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EVENTS @ LHC
➤ Hard subprocess 

➤ PDFs 

➤ Parton shower 

➤ Hadronization 

➤ Underlying event 

➤ Jets
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THE PRECISION FRONTIER
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Figure by A. Huss

hard scattering 
(systematically improvable) 

aim for few % level!
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➤ Parton model

parton distribution functions 
(systematically, improvable) 

few % at LHC
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non-perturbative effects 
(no good understanding) 

~ few %?



THE SHORTEST BOARD OF THE BUCKET
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➤ QCD scale variation uncertainty usually dominants LHC observables 
➤  Photon pT in PeTeR and NNLOJET

XC, T. Gehrmann, N. Glover, M. Höfer, A. Huss 1904.01044M.D. Schwartz 1606.02313

➤ NLO (QCD + Fragmentation)  

➤ N3LL + LL (Threshold + EW resummation) 

➤ Compare with ATLAS 8 TeV data

➤ NNLO (QCD + hybrid isolation) 

➤ Compare with ATLAS 13 TeV data
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http://inspirehep.net/author/profile/H%C3%B6fer%2C%20M.?recid=1735863&ln=en
http://arxiv.org/abs/arXiv:1904.01044


➤ LHC processes at NNLO QCD accuracy (include secondary confirmation) 
➤ One colourless (2000)         Two colourless (2004)         One or two Colourful (2014) 

➤ Inclusive (2000)         Differential (2012)         Small pT (2018)         3-D (2020)

THE STANDARD NNLO @ LHC
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THE STANDARD NNLO @ LHC

Slide from C. Williams at LoopFest 2019 
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➤ LHC processes at NNLO QCD accuracy 
➤   is well developed,   available for limited topology (VBFH). !

More differential observables in coming years.!

➤ Rapid progress in the calculations of 2-loop-5-point amplitudes. 

➤   production from STRIPPER, !
 +JJ,  +J, JJJ etc. productions in coming years.  

➤ Steady speed towards “NNLO revolution”.  

➤ Automation of two-loop matrix elements. 

➤ Automation of removing IR divergence. 

➤ Equally important input resolving NNLO accuracy: top mass effects,   mixing, 
flavours of jets, non-perturbative effects etc. 

2 → 2 2 → 3

γγγ
γ γγ

ααs

THE STANDARD NNLO @ LHC
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More details in Aude, Simone and Ravindran’s talk

More details in Ben, Tiziano, Dmitry and Vasily’s talk

More details in Sandro and Franz talk

More details in Max’s talk

More details in Rene’s talk



THE CUTTING-EDGE N3LO @ LHC
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➤ LHC processes at N3LO accuracy (include secondary confirmation) 
➤ At the early stage like NNLO in 2000’s. 

➤ Inclusive (approx)(2015)          Inclusive + Differential (approx) (2018)
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WG2 report on HL-LHC 1902.00134

➤ HL-LHC expects ~1.6% in two decades 

➤ What about differential observables?
C. Anastasiou et al. 1602.00695; B. Mistlberger 1802.00833

➤ 13 TeV total XS in gluon fusion to Higgs @ N3LO 

➤ Current TH uncertainty dominant by QCD (~ 4%) 

➤ Three short boards: QCD scale, PDF,  αs

THEORY (TH) VS. EXPERIMENT (EXP) PRECISIONS
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➤ Is it precise enough? Not yet according to HL-LHC projections! 

➤ TH complexity scales up exponentially, EXP error scales down by 1/ ℒ



HIGGS PRODUCTION AT N3LO (APPROXIMATED)
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➤  Numerically abstract the       coefficient using exact N3LO total cross section (1802.00833, 1802.00827).CN3

➤ Apply        to factorise full N3LO into two parts. 

➤ Above       , recycle H+jet at NNLO  from NNLOJET 
with qT counter terms (CT) to regulate IR divergence. 

➤ Below       , factorise real radiations from hard 
coefficient functions at          in HN3LO package. 

➤ Most of the factorised components of          
contribution are known analytically at N3LO. 

➤ We use a constant                         to approximate the 
unknown pieces (related to N3LO beam function).
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➤ Extend qT-subtraction method to N3LO (Cieri, XC et al. 1807.11501). !
In qT (CSS) factorisation to Higgs production at N3LO:

CN3δgaδgbδ(1 − z)
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Cieri, XC, Gehrmann, Glover, Huss 1807.11501

Dulat, Mistlberger, Pelloni 1810.09462

HIGGS RAPIDITY DISTRIBUTIONS AT N3LO (APPROXIMATED)
➤ N3LO differential observables at the LHC from qT-subtraction and threshold expansion

WG2 report on HL-LHC 1902.00134

➤ Comparable to (S2) HL-LHC projections  3% 

➤ More differential predictions with decay in future

±
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➤ Remarkably flat K-factor (as expected) 

➤ QCD scale uncertainty reduced to  +1%
−3%



➤ Several cutting edge N3LO differential calculations available recently:          

➤  : fully differential one-jet DIS (Currie, Gehrmann, Glover et al. 1803.09973) 

➤  : in HTL with approximation of N3LO beam function (Cieri, XC et al. 1807.11501) 

➤  : fully differential with massless bottom quark (Mondini, Schiavi et al. 1904.08960 ) 

➤ More N3LO processes could be available based on established NNLO works: 

➤ VBFH: using N3LO structure function (1606.00840) + NNLO two-jet DIS (1703.05977) 

➤ DY: N3LO qT and 0-jettiness toolbox (1909.00811) + NNLO Z+J at small qT (1805.05916) 

➤ W:  N3LO qT and 0-jettiness toolbox (1909.00811) + NNLO W+J at small qT (1905.05171) 

➤ However, can we call it N3LO precision? 

➤ PDFs fitted at NNLO evolution but with limited NNLO hard coefficients (more details later) 

➤  and  (missing higher order uncertainty) for   

➤ Non-perturbative effects fitted at NLOPS accuracy (Underlying events,   fragmentation etc.)

ep → ep

gg → H

H → bb̄

δ(αs) ∼ ± 2.6 % δ(PDF-TH) ∼ ± 1.16 % σH,tot
N3LO

γ

TOWARDS FULLY DIFFERENTIAL N3LO PRECISION ?
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More details in Roberto’s talk
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➤ Several cutting edge N3LO differential calculations available recently:          

➤  : fully differential one-jet DIS (Currie, Gehrmann, Glover et al. 1803.09973) 

➤  : in HTL with approximation of N3LO beam function (Cieri, XC et al. 1807.11501) 

➤  : fully differential with massless bottom quark (Mondini, Schiavi et al. 1904.08960 ) 

➤ More N3LO processes could be available based on established NNLO works: 

➤ VBFH: using N3LO structure function (1606.00840) + NNLO two-jet DIS (1703.05977) 

➤ DY: N3LO qT and 0-jettiness toolbox (1909.00811) + NNLO Z+J at small qT (1805.05916) 

➤ W:  N3LO qT and 0-jettiness toolbox (1909.00811) + NNLO W+J at small qT (1905.05171) 

➤ However, can we call it N3LO precision? 

➤ PDFs fitted at NNLO evolution but with limited NNLO hard scatterings (more details later) 

➤  and  (missing higher order uncertainty) for   

➤ Non-perturbative effects fitted at NLOPS accuracy (Underlying events,   fragmentation etc.)

ep → ep

gg → H

H → bb̄

δ(αs) ∼ ± 2.6 % δ(PDF-TH) ∼ ± 1.16 % σH,tot
N3LO

γ

TOWARDS FULLY DIFFERENTIAL N3LO PRECISION ?
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THE PRECISION FRONTIER
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Figure by A. Huss

➤ Parton model

few % at LHC ~ few %?few % level
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An increase in precision also requires an increase in 
precision for the inputs to the calculations.

We will need to understand the impact of the new 
LHC data on the PDFs and their uncertainties.

—— Joey Huston @ Les Houches 19
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➤ Modern PDFs fitted at NNLO evolution with limited NNLO scattering processes 

➤ CT18 (1908.11394) and NNPDF3.1 (1706.00428) includes: DIS,  ,   at NNLO. 

➤ But not yet with NNLO inclusive jet, di-jet, resummed   , N3LO DIS etc.  

➤ No theory uncertainty included in the so-called “PDFs uncertainties” 

➤ Only statistic and systematic experimental uncertainties but not FO scale uncertainties. 

➤ Recent work (1906.10698) from NNPDF collaboration including MHOU at NLO with global 
fit reveals sizeable impact from MHOU up to N3LO total cross section:

pZ
T tt̄

pZ
T , pγ

T

IMPROVEMENTS TO PDFS
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N
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F collaboration 1906.10698pp → H (HTL) pp → H + JJ (VFH) pp → Z /γ* → e+e−

light: Scale Uncertainty 

dark: PDF Uncertainty 

left: EXP fitted 

right: EXP+MHOU fitted



➤ Modern PDFs fitted at NNLO evolution with limited NNLO scattering processes 

➤ CT18 (1908.11394) and NNPDF3.1 (1706.00428) includes: DIS,  ,   at NNLO. 

➤ But not yet with NNLO inclusive jet, di-jet, resummed   , N3LO DIS etc.  

➤ No theory uncertainty included in the so-called “PDFs uncertainties” 

➤ Only statistic and systematic experimental uncertainties but not FO scale uncertainties. 

➤ Recent work (1906.10698) from NNPDF collaboration including MHOU at NLO with global 
fit reveals sizeable impact from MHOU up to N3LO total cross section:
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light: Scale Uncertainty 

dark: PDF Uncertainty 

left: EXP fitted 

right: EXP+MHOU fitted



➤ To achieve PDFs including NNLO+MHOU in global fit 

➤ Fast evaluation of NNLO hard scattering process                Grid interpolation  

➤ Full access to   and   dependent contributions                NNLO DGLAP and   

➤ APPLfast grid   from NNLOJET !
(Britzger, Currie, Gehrmann-De Ridder, et al. 1906.05303) 

➤ DIS case with single PDF fraction!

μR μF β(αs)

̂σ(p)
a[i, j]

IMPROVEMENTS TO PDFS

  = 0, 1, 2 up to NNLO with:                 p

More details of scales:

Evaluate grid by MC integration:
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➤ To achieve PDFs including NNLO+MHOU in global fit 

➤ Fast evaluation of NNLO hard scattering process                Grid interpolation  

➤ Full access to   and   dependent contributions                NNLO DGLAP and   

➤ APPLfast grid   from NNLOJET !
(Britzger, Currie, Gehrmann-De Ridder, et al. 1906.05303) 

➤ DIS case with single PDF fraction!

μR μF β(αs)

̂σ(p)
a[i, j]

IMPROVEMENTS TO PDFS

  = 0, 1, 2 up to NNLO with discretisation:                 p

More details of scales (can move outside the integral):

Evaluate grid by MC integration:

Xuan Chen (UZH)                                      Precision predictions at the LHC and their future applications                   September 10, 2019        14 



➤ To achieve PDF with NNLO+MHOU in global fit 

➤ Fast evaluation of NNLO hard scattering process 

➤ Full access to   and   dependent contributions 

➤ APPLfast grid   from NNLOJET !
(Britzger, Currie, Gehrmann-De Ridder, et al. 1906.05303) 

➤ DIS case with single PDF fraction   Grids available at http://ploughshare.web.cern.ch 

➤ Each grid according to one fiducial bin of!
inclusive jet measurements in H1 & ZEUS 

➤ Grids in both APPL and fastNLO format 

➤ More grids for LHC process coming soon 

➤ Robust NNLO interpolation 

➤ 2D or 3D observables from   processes:!
inclusive jet, di-jet,  ,     etc.

μR μF

̂σ(p)
a[i, j]

2 → 2
pZ

T pγ
T

IMPROVEMENTS TO PDFS

Xuan Chen (UZH)                                      Precision predictions at the LHC and their future applications                   September 10, 2019        15 

http://ploughshare.web.cern.ch/


➤ Combine Higgs decay channels to inclusive differential measurements (EPS2019) 

➤ Combination is done through acceptance factors for each decay channel: 

➤ For example in   :H → ZZ* → 4l

IMPROVEMENTS TO ACCEPTANCE

+ =

  from   

 NNLO+N3LL:  

pγγ
T H → γγ (±30 ∼ 50%)

±6 ∼ 10 %

  from   

 NNLO:  

p4l
T H → ZZ* → 4l (±30 ∼ 50%)

±10 %

Inclusive   

HL-LHC (S2):  

pH
T (±20 ∼ 30%)

±5 %

dAFO(𝒪)
d𝒪

=
dσH(→ZZ*→4l)+jet

FO /d𝒪
dσH+jet

FO /d𝒪 × (BR2e2μ + BR4μ + BR4e)

➤ Lepton identification affects   

➤ EXP analysis @   

➤ HL-LHC expect   

dAFO(𝒪)/d𝒪

NLOPS ⊗ N3LO ⊕ EW

(±5 % @S2)
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IMPROVEMENTS TO ACCEPTANCE
H → ZZ* → 4l

➤ CMS (1706.09936) and ATLAS (1708.02810) use different 
lepton isolation algorithm in 

➤ NNLOJET: H+J@NNLO (ggF)   H  @LO!
(XC, T. Gehrmann, N. Glover, A. Huss 1905.13738) 

➤ FO study of acceptance reveals detailed structures 

➤ Acceptance factor is sensitive to MHOU with lepton iso. 

➤ Difference   resolving HL-LHC accuracy  

⊗ → ZZ* → 4l

(±3 ∼ 4%) (±5%)
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IMPROVEMENTS TO ACCEPTANCE
H → ZZ* → 4l

➤ CMS (1706.09936) and ATLAS (1708.02810) use different 
lepton isolation algorithm in 

➤ NNLOJET: H+J@NNLO (ggF)   H  @LO!
(XC, T. Gehrmann, N. Glover, A. Huss 1905.13738) 

➤ FO study of acceptance reveals detailed structures 

➤ Acceptance factor is sensitive to MHOU with lepton iso. 

➤ Difference   resolving HL-LHC accuracy  

⊗ → ZZ* → 4l

(±3 ∼ 4%) (±5%)
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WG2 report on HL-LHC 1902.00134



➤ Precise event shape observable Transverse-Energy-Energy-Correlation: (HuaXing’ talk)!
!

➤ A probe to constraining SM parameters and underlying events: 

➤ NLOPS + NP +   extraction in ATLAS analysis 1707.02562 

➤ Current accuracy is NLO+NNLL (Gao et al. 1901.04497) and upgradable to NNLO+N3LL 

➤ Extendable to other TEEC at NNLO+N3LL, for example:

αs

IMPROVEMENTS TO TEEC

Photon-Hadron :
dσγp

dcosϕ
= !

a
!

dσpp→γ+a+X
ET,a

∑ ET,i
δ(cosΔϕγa − cosϕ)

Hadron-Hadron:
dσpp

dcosϕ
= !

a,b
!

dσpp→a+b+X
2ET,aET,b

|∑ ET,i |
2 δ(cosΔϕab − cosϕ)

➤  : Resummation region 

➤     : Photon isolation

cosϕ ∼ − 1

cosϕ ∼ 1
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SUMMARY
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➤ High Energy Physics is advancing to precision study at a steady speed 
(Target set for the next 20 years at the LHC) 

➤ Current standard is differential NNLO (limited in 2 to 2 processes). 

➤ Differential N3LO predictions at early stage of 2 to 1 processes. 

➤ More phenomenology studies at NNLO and N3LO in the future. 

➤ In spite of rapid developments in fixed order calculations: 

➤ Precision needs reduction of uncertainties from all sources. 

➤ New theory input to improve uncertainties from PDFs,  , 
acceptance, non-perturbative effects etc. 

➤ Many detailed studies resolving current precisions: quark mass effects, 
NLO parton shower,   mixing, interference contributions

αs

ααs
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THE SHORTEST BOARD OF THE BUCKET (CONTINUE)
➤ Scale and PDF uncertainty in PeTeR

M.D. Schwartz 1606.02313

➤ NLO (QCD + Fragmentation)  

➤ N3LL + LL (Threshold + EW resummation) 

➤ Compare with ATLAS 8 TeV data
➤ Soft, Factorisation and PDF uncertainties dominant
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HIGGS TRANSVERSE MOMENTUM DISTRIBUTION

➤ Singular behaviour at small HpT

➤ NNLO+N3LL (NNLOJET+SCET)

XC, Gehrmann, Glover, Huss, Li, Neill, Schulze, Stewart, Zhu 

 1805.00736
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