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• look at production of jets of hadrons with large transverse energy in proton-proton collisions 

• for sufficiently high transverse momentum pT  > 20 GeV high rates and clean and simple cross section 
definition 

• anti-kt jet definition infrared and collinear safe used in experimental measurements and theory predictions
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Jets at the LHC



Inclusive jet pT measurements
collaboration Dataset Measurement anti-kt  R Kinematic range

7 TeV, ℒ=4.5 fb-1 

[1410.8857]
inclusive jet 0.4 and 0.6 100 < pT (GeV) < 1992  

0.0 < |y| < 3.0

ATLAS 8 TeV, ℒ=20.2 fb-1 

[1706.03192]
inclusive jet 0.4 and 0.6 70 < pT (GeV) < 2500  

0.0 < |y| < 3.0
13 TeV, ℒ=3.2 fb-1 

[1711.02692]
inclusive jet 
dijet mass

0.4 100 < pT (GeV) < 3500  
0.0 < |y| < 3.0

7 TeV, ℒ=5.00 fb-1 

[1212.6660]
inclusive jet 0.7 114 < pT (GeV) < 2116  

0.0 < |y| < 2.5

CMS 7 TeV, ℒ=5.00 fb-1 

[1406.0324]
inclusive jet 0.5 and 0.7 56 < pT (GeV) < 1327  

0.0 < |y| < 3.0
8 TeV, ℒ=19.7 fb-1 

[1609.05331]
inclusive jet 0.7 74 < pT (GeV) < 2500  

0.0 < |y| < 3.0
13 TeV,ℒ=71pb-1,44pb-1 

[1605.04436]
inclusive jet 0.4 and 0.7 114 < pT (GeV) < 2000  

0.0 < |y| < 3.2 ;3.2<|y|<4.7

Jet measurements have become very precise: 

• dominant systematic uncertainty JES ~ 1-2% 
corresponds to < 10% uncertainty on single jet 
inclusive cross section   

• multiple datasets allow to study consistency of the 
data and simultaneous inclusion in the 𝛼s 
determination 

• huge range in jet pT directly tests energy 
dependence/running of 𝛼s from a single experiment 



CMS 𝛼s extraction  L=19.7fb-1   √s=8 TeV 

• 185 data points in the pT range 74 GeV to 2116 GeV and 6 rapidity bins with  |y| < 3.0 of the 
inclusive jet pT cross section R=0.7 

 [GeV]
T

Jet p
30 40 100 200 300 1000 2000

G
eVpb

dy T
dp

σ2 d

7−10

4−10

1−10

210

510

810

1110

1410

1710  8 TeV

CMS

21

-1 = 5.6 pb
int

Open: L
-1 = 19.7 fbintFilled: L

 EWK ⊗ NP ⊗CT10 NLO 
 NP ⊗CT10 NLO 

 )6 10×|y| < 0.5 ( 
 )5 10×0.5 < |y| < 1.0 ( 
 )4 10×1.0 < |y| < 1.5 ( 
 )3 10×1.5 < |y| < 2.0 ( 
 )2 10×2.0 < |y| < 2.5 ( 
 )1 10×2.5 < |y| < 3.0 ( 
 )0 10×3.2 < |y| < 4.7 ( 



CMS 𝛼s extraction  L=19.7fb-1   √s=8 TeV 

• 185 data points in the pT range 74 GeV to 2116 GeV and 6 rapidity bins with  |y| < 3.0 of the 
inclusive jet pT cross section R=0.7 

• theoretical prediction: NLO QCD and EW corrections with non-perturbative corrections 
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• 185 data points in the pT range 74 GeV to 2116 GeV and 6 rapidity bins with  |y| < 3.0 of the 
inclusive jet pT cross section R=0.7 

• theoretical prediction: NLO QCD and EW corrections with non-perturbative corrections 

• sensitivity of the theory prediction to the 𝛼s choice in the PDF set at high-pT allows |y|-bin extractions 

CMS 𝛼s extraction  L=19.7fb-1   √s=8 TeV 



CT10 NLO PDF set

CMS 𝛼s extraction  L=19.7fb-1   √s=8 TeV 

→ more details in 1609.05331 [CMS collaboration]

• 185 data points in the pT range 74 GeV to 2116 GeV and 6 rapidity bins with  |y| < 3.0 of the 
inclusive jet pT cross section R=0.7 

• theoretical prediction: NLO QCD and EW corrections with non-perturbative corrections 

• sensitivity of the theory prediction to the 𝛼s choice in the PDF set at high-pT allows |y|-bin extractions 



CT10 NLO PDF set

• running of the strong coupling investigated by refitting 9 pT bins in the range Q=86-1500 GeV 

• largest source of uncertainty in the determination is the scale uncertainty in the theory prediction 

➞ pointing to the need for including higher order corrections in the theoretical calculations 

CMS 𝛼s extraction  L=19.7fb-1   √s=8 TeV 



NNLO fully differential parton-level generator* 

• Based on antenna subtraction for the analytic cancellation of IR singularities at NNLO

NNLOJET

*X.Chen,J.Cruz-Martinez, J.Currie, R.Gauld, T.Gehrmann, A.Gehrmann-De Ridder,E.W.N.Glover, 
M.Höfer, A.Huss, T.Morgan, I.Majer, J.Niehues, D.Walker, JP  [arXiv: 1801.06415] and references 
therein

Infrastructure 

• Process management 

• Phase space, histogram routines 

• Validation and testing 

• Applgrid and FastNLO interface in 
progress → NNLOJET+APPLfast

Processes implemented at NNLO 

• Z+(0,1) jet, W+(0,1) jet 

• H+(0,1) jet 

• DIS-2jet 

• VBF H+2jet 

• Inclusive jet production

• In use by the experimental collaborations ATLAS and CMS



Differential single jet inclusive k-factors: CMS cuts and scale choices
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• A thorough comparison for the scales choices in
J.Currie, T.Gehrmann, A.Gehrmann-De Ridder, 
E.W.N.Glover, A.Huss, JP  [arXiv: 1807.03692] 
JHEP 1810 (2018) 155 



Differential single jet inclusive k-factors: CMS cuts and scale choices
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Differential single jet inclusive k-factors: CMS cuts and scale choices

• Ambiguity due to scale dependence of the cross section reduced to the 2-5% 
level at NNLO (R=0.7) → high-pT  𝛼s  determinations  

NLO NNLO



CMS √s=8 TeV anti-kT R=0.7 

• NP correction and uncertainty at the percent-level in the medium to high-pT range 

• EW correction relevant in the most central rapidity region and at high pT as large as 14% 

• NNLO QCD contribution ranges from 10% at low pT to 20% at the highest pT of 2.5 TeV 
with scale uncertainties at 5% level, significant reduction with respect to NLO
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CMS L=19.7fb-1   √s=8 TeV 

• Entire range of the measurement computed at NNLO   

• Non-perturbative and Electroweak correction factors applied multiplicatively on top of 
the perturbative QCD prediction 
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• QCD scale choice  

→ good agreement with NNLO⊗NP⊗EWK → push for 𝛼s fit at NNLO

µR = µF = ĤT MMHT2014_nnlo
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• NNLO evaluation for all PDFs sets possible but Monte Carlo integration of the accessible phase space CPU time 
consuming  

→ would like to store the perturbative coefficients of the (N)NLO QCD calculations of final state observables in lookup 
tables or grids 



APPLfast-NNLO interface to NNLOJET
Approach: 

• discretise the PDF and partonic cross section convolution separating PDFs and the 𝛼s factors from the 
perturbative coefficients 

• perturbative coefficients NLO,NNLO are calculated once with very high statistical precision and stored in 
APPLGRID or FASTNLO format 

• reconstruct the NLO, NNLO cross section from the grids 



APPLfast-NNLO interface to NNLOJET
Approach: 

• discretise the PDF and partonic cross section convolution separating PDFs and the 𝛼s factors from the 
perturbative coefficients 

• perturbative coefficients NLO,NNLO are calculated once with very high statistical precision and stored in 
APPLGRID or FASTNLO format 

• reconstruct the NLO, NNLO cross section from the grids 

Advantages: 

• fast evaluation of the NNLO cross section for different PDF and 𝛼s values 

• flexibility to study different scale choices in the NNLO cross section and perform scale variations 

• working with close collaboration with experts from: (cross sections available in both formats) 

• FASTNLO 

• APPLGRID     

• allows state of the art fits of PDF and 𝛼s with LHC jet data at NNLO 

• facilitates the distribution of the results of CPU time consuming NNLO calculations to the community



APPLfast-NNLO interface to NNLOJET

Inclusive jets validation plots: 

• agreement between NNLOJET and 
APPLFAST on reconstructing the NNLO 
perturbative coefficient 

• agreement better than 0.1% and reduced at 
the permile level for larger scale production 



APPLfast-NNLO interface to NNLOJET

CMS 7 TeV Inclusive jets development grid: 

• reproduces the results of the NNLOJET publication 

• scale variations and evaluation with the full error sets for multiple PDF sets is very fast 



APPLfast-NNLO interface to NNLOJET

Development grid uploaded and distributed: 

• grids hosted at CERN → ploughshare project: ploughshare.web.cern.ch 

• many grids already available → source for NNLO grids from APPLfast 

http://ploughshare.web.cern.ch


Conclusions

• LHC jet data has good sensitivity to the determination of 𝛼s at the TeV scale 

• jet measurements have become very precise 𝛿ex<10% level 

• many measurements of the inclusive jet cross section produced by ATLAS and 
CMS at 7, 8 and 13 TeV 

• scale uncertainties at NLO have been a limiting factor in the achievable 
precision in the 𝛼s determination 

• NNLO corrections to inclusive jet production published with scale uncertainties 
at the <5% level, depending on the jet pT a reduction by more than a factor of 2 
with respect to NLO 

• APPLfast interface to NNLOJET starting to produce the first grids for the LHC 
inclusive jet datasets with NNLO theory  

• paves the way for new 𝛼S determinations at NNLO with LHC data → new 
contribution to the 𝛼S PDG world average with target precision at the 1~2% level



Backup-slides



Single jet inclusive production: scale choices µR, µF

• pT → transverse momentum of the individual jets 

• pT1→ transverse momentum of the leading jet 

• HT → scalar sum of the transverse momenta of the reconstructed jets 

• ȞT → scalar sum of the transverse momenta of all partons 

• µR, µF are arbitrary and unphysical parameters and are absent from the true result → a priori each scale 
above is an equally valid scale choice  

However, a suitable scale choice would 

• minimize ratios of                 ,i.e, faster perturbative convergence and smaller scale uncertainties 

• avoid scales that introduce pathological behaviours in the prediction, i.e, 𝜎 < 0   

• avoid scales that are discontinuous on the phase space of the observable, i.e, no kinks in k-factors

Q2/µ2

→ recently derived NNLO predictions for inclusive jet production allow for the first time a robust study on 
scale setting, making use of the knowledge of three orders in the perturbative expansion of the observable

µ ⇠ pT

µ ⇠ pT1

µ ⇠ HT

µ ⇠ ĤT



Individual jet contributions and jet fractions

NLO: 

• leading jet dominates 

• third jet negligible 

• second jet sizeable at high pT negligible at low pT 

NNLO: 

• leading and second jet fractions similar over the whole pT 

range 

• significant increase in second jet pT contribution to the 
inclusive jet sample at NNLO with respect to NLO

• Single jet inclusive observable receives contributions from all jets in the event, at O(𝛼S
4)
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Second jet transverse momentum distribution
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Corrections to second jet distribution integrated over rapidity R=0.4 

• NLO: large and negative with huge uncertainty → potentially large logs sensitive on IR effects; NNLO: large and positive 

• Stabilization of the predictions at NNLO (in line with the LO) → functional form of the scale matters



Differential corrections for leading and subleading jet

• large cancellations between corrections to first (blue) and second jet (red) at NLO (solid), NNLO (dashed) 

• smaller perturbative coefficients for                      ;                     for leading and subleading jetµ = 2pT µ = ĤT
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µ=pT versus µ=pT1: Similarities and Differences 
pT=pT1 

• for leading-order kinematics (2→2 kinematics) 

• for high pT-jets (back to back and balanced in pT) 

pT≠pT1 

•  events with three or more hard jets (small rate as seen before) 

• events with jets outside the fiducial cuts (worse for small R)



Decomposition of events contributing to a single bin in pT2

Large cancellations/imbalance between positive real emission and large negative virtual correction 

• worse for                    v   that changes event-by-event in the distribution;                   r     remains constant  

R = 0.7

R = 0.4

R = 0.7

R = 0.4



Differential single jet inclusive k-factors CMS cuts
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• Excellent convergence of the perturbative expansion and overlapping scale 
uncertainty bands observed for                and   µ = 2pT µ = ĤT

0.0<|y|<0.5

2.5<|y|<3.0

µ = 2pT

µ = 2pT

µ = ĤT

µ = ĤT



Define scale choice criteria for single jet inclusive cross section
Studied the IR sensitivity of the different ingredients and introduced an extended set of criteria to help 
identify the most appropriate scale choice for the perturbative description of single jet inclusive production

• (a) perturbative convergence: size of the 
corrections to the inclusive cross section 
reduces at each successive order 

• (b) scale uncertainty as theory 
estimate: overlapping scale uncertainty 
bands between the last two orders, i.e., 
between NLO and NNLO 

• (c) perturbative convergence of the 
individual jet spectra: perturbative 
convergence of the corrections to the 
individual pT1 and pT2 distributions 

• (d) stability of the second jet 
distribution: require the predictions and 
associated scale uncertainty to provide 
physical, positive cross sections

J.Currie, T.Gehrmann, A.Gehrmann-De Ridder, 
E.W.N.Glover, A.Huss, JP  [arXiv: 1807.03692]

Singled out                   and               as scales that 
satisfy all the criteria above for both cone sizes R=0.4 
and R=0.7 ⇒                     strongly disfavoured

µ = 2pT

µ = pT,1

µ = ĤT



Comparison with LHC CMS data R=0.7

• small positive NNLO corrections improve the agreement with CMS data with respect to NLO 

• significant reduction in scale uncertainty from NLO to NNLO → roughly more than a factor of 2 
in a wide range of pT and rapidity
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Comparison with LHC CMS data R=0.4

• improved agreement with data at NNLO with respect to NLO 

• both scale choices are stable and provide reasonable predictions for R=0.7 and R=0.4
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