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https://indico.desy.de/event/44685/contributions/185299/attachments/98420/135808/Marcoli.pdf


pp → H

ep → J

H bb
*→

H JJ*→

JJ
e+e− →

†

pp → γ ⋄

pp Z→ ⋄

pp W→ ⋄

pp W→ ⊙

pp HH→

pp → γγ

State-of-the-Art QCD Calculations @ N3LO

 qT slicing 

  slicing 

 Projection-2-Born 

 Antenna subtraction

⋄

⊙ τ

*

†

➤ Several phenomenologically 
relevant results despite the 
extreme complexity. 

➤ Available techniques are 
applicable to limited cases with 
high quality EXP data. 

➤ New approaches must be 
developed for more complicated 
scattering.  
 
(10 M  X00 k CPU hours)→
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NNLOJET: Parton Level Event Generator

https://nnlojet.hepforge.org/index.html

A.Huss, L.Bonino, O.Braun-White, S.Caletti, XC, J.Cruz-Martinez, J.Currie, Y,S, 
Dai, W.Feng, G.Fontana, E.Fox, R.Gauld, A.Gehrmann-De Ridder, T. Gehrmann, 
E.W.N.Glover, M.Höfer, P.Jakubcik, M.Jaquier, M.Löchner, F.Lorkowski, I.Majer, 

M.Marcoli, F. Merlotti, P.Meinzinger, J.Mo, T. Morgan, J.Niehues, J.Pires, 
C.Preuss, A.Rodriguez Gracia, K.Schönwald, R.Schürmann, V.Sotnikov, 

G.Stagnitto, H.S. Sun, D.Walker, J.Whitehead, T.Z.Yang, H.Zhang,

➤ NNLO parton level event generator 
➤ Based on antenna subtraction 

➤ Provides infrastructure 
➤ Process management 
➤ Phase space, histogram routines 
➤ Validation and testing

➤ Parallel computing 
(MPI) support  

➤ Typical runtimes:  
60 k ~ 250 k core-hours
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Development of Antenna Subtraction Method Based on Marcoli’s slide @ Loop Summit 2

Sector antenna 

mapping

[Gehrmann-De 
Ridder, Gehrmann, 
Glover ’05]

[Glover, Pires ’10]
[Gehrmann-De Ridder, Glover, Pires ’12]
[Gehrmann-De Ridder, Gehrmann, Glover, Pires ’13]

[Currie, Glover, Wells ’13]

[XC, Gehrmann, Glover, Huss, Marcoli ’22]
[Gehrmann, Glover, Marcoli ’23]

[Bonino, Gehrmann, Marcoli et. al. ’24]

[Gehrmann, Schürmann ’22]
[Gehrmann, Stagnitto ’22]

[Fox, Glover, Marcoli ’24]

[Fox, Glover ’23]
[Braun-White, Glover, Preuss ’23]
[Braun-White, Glover, Preuss ’23]

[XC, Marcoli ’25]
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Application of NNLOJET at the LHC
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JJ @ NNLO 

 + jet @ NNLO 

Z + c-jet @ NNLO

pp →

pp → γγ

pp →



Coupling Constants of the SM
➤Great precision for  

➤ Electromagnetic interaction 
 

➤ Weak interaction 
 

➤ Least known SM parameter 
 

➤ Enters all LHC processes 
➤ Significant source of Higgs XS uncertainty

α or GF

α ≈ 1/137 Δα/α = 0.15 × 10−9

GF ≈ 1.17 × 10−5/GeV2 ΔGF /GF = 0.51 × 10−6

αs ≈ 0.118 Δαs/αs = 0.76 × 10−2

➤Scale dependence predicted 
➤ Running of  tested only up to ~200 GeV pre LHC 
➤ Need highest-energy probe to further advance into 

asymptotic regime 
➤ Latest progress 

➤ NNLO accuracy for XS prediction including jets 
➤ Huge LHC datasets at 13 TeV (and 13.6 TeV) 

αs

Run 3 to finish by June 2026 … 
Up to now: ~ 318 fb  at 13.6 TeV−1

A
hm

adova, Britzger, XC, G
aßler et. al.,  

Phys. Rev. Lett. 135 (2025) 031903
PD

G
 2023 update
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https://journals.aps.org/prl/accepted/10.1103/knrv-2r3t
https://pdglive.lbl.gov/Viewer.action


Precise Determination of the αs
➤ NNLO di-jet cross sections obtained with NNLOJET 

➤ Include all sub-leading colour contributions for the 
first time in  determination with LHC data 

➤ Fit algorithm for  requires re-calculation of cross 
sections for varying , PDFs, DGLAP evolution 

➤ NNLOJET interfaced to APPLfast library for fast re-
computation grids 

➤ New APPLfrast grids are publicly available in 
multiple formats on Ploughshare 

αs

αs
αs(mZ)

https://ploughshare.web.cern.ch/

NNLOJET Collaboration 2503.22804

XC, Gehrmann, Glover, Huss, Mo JHEP 09 (2022) 025 and JHEP 10 (2022) 040

Britzger, Currie  et. al.  EPJC 79 (2019) 10, 845 and EPJC 82 (2022) 10, 930

Ahmadova, Britzger, XC, Gaßler et. al., Phys. Rev. Lett. 135 (2025) 3
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PDF grids: APPLfast and PineAPPL

367 LHC data 119 HERA data

  running over 3 order of magnitudeαs

Precise Determination of the αs

➤ All LHC and HERA di-jet double- and triple-differential measurements. 
➤ APPLfast PDF grids from NNLOJET NNLO di-jet predictions. 
➤ Fitting of the strong coupling constant： .αs(mZ) = 0.1178 ± 0.0022

Ahmadova, Britzger, XC, Gaßler et. al., Phys.Rev.Lett. 135 (2025) 031903
Xuan Chen (SDU)                                                           Precision frontier of pQCD with NNLOJET                  13

https://journals.aps.org/prl/accepted/10.1103/knrv-2r3t


Precise Determination of the αs

➤ Strong coupling  determined from di-jet data for the first time based on complete NNLO calculations. 
➤ Consistent with the expectation from the RGE running at all scales from 2 GeV to 7 TeV. 
➤ Di-jet 2-D and 3-D re-computation grids also provides NNLO accuracy benchmark for PDFs fittings. 
➤ Improved  and PDFs accuracy will benefit precision predictions of the Higgs boson.

αs

αs

PDG 2023  runningαs PDG 2025  runningαs

Based on Klaus’s slide @ alphas-2025 Workshop

Xuan Chen (SDU)                                                           Precision frontier of pQCD with NNLOJET                  14

https://indico.cern.ch/event/1536930/contributions/6782237/


Parton Distribution Functions 
➤Great progress over the last decade 

in NNLO accurate PDF global fits 
➤ Consistent check among various PDF 

fitting groups: 
 
 
 
 
 
 
 
 

➤ Current accuracy: 5~10% 
➤ Target accuracy: 1% (@N3LO) 

➤ DIS and DY observables are very consistent 
➤ Jets observable from LHC 

➤ Huge number of observables 
➤ Yet the largest disagreement among 

various PDF fitting groups 

Chiefa, Costantini, Cruz-M
artinez et. al., JH

EP 07 (2025) 067

Δnσ
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See Keping Xie’s talk for more details 

https://inspirehep.net/literature/2870327
https://indico.ihep.ac.cn/event/29125/contributions/219174/


Application of NNLOJET at the LHC
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JJ @ NNLO 

 + jet @ NNLO 

Z + c-jet @ NNLO

pp →

pp → γγ

pp →



 @ NNLO QCD ( )pp → γγ α2
s

➤ Achieved by multiple groups with slicing and local subtraction 
➤ 1st calculation in 2011 by  (erratum in 2016): 

➤  =14 TeV, MSTW2008 PDF with match fixed order. 
➤ Smooth  isolation:  
➤  GeV, ,  
➤ ,  GeV 

➤ 2nd calculation in 2016 by MCFM: 
➤ Find disagreement with erratum 
➤  or  GeV extrapolated to 0 

➤ 3rd calculation in 2017 by MATRIX: 
➤  ( ) and extrapolation  

➤ 4th calculation in 2020 by NNLOJET: 
➤ First local subtraction implementation (no slicing 

dependence of ) 
➤ Including 2-loop colour singlet and gluon induced 

contribution

2γNNLO
s

γ Eiso
T = pγ

T /2, ΔR ≤ 0.4, n = 1
Mγγ ∈ [20,250] |yγ | ∈ [0,2.5] α = 1/137
pγ1

T ≥ 40 GeV, pγ2
T ≥ 25 GeV qcut

T ≥ 4 × 10−2

2γNNLO →
qcut

T ≥ 1 × 10−2 τcut ≥ 4 × 10−4

rcut ≥ 5 × 10−4 rcut = qcut
T /Mγγ

rcut, qcut
T , τcut

Xuan Chen (SDU)                                                           Precision frontier of pQCD with NNLOJET                  17

 Production at NNLO QCDγγ

Translate all slicing parameters to , all published 
results are questionable! 

Newer version of public tools can make correct predictions 

qcut
T

NNLOJET: T. Gehrmann, N. Glover, A. 
Huss, J. Whitehead, JHEP. 01 (2021) 108 

MATRIX: M. Grazzini, S. Kallweit, 
M. Wiesemann, EPJC. 78 (2018) 537 

https://inspirehep.net/literature/1818849
https://inspirehep.net/literature/1636973


➤ Apply -slicing at N3LO with SCET factorisation and expand to N3LO: 
 
  
 

➤ All factorised functions are known @ N3LO: 
1) 3-loop hard function :  
  Baikov, Chetyrkin et. al., Phys.Rev.Lett. 102 (2009) 212002, Gehrmann, Glover et. al., JHEP 06 (2010) 094 
2) TMD soft function  at : Li, Zhu, Phys.Rev.Lett. 118 (2017) 022004 
3) Matching kernel of TMD beam function  at : 
  Luo, Yang, Zhu, Zhu, Phys.Rev.Lett 124 (2020) 092001, Ebert, Mistlberger, Vita, JHEP 09 (2020) 146 

➤ Apply  to factorise N3LO contribution into two parts:  
            

qT

H(3)
qq̄

S(b⊥, μ) α3
s

Ipk(z, b⊥, μ) α3
s

pveto
T

dσγγ,a
N3LO = [ℋγγ ⊗ dσγγ]N3LO

δ(pγγ
T )

+ [dσγγ+jet
NNLO − dσγγ CT

N3LO ]pγγ
T >pveto

T
+ 𝒪((pveto

T /Q)2)

 Production up to N3LO QCDγγ
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pγγ
T

dσ
dpγγ

T +∞

−∞

1
qT

ln2n−1(qT/Q)

1/ϵm

 + jet @ NNLOγγ

pveto
T

Competing interests:    as small as possible        as large as possiblepveto
T ↭ pveto

T
  suppress power corrections↪   numerical stability & efficiency↪

Catani, Grazzini, Phys.Rev.Lett. 98 (2007) 222002

d3σ
dQ2d2 ⃗qTdy

= ∫
d2b⊥

(2π)2
e−iq⊥⋅b⊥ ∑

p

σγγ
LOHqq̄[∑

k
∫

1

x1

dz1

z1
Ipk(z1, b2

T, μ)fk/h1(x1/z1, μ)

× ∑
j

∫
1

x2

dz2

x2
Ipj(z2, b2

T, μ)fj/h2(x2/z2, μ)S(b⊥, μ)] + 𝒪( q2
T

Q2 ) Resummation region

https://inspirehep.net/literature/813829
https://inspirehep.net/literature/852545
https://inspirehep.net/literature/1444349
https://inspirehep.net/literature/1770431
https://inspirehep.net/literature/1800390
https://inspirehep.net/literature/745577


 @ NNLO QCD ( )pp → γγ α2
s

 @ N3LO QCD ( )pp → γγ α3
s

➤ Achieved by multiple groups with slicing and local subtraction 
➤ 1st calculation in 2011 by  (erratum in 2016): 

➤  =14 TeV, MSTW2008 PDF with match fixed order. 
➤ Smooth  isolation:  
➤  GeV, ,  
➤ ,  GeV 

➤ 2nd calculation in 2016 by MCFM: 
➤ Find disagreement with erratum 
➤  or  GeV extrapolated to 0 

➤ 3rd calculation in 2017 by MATRIX: 
➤  ( ) and extrapolation  

2γNNLO
s

γ Eiso
T = pγ

T /2, ΔR ≤ 0.4, n = 1
Mγγ ∈ [20,250] |yγ | ∈ [0,2.5] α = 1/137
pγ1

T ≥ 40 GeV, pγ2
T ≥ 25 GeV qcut

T ≥ 4 × 10−2

2γNNLO →
qcut

T ≥ 1 × 10−2 τcut ≥ 4 × 10−4

rcut ≥ 5 × 10−4 rcut = qcut
T /Mγγ
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➤ The first di-photon production with N3LO QCD correction 
➤ Also with smooth  isolation and -slicing at  
➤ Excellent numerical stability control with 10M CPU hours 

γ qT rcut ≥ 2 × 10−4

MATRIX: M. Grazzini, S. Kallweit, 
M. Wiesemann, EPJC. 78 (2018) 537 

M. Czakon, F. Eschment, T. Generet, R. Poncelet, 2604.12613 

dσγγ,a
N3LO = [ℋγγ ⊗ dσγγ]N3LO

δ(pγγ
T )

+ [dσγγ+jet
NNLO − dσγγ CT

N3LO ]pγγ
T >pveto

T

Smooth isolation 
power correction

 factorisation 
power correction
qT

+𝒪((pveto
T /Q)1) + 𝒪((pveto

T /Q)2)

 Production up to N3LO QCDγγ

https://inspirehep.net/literature/1636973
https://inspirehep.net/literature/3144736


Photon isolation: Smooth cone vs. Experiment cone 
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 + Jet Production at NNLO QCDγ
➤ Smooth cone isolation [hep-ph/9801442]: 

➤ Cone-dependent threshold energy : 
For  

➤ IR safe and fragmentation free: 

➤ Adjust        to approximate mismatched region.

r

Ehad
T

R

"dE
�
T

Ehad
T < Emax

T (rd) = ϵdEγ
T( 1 − cos(rd)

1 − cos(R) )n

0 < rd < R :

Emax
T (rd) = {ϵdEγ

T (rd → R)
0 (rd → 0)

ϵd, n

➤ Fixed cone isolation used by all measurement: 

➤ Apply threshold energy to allow soft partons: 

➤ Current prescription in EXP studies. 

➤ IR divergence of collinear photon require  
photon fragmentation       theoretically complicated

r

Ehad
T

R

Emax
T

Ehad
T < Emax

T = ϵEγ
T + Ethres

T

→

r

Ehad
T

R

Rd

Emax
T

r

Ehad
T

R

Reduced mismatch 
between EXP and TH

https://inspirehep.net/literature/466689


Photon isolation: Smooth cone vs. Experiment cone 
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 + Jet Production at NNLO QCDγ
➤ Smooth cone isolation [hep-ph/9801442]: 

➤ Cone-dependent threshold energy : 
For  

➤ IR safe and fragmentation free: 

➤ Adjust        to approximate mismatched region.

Ehad
T < Emax

T (rd) = ϵdEγ
T( 1 − cos(rd)

1 − cos(R) )n

0 < rd < R :

Emax
T (rd) = {ϵdEγ

T (rd → R)
0 (rd → 0)

ϵd, n

r

Ehad
T

R

Rd

Emax
T

➤ Fixed cone isolation used by all measurement: 

➤ Apply threshold energy to allow soft partons: 

➤ Current prescription in EXP studies. 

➤ IR divergence of collinear photon require  
photon fragmentation       theoretically complicated

r

Ehad
T

R

Emax
T

Ehad
T < Emax

T = ϵEγ
T + Ethres

T

→

XC, T. G
ehrm

ann, et. al., JH
EP 04 (2020) 166

XC, T. G
ehrm

ann, et. al., JH
EP 08 (2022) 094

Comparison with ATLAS data 
Phys.Lett.B 780 (2018) 578

dσ/dpγ
T

dσ/dpγ
T

Hybrid Cone 
Photon Isolation

Photon 
Fragmentation

https://inspirehep.net/literature/466689
https://inspirehep.net/literature/1727794
https://inspirehep.net/literature/1727794
https://inspirehep.net/literature/1645627


 recoil @ NNLO QCDpp → γγ +

F. Buccioni, XC, W.J. Feng, T. Gehrmann et. al., Phys. Rev. Lett. 134 (2025) 17

dσ/dpγγ
T

dσ/dϕacop
dσ/dϕ*η

dσ/daT

➤ Di-photon production at the LHC with  GeV 
➤ Hybrid photon isolation to reduce mismatch 
➤ Large pQCD and photon fragmentation corrections 
➤ NNLO =  terms: 

➤ NNLO in  and  channels: 
 
Tree and 1-loop ME: OpenLoops 
 
Two-loop, five-point full colour contributions 

➤ LO loop-induced process for  channel 
➤ NNLO  = NNLO + NLO (loop-induced new result) 

➤ Comparison with ATLAS 13 TeV data: 
➤ Better agreement but still with systematic deviation 
➤ Loop-induced corrections are crucial for the 

reduction of systematic uncertainties. 
➤ Future plan （to be included in public release）:  

➤ Impact of various photon-isolation algorithm 
➤ Extend to [0,1] GeV to complete N3LO

pγγ
T > 1

𝒪(α3
s )

qq̄ qg

gg
+

pγγ
T ∈
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 + Jet Production at NNLO QCDγγ

https://inspirehep.net/literature/2872231


Application of NNLOJET at the LHC
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JJ @ NNLO 

 + jet @ NNLO 

Z + c-jet @ NNLO

pp →

pp → γγ

pp →



dσ/dpc−jet
T

σ(Z + c)
σ(Z + jet)

R. Gauld, A. Gehrmann-De Ridder, N. Glover, et. al., EPJC. 83 (2023) 4
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Z + Charm Jet Production at NNLO QCD
➤ LHCb measured ratio of  

➤ In forward Z-boson rapidity region  
➤ At 13 TeV with integrated luminosity of 6  
➤ With anti-kT jet algorithm (IR unsafe) 

 

➤ Flavour tagged jet require IR safe jet algorithm: 
➤ SoftDrop Flavour [2205.01109] (EPJC) 

➤ Flavoured anti-kT [2205.11879] (JHEP) 
➤ Flavour dressing [2208.11138] (PRL) 
➤ Interleaved Flavour Neutralisation [2306.07314](PRD) 
➤ Winner-Take-All flavour [2205.01117] (JHEP) 
➤ All available now in FastJet package [2506.13449] 

➤ Z + charm jet production @ NNLO QCD 
➤ NNLOJET: Apply LHCb fiducial cuts 
➤ Apply flavour dressing IR safe jet algorithm 
➤ Improved theory uncertainty (-75%) at NNLO 

compare to NLOPS at measured fiducial regions 

σZ + c/σZ + jet

y(Z) ∈ [2, 4.5]
fb−1

LHCb collaboration, Phys.Rev.Lett. 128 (2022) 8

NNLOJET Event Generator

https://inspirehep.net/literature/2636774
https://inspirehep.net/literature/1922693
https://arxiv.org/abs/2205.01109
https://arxiv.org/abs/2205.11879
https://arxiv.org/abs/2208.11138
https://arxiv.org/abs/2306.07314
https://arxiv.org/abs/2205.01117
https://inspirehep.net/literature/2935133


➤ Precision phenomenology requires improvements in multiple frontier (PDFs, , quark mass etc.) 

➤ Event generators serve as Swiss knives to push the prediction power to new level of accuracy. 
➤ First few applications of fully-differential N3LO QCD calculation are available with nontrivial corrections. 
➤ The shortest panel of the bucket is shifting to mismatch between TH and EXP definition of observables. 

➤ Precision is not the ultimate goal  identify anomaly then understand 

➤ The most famous failed experiment: Michelson–Morley in 1887, foundation of special relativity.  1907 
Nobel Prize to Albert A. Michelson . 

➤ “… it seems probable that most of the grand underlying principles have been firmly established and 
that further advances are to be sought chiefly in the rigorous application of these principles to all the 
phenomena which come under our notice. … An eminent physicist remarked that the future truths of 
physical science are to be looked for in the sixth place of decimals.” —— Albert A. Michelson, 1894 
University of Chicago

αs

→

→

CONCLUSIONS AND FUTURE PROSPECTS
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https://books.google.de/books?id=HysXAAAAYAAJ&pg=PA159&redir_esc=y#v=onepage&q&f=false


Thank You for Your Attention



BACK UP SLIDES
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State-of-the-Art QCD Calculations @ NNLO
➤NNLO QCD predictions for  processes (NNLO revolution since 2015 ) 

➤ Accomplished during past 10 years on case-by-case basis 
➤ As parton-level event generators (fully differential final state information) 
➤ Current frontier at NNLO  

➤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% 

➤So, is NNLO solved? 
➤ In principle yes: STRIPPER, given the relevant amplitudes and enough 

computational resources, the NNLO calculation is streamlined. 
➤ But: 

➤ Prohibitive computational cost (loop AMP, IR subtraction) 
➤ Missing cross-validation (many years between 1st and 2nd) 
➤ Still a long way to automated NNLO event generation

2 → 2

2 → 3

Snowmass White Paper, Comput. Softw. Big Sci. 6 (2022)
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https://inspirehep.net/literature/2064884


 @ NNLO QCD ( )pp → γγ α2
s

➤ Achieved by multiple groups with slicing and local subtraction 
➤ 1st calculation in 2011 by  (erratum in 2016): 

➤  =14 TeV, MSTW2008 PDF with match fixed order. 
➤ Smooth  isolation:  
➤  GeV, ,  
➤ ,  GeV 

➤ 2nd calculation in 2016 by MCFM: 
➤ Find disagreement with erratum 
➤  or  GeV extrapolated to 0 

➤ 3rd calculation in 2017 by MATRIX: 
➤  ( ) and extrapolation  

➤ 4th calculation in 2020 by NNLOJET: 
➤ First local subtraction implementation (no slicing 

dependence of ) 
➤ Missing 2-loop colour singlet and gluon induced 

contribution

2γNNLO
s

γ Eiso
T = pγ

T /2, ΔR ≤ 0.4, n = 1
Mγγ ∈ [20,250] |yγ | ∈ [0,2.5] α = 1/137
pγ1

T ≥ 40 GeV, pγ2
T ≥ 25 GeV qcut

T ≥ 4 × 10−2

2γNNLO →
qcut

T ≥ 1 × 10−2 τcut ≥ 4 × 10−4

rcut ≥ 5 × 10−4 rcut = qcut
T /Mγγ

rcut, qcut
T , τcut
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 + Recoil Production at NNLO QCDγγ

MATRIX: M. Grazzini, S. Kallweit, M. Wiesemann, EPJC. 78 (2018) 537 

μF = μR = Mγγ

NNLOJET: T. Gehrmann, N. Glover, A. Huss, J. Whitehead, JHEP. 01 (2021) 108 

https://inspirehep.net/literature/1636973
https://inspirehep.net/literature/1818849


➤ Achieved by multiple groups with slicing and local subtraction 
➤ 1st calculation in 2011 by  (erratum in 2016): 

➤  =14 TeV, MSTW2008 PDF with match fixed order. 
➤ Smooth  isolation:  
➤  GeV, ,  
➤ ,  GeV 

➤ 2nd calculation in 2016 by MCFM: 
➤ Find disagreement with erratum 
➤  or  GeV extrapolated to 0 

➤ 3rd calculation in 2017 by MATRIX: 
➤  ( ) and extrapolation  

➤ 4th calculation in 2020 by NNLOJET: 
➤ First local subtraction implementation (no slicing 

dependence of ) 
➤ Including 2-loop colour singlet and gluon induced 

contribution

2γNNLO
s

γ Eiso
T = pγ

T /2, ΔR ≤ 0.4, n = 1
Mγγ ∈ [20,250] |yγ | ∈ [0,2.5] α = 1/137
pγ1

T ≥ 40 GeV, pγ2
T ≥ 25 GeV qcut

T ≥ 4 × 10−2

2γNNLO →
qcut

T ≥ 1 × 10−2 τcut ≥ 4 × 10−4

rcut ≥ 5 × 10−4 rcut = qcut
T /Mγγ

rcut, qcut
T , τcut

 @ NNLO QCD ( )pp → γγ α2
s
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 Production at NNLO QCDγγ

S. Catani, L. Cieri, D. de Florian, M. Grazzini, Phys. Rev. Lett. 108 (2012) 072001

J. M. Campbell, R. K. Ellis, C. Williams, JHEP. 07 (2016) 148

S. Catani, L. Cieri, D. de Florian, M. Grazzini, Phys. Rev. Lett. 117 (2016) erratum

MATRIX: M. Grazzini, S. Kallweit, 
M. Wiesemann, EPJC. 78 (2018) 537 

NNLOJET: T. Gehrmann, N. Glover, A. 
Huss, J. Whitehead, JHEP. 01 (2021) 108 

https://inspirehep.net/literature/939520
https://inspirehep.net/literature/1426698
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.089901
https://inspirehep.net/literature/1636973
https://inspirehep.net/literature/1818849


STATE-OF-THE-ART PREDICTIONS FOR dσN3LO+N3(4)LL
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➤qT slicing at N3LO for neutral and charged current production (NNLOJET)

∑ dσV
N3LO ≡ ∑

dpT,V

dσV+jet
NNLO/dpT,V |pT,V>qcut

T
+ ∑

dpT,V

dσV SCET
N3LO /dpT,V |pT,V∈[0,qcut

T ]

XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Rev.Lett. 128 (2022) 5 XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Lett.B 840 (2023)

STATE-OF-THE-ART PREDICTIONS: dσN3LO

NC and CC Validated against inclusive XS within  5% uncertainty ±
Δσγ*

N3LO = − 7.98 ± 0.36 fb vs. − 8.03 fb
Duhr, Dulat, Mistlberger Phys.Rev.Lett. 125 (2020)
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https://linkinghub.elsevier.com/retrieve/pii/S0370269323002101
http://dx.doi.org/10.1103/PhysRevLett.125.172001


➤qT slicing at N3LO for neutral and charged current production (MCFM)

STATE-OF-THE-ART PREDICTIONS: dσN3LO

Neumann and Campbell JHEP 11 (2023) 127Neumann and Campbell Phys.Rev.D 107 (2023) 1

pp → Z pp → W+

τcut corelates qcut
T

∑ dσV
N3LO ≡ ∑

dpT,V

dσV+jet
NNLO/dpT,V |pT,V>qcut

T
+ ∑

dpT,V

dσV SCET
N3LO /dpT,V |pT,V∈[0,qcut

T ]

CC agree to inclusive XS within  60% uncertainty of ± Δ(α3
s )

NC MCFM:
NC NNLOJET:
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https://inspirehep.net/literature/2691867
https://inspirehep.net/literature/2112612


 @ N3LO (+ N3LL) QCD2 → 1

XC, T. Gehrmann, N. Glover, et. al. PRL 128, 252001 (2022)

qcut
T = 4 GeV

DYTurbo result with fiducial power correction

S. Camarda, L. Cieri, G. Ferrera Eur.Phys.J.C 82 (2022) 6

Precision Predictions at Hadron Collider
➤ Solid horizontal lines: NLO, NNLO at 1 GeV, N3LO at 4 GeV with MC error. 

➤ N3LO shows no plateau in 1905.05171 

➤ Pale dots are values used by DYTurbo in 2103.04974 and 2303.12781 (taken 
from 1905.05171). 

➤ Fiducial power corrections are not included. 

➤ Leads to 30% difference of N3LO coefficients at . 

➤ Solid dots are corrected values with fiducial power correction. 

➤ Central value shifts 2 pb starting from NLO (the dominant error). 

➤  pb uncertainty from MC and  (estimated from [3,5] GeV region). 

➤ Not consistent with DYTurbo update result of   pb uncertainty.

qcut
T = 4 GeV

±2.1 qcut
T

±0.7

DYTurbo result without fiducial power correction cited in ATLAS  fittingαs

S. Camarda, L. Cieri, G. Ferrera Phys. Rev. D 104, L111503 (2021) 

Xuan Chen (SDU)                                                           Precision frontier of pQCD with NNLOJET                  34

https://doi.org/10.1103/PhysRevLett.128.252001
https://doi.org/10.1140/epjc/s10052-022-10510-x
https://link.springer.com/article/10.1140/epjc/s10052-019-7324-0
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L111503
https://www.sciencedirect.com/science/article/pii/S0370269323004598?ref=pdf_download&fr=RR-2&rr=85ae01020a600450
https://link.springer.com/article/10.1140/epjc/s10052-019-7324-0
https://arxiv.org/pdf/2309.12986.pdf
https://doi.org/10.1103/PhysRevD.104.L111503

