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introduction'– the'problem

• theoretical'uncertainties'(EG.'proton'PDFs,'scales'μR,'μF)'
are'dominant'systematic'on'many'important'processes'at'
the'LHC''(EG.'searches'for'new,'massive'particlesZ'Higgs'productionZ'as'well'as'
limiting'precision'on'several'fundamental'quantities'(αs,'MW))

• thus'need'ever'more'sophisticated'theoretical'predictions'(at'least'
NLOZ and'state^of^the^art'NNLO'becoming'increasingly'available,'
and'also'necessary)

• many'use'cases'require'running'the'calculations'many,'many'times'
EG.'evaluation'of'theory'uncertainties'with'different'(eigenvector)'PDFs,'scales,'
!sZ'and'notably'QCD-fits-to-determine-PDFs,-αs!

• BUT practical'usage'restricted'by'very'long'computational'times
(days,'to'weeks)
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• method-(in-brief):
• store'perturbative'coefficients'of'
(N)NLO-QCD-calculations'of'final'
state'observables'in'look^up'
tables'(grids)

• calculation'needs'to'be'run'in'full'just'
once,'to'store'coefficients

• allows'a-posteriori-convolution-with'
any'PDF of'choice'(a'posteriori'variation'
of'αs,'scales'μR,'μF etc.'also'possible)

• finer'details'can'of'course'be'
complex!

• extensive-applications,-ensuring'
most'wide^spread'practical'use'of'
state^of^the'art'calculations,'EG.

• evaluation'of'theoretical'uncertainties
• improved'proton'PDF'determinationZ'

determined'by'comparing'data'to'theory'in'
iterative'fits'with'the'PDF'changed'in'each'
iteration

• require'computing'cross'sections'
up-to-100s-of-times-------------------
(prohibitive'without'fast,'grid'techniques)
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solution

more'details'of'numerical'technique'in'backups,
and'in'relevant'publications'and'numerous'talks'by'APPLgrid and'fastNLO

• convolution-takes-order-milliseconds!

two'main'packages'on'market:'''
APPLgrid and fastNLO

APPLfast, Eur Phys J C66 (2010) 503; fastNLO, arXiv:0609285 [hep-ph]
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solution

(M.'Ubiali,'this'conference)
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solution

(M.'Ubiali,'this'conference) this'talk

two'main'packages'on'market:'''
APPLgrid and fastNLO

APPLfast, Eur Phys J C66 (2010) 503; fastNLO, arXiv:0609285 [hep-ph]

more'details'of'numerical'technique'in'backups,
and'in'relevant'publications'and'numerous'talks'by'APPLgrid and'fastNLO



NNLOJET'and'APPLfast
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• what-is-NNLOJET?
• semi^automated'calculation'
of'cross'sections'at'NNLO'
QCD from'IPPP,'Zurich,'ETH'
and'others

• what-is-APPLfastPNNLO?
• single,'combined'interface'for'
NNLOJET with'both'
APPLgrid and'fastNLO
(collaboration'between'developers'
from'all'three'packages)

• many'processes'available'
in'NNLOJETZ'APPLfast is'
generic'interface'for'all-
available-processes E.G.'Z+Jet at'NNLO'(used'for'initial'APPLfast proof^of^concept)

A. Gehrmann-De Ridder et al., JHEP 1607 (2016) 133



APPLfast grid'generation'(workflow)
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1. prePprocessing:-establish'details'of'parameterisation (EG.'number'of'grid'
nodes,'interpolation'order'etc.)'using'limited'statistics'jobs

2. NNLOJET-warmup:-optimise the'NNLOJET'VEGAS'phase'space'in'
dedicated'NNLOJET'job'[1'long'(multicore)'job'per'process]

3. NNLOJET-– APPLfast warmup:-run'with'grid'filling'enabled'to'establish'
optimised phase'space'(exact'strategy'differs'between'APPLgrid and'fastNLO,'
but'this'is'hidden'in'interface)Z'only'phase'space'provided'by'NNLOJET'
(significant'speed'up'in'doing'this'– implemented'by'NNLOJET'authors)

4. production-run:-many'jobs'in'parallelZ'many'thousands'of'CPU'hours'
required,'most'notably'for'the'double^real'contribution'due'to'the'highly'
differential'phase'space'

5. postPprocessing:-combine'output'sub^grids'from'production'run''''''

all-above-stages-are-implemented,-but-still-being-fully-validated



step'1:'pre^processing
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Z+Jet LO-test:'proof^of^concept'validation

note'y^axis'rangeZ'sub^permille
agreement reached'at'LO,'
NLO'and'NNLO'in'validation'
jobs

Z+Jet test-setup:
ECM ='8TeV
Ptjet >'30'GeV
|yjet|'<'3
|yll|'<'5
80'<'Mll <'100'GeV
μR ='μF ='MZ ='fixed

(K. Rabbertz, PDF4LHC, March 2017)



step'1:'pre^processing

note'y^axis'rangeZ'large'excursions'
in'some'bins'due'to'limited'
statistics'used'for'determination'of'
optimised phase'space

(early proof-of-concept presented 
first at QCD@LHC 2016, M. Sutton; 
(APPLgrid example))
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step'2:'initial'NNLOJET'VEGAS'warmup
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• NNLOJET-warmup-– no-grid-generation
• need'one-job-per'cross'section'contribution'type,'EG.'LO,'R,'V,'RR(a,b),'RV,'VV
• internal'NNLOJET'multi^threading'possible

job type # jobs threads/job events/job runtime/job total runtime

LO 1 16 32 M 0.35 h 0.35 h

NLO-R 1 16 16 M 1.0 h 1.0 h

NLO-V 1 16 16 M 1.0 h 1.0 h

NNLO-RRa 1 32 5 M 17.5 h 17.5 h

NNLO-RRb 1 32 5 M 20.7 h 20.7 h

NNLO-RV 1 16 8 M 22.4 h 22.4 h

NNLO-VV 1 16 8 M 24.6 h 24.6 h

total 7 – – – 87.6 h

(K. Rabbertz, using fastNLO grid generation on the BwUniCluster
at KIT, thanks to Baden-Württemberg High Performance Computing (HPC) support)



step'3:'grid'phase'space'optimisation
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• NNLOJET-run-with-only-phase-space-filling-calculatedZ'CPU^
expensive'weight'calculation'not'executed

• at'least'one'job'per'process'needed,'EG.'LO,'NLO^R,'NLO^V'etc.Z'jobs'can'be'run'in'parallel

• reasonably'fastZ'non^trivial'numbers,'but'nowhere'near'that'needed'for'full'
production'runs

job type # jobs events/job runtime/job # events total runtime

LO 5 500 M 12 h 2.5 G 60 h

NLO-R 5 300 M 18 h 1.5 G 90 h

NLO-V 5 500 M 13 h 2.5 G 65 h

NNLO-RRa 10 50 M 13 h 0.5 G 130 h

NNLO-RRb 10 50 M 15 h 0.5 G 150 h

NNLO-RV 5 300 M 19 h 1.5 G 90 h

NNLO-VV 5 500 M 12 h 2.5 G 60 h

total 45 – – 11.5 G 645 h



step'4:'mass'production
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• NNLOJET-+-APPLfast
• massive'parallelised computing'on'virtual'machine'farm'with'24h'lifetime

job type # jobs events/job runtime/job # events total 
output

total 
runtime

LO 10 140 M 20.6 h 1.4G 24 MB 206 h

NLO-R 200 6 M 19.0 h 1.2G 1.3 GB 3800 h

NLO-V 200 5 M 21.2 h 1.0G 1.2 GB 4240 h

NNLO-RRa 5000 60 M 22.5 h 0.3G 26 GB 112500 h

NNLO-RRb 5000 40 M 20.3 h 0.2G 27 GB 101500 h

NNLO-RV 1000 200 M 19.8 h 0.2G 6.4 GB 19800 h

NNLO-VV 300 4 M 20.5 h 1.2G 2.0 GB 6150 h

total 11710 – – 5.5G 64 GB 248196 h

(running on BwForCluster NEMO in Freiburg,                                           
thanks to Baden-Württemberg High Performance Computing (HPC) support)

3-× 11710-grids/tables'+'all'NNLOJET'output!'
Final'3'files'for'analysis'are'O(10MB)'each
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production'campaign
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(K. Rabbertz, PDF4LHC, March 2017)



LO'and'NLO'closure'tests
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• check-closure-of-individual-grids/tables-from-each-job-separately
• general'agreement'to'much'better'than'per'mille'level
• at'this'level,'interpolation'of'LHAPDF'may'be'limiting'factor

single'tables



NNLO'closure
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• agreement-to-sub-
percent-level

• some'impact'of'
fluctuations'visibleZ'
to'be'dealt'with'in'
global'procedure'to'
combine'grids'for'final'
cross'sections

(a/b'indicates'a'technical'
phase'space'separation'
for'RR)

single'tables



unweighted'combination
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• cross'sections'from'naïve,'unweighted'combination'(not'final)
− order'of'magnitude'OK
− fluctuations'still'to'be'dealt'with'in'detailed'weighted'combination'method'
(code'exists,'and'procedure'being'validated'for'APPLfast grids)

untreated'fluctuations

(PRL, 117 (2016) 022001)



other'processes
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• APPLfast interface-is-generic-– in-principle,-works-for-any-
process-available-in-NNLOJET!-

• currently:'inclusive'W,'ZZ'Z+JetZ'H,'H+JetZ'QCD'jets'in'pp'and'ep,'multijets in'e+e^

• of-course,-still-need-to-check-each-process-individually

• main'validation'effort'and'performance'testing'in'Z+Jet so'far,'but'other'
processes'being'studied'/'developed'

• EG.'so'far,'effort'devoted'to:

• QCD-inclusive-jets-(pp)

• DIS-jets-(ep)-– see'talk'by'D.'Britzger,'this'conference

• inclusive'Z'



(pp)'inclusive'jet'production
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• validation'tests'have'also'been'
run'for'recently'available'NNLO'
QCD'inclusive'jets'calculation'''''''''''''''''''''
(J. Currie, E.W.N. Glover, J. Pires, 
arXiv:1611.01460)

• for'initial'studies,'scale'choice:'''''''''
μR ='μF ='ptlead



(pp)'inclusive'jets'up'to'NLO'
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• tests'of'grid'closure'of'NLO'QCD'
components

• event'with'short'warmup,'agreement'
better'than'0.1%

(M. Sutton, xFitter, March 2017)



(pp)'inclusive'jets'up'to'NNLO

21

• NNLO'contributions'also'generally'
agree'to'better'than'0.1%Z'should'
improve'with'longer'warmup

(intend'to'start'larger'scale'production'in'
near'future)

(M. Sutton, xFitter, March 2017)



summary'and'outlook
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• NNLOJET-project-reaching-fruition-– exceptional-progress-made-on-
many-key-processes

• common,'semi^automated'interface'for'multiple'physics'processesZ'the framework-where-
all-future-development-and-new-calculations-from-these-authors-will-go

• APPLfastPNNLO-proofPofPconcept-maturing
• working-interface-in-placeZ'proof^of^concept'validated'with'common'interface'for'both'

APPLgrid and'fastNLO at'LO,'NLO'and'NNLOZ'technical'checks'ongoing

• large-scale-production-launched-for-Z+Jets in-pp,-and-also-DIS-jets
• working'on'final'validation'and'completion'of'correct'combination'of'large'scale'production'results
• more-processes-currently-under-development

• look-forward-to-completion-of-validation-for-many-new-NNLO-grids
• when'full'validation'complete'– provide'community'with'grids'for'available'

processes,'enabling-fast-NNLO-QCD-calculations-for-multiple-use-cases
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• spectrum:'web^server'
for'data'to'NLO'QCD'
predictions'developed'
– allows-easy-
plotting-of-dataP
theory-comparisons

• grids'will'be'available'
(via'tarballs that'can'
be'downloaded)Z'also'
data'files

• currently-a-prototype-
a'place'where'grids'can'
be'collected'to'form'
repository

http://spectrum.web.cern.ch/spectrum/index.html
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• several-sets-of-cross-section-data-and-grids-already-available
• compare'data'and'calculation'with'any'choice'of'PDFZ'with'or'without'hadronisation,'EW'corrections'etc.

• aim'to'collect'all'available'processes'and'grids'(will'be'downloadable,'with'appropriate'
authorship'attribution'– so'please'donate'your'grids!)

• other-FEEDBACK-welcome,-to:-T. Carli, CERN

http://spectrum.web.cern.ch/spectrum/index.html



extras
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xFitter workshop - 20th - 22nd March 2017

M Sutton - APPLfast-NNLO

• For a calculation of a cross section from                          weights,        , from a Monte Carlo integration with momentum 
fraction       ,  form the product

• Can interpolate the function 

• such that 

• For a calculation of a cross section with  m = 1 .. N weights, from a Monte Carlo integration with momentum transfer Q2

Recap of the Numerical Technique

12

xFitter workshop - 20th - 22nd March 2017

M Sutton - APPLfast-NNLO 26

M.'Sutton



xFitter workshop - 20th - 22nd March 2017

M Sutton - APPLfast-NNLO

• For pp collisions need an extra dimension for the PDF of the second colliding hadron

• But there is an implicit summation over parton flavours. Make use of symmetries in the matrix elements to use a vector of    
k = 1 … M independent weights such that                             

• so that 

• Which can be placed on a grid in the same way as for DIS

• So from the summation, everything is down to the quality of the interpolation of the pdf at the grid nodes
• It is s pure quadrature technique and is not, in principle subject to statistical fluctuation, or put another way … 
• Each individual weight gets added to the grid, and should be well approximated individually

Proton-Proton Collisions

13

xFitter workshop - 20th - 22nd March 2017

M Sutton - APPLfast-NNLO 27

M.'Sutton



Z+Jet NLO'subprocesses
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• NNLOJET-calculates'many'(150)'distinct'internal'processes,'many'with'same'input'partons
• automatically'reduce'to'33'parton luminosities'for'NLO'(keep'internal'mapping'of'internal'process'ID'to'

parton luminosity)



Z+Jet NNLO'subprocesses
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• many'more'individual'internal'processes'(794)Z'can'be'reduced'down'to'same'33'parton
luminosities



APPLfast grid'generation'– some'technicalities
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• when'generating'a'grid,'need'to'know'the'optimal'phase'space'in'x1,'x2 and'Q2
− use'a'warmup-run-to'determine'phase'space'– fill'with'dummy'weights,'interpolation'
between'grid'points'not'performed

− optimise phase-space-to-that-determined-by-the-warmup-run

• if'inadequate'stats'generated'during'warmup,'phase'space'will'be'incomplete
− weights'during'production-run-can'fall'outside'grid,'causing'large'deviations'from'
expected'cross'section'

• to'avoid'this,'can:
1. run'with'more'weights'during'warmup'run
2. extend'phase'space'by'additional'buffer'zone'into'which'grid'can'overflow'if'required
3. allow'grid'to'dynamically'add'additional'buffers

• options'1'and'2'are'implemented:
− since'neither'the'interpolation'nor'weights'are'needed'during'warmup,'option'to'run'

NNLOJet with'unit-phase-space-has'been'implemented'
− significantly'greater'than'100'times'faster'at'NNLO
− option'3'being'developed'



grid'filling'developments
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• for'the'grid'filling,'call'the'fill'methods'for'each'process'generated
− at'NNLO'nearly'800'separate'processes,'each'called'many-times-for'each'
phase-space-point

− calling-fill-methods-for-each-weight-is-maximally-time-consuming

• thus,'implemented'a'filling'cache:
− each'weight'added'to'a'weight-vector-corresponding'to'a'unique-phase-
space-point and observable-value

− when'phase'space'point'changes,'flush'cache'to'grid
− significantly'reduces'number'of'calls'to'grid'filling,'by-factors-of-20–200,
depending'on'process



typical'sample'processing'times

32

• NNLOJET-Z+Jet without'APPLfast grids
• LO : 100 jobs × (5 mins)

• NLO-V : 100 jobs × (10 mins)

• NLO-R : 100 jobs × (15 mins)

• NNLO-VV : 100 jobs × (1 h)

• NNLO-RV : 1000 jobs × (10–20 h)

• NNLO-RR : 5000 jobs × (20 h)

• initial'performance'
penalty'of'grid'
production'versus'
NNLOJET'alone,'
reduced'to'roughly'a'
factor'of'only'about'2'
(depends'in'detail'on'
physics'process'and'
grid'setup)

• still'gain'100k’s'of'CPU'
hours'for'each'avoided'
full'run'of'calculation

• NNLOJET-DIS-jets-with'grids'''''''''''''''''''''
each'job'8–16'h'CPU'time

• LO : 50 jobs (5G events)

• NLO-V : 40 jobs (2G events)

• NLO-R : 80 jobs (2G events)

• NNLO-VV : 100 jobs (1.5G events)

• NNLO-RV : 5000 jobs (5G events)

• NNLO-RRa : 10000 jobs (5G events)

• NNLO-RRb : 2000 jobs (5G events)



NNLO'DIS'jets
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• DIS'jets'also'available'in'NNLOJET'
(arXiv:1703.05977, arXiv:1606.03991) 
APPLfast interface-functional,---------
as'part'of'same'project

used'to'extract'value'of'!s at'NNLO'using'H1'DIS'jets''''''''''''''''''''''''''''''''''
(H1prelim-17-031; see talk by D. Britzger, this conf.)


