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Introduction — the problem

theoretical uncertainties (EG. proton PDFs, scales PR, UF)
are dominant systematic on many important processes at

the LHC (EG. searches for new, massive particles; Higgs production; as well as

limiting precision on several fundamental quantities (as, Mw))

thus need ever more sophisticated theoretical predictions (at least
NLO; 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,
as; and notably QCD fits to determine PDFs, as!

BUT practical usage restricted by very long computational times
(days, to weeks)



solution

+ method (in brief): « extensive applications, ensuring
- store perturbative coefficients of most wide-spread practical use of
(N)NLO QCD calculations of final state-of-the art calculations, EG.
state observables in look-up « evaluation of theoretical uncertainties
tables (grids)  improved proton PDF determination;

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

 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 as, scales PR, UF etc. also possible)

* require computing cross sections

up to 100s of times

(prohibitive without fast, grid techniques)
* finer details can of course be

. 1 L I
complex! convolution takes order milliseconds!

. ) . . two main packages on market:
more details of numerical technique in backups, APPLgrid and fastNLO

and in relevant publications and numerous talks by APPLgrid and fastNLO

APPLfast, Eur Phys J C66 (2010) 503; fastNLO, arXiv:0609285 [hep-ph] 3
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APPLgrid, Carli et al EPJC66,2016 ® Great progress also
FASTNLO, Kluge et al 2010 in tools to interface

aMCfast, Berton et al , 2014 NLO (NNLO) codes
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complex!

more details of numerical technique in backups,

and in relevant publications and numerous talks by APPLgrid and fastNLO

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

two main packages on market:

APPLgrid and fastNLO
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NNLOJET and APPLfast

NNLOJET pp—~Z+=0jet Vs=8TeV

what is NNLOJET? 10" ¢

semi-automated calculation 100 F ATLAS Dala = -
of cross sections at NNLO < 101 NLO ——
> _
QCD from IPPP, Zurich, ETH ‘\% 102 [
and others N
©
8

what is APPLfast-NNLO?
single, combined interface for
NNLOJET with both
APPLgrid and fastNLO

(collaboration between developers

from all three packages)

Ratio to NLO

many processes available
in NNLOJET; APPLfast is | S R .

50 100 500

generic interface for all pf [GeV]
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 6



APPLfast grid generation (workflow)

1. pre-processing: 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); only phase space provided by NNLOJET
(significant speed up in doing this — implemented by NNLOJET authors)

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

5. post-processing: combine output sub-grids from production run

all above stages are implemented, but still being fully validated




Z+Jet LO test: proof-of-concept validation
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1.0005

LO Interpol/NNLOJET

0.9995
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step 1: pre-processing

1 1 ] I | 1 |
e LO fastNLO / NNLOJET
LO APPLgrid / NNLOJET

(K. Rabbertz, PDF4LHC, March 2017)
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Prj1

-
P 7/ ¢t
q

Z+Jet test setup:
Ecm = 8TeV

Ptiet > 30 GeV

|yiet| < 3

lyn| <5

80 < Mi <100 GeV
MR = uF = Mz = fixed

note y-axis range; sub-permille
agreement reached at LO,
NLO and NNLO in validation

jobs



ratio (APPLfast/NNLOJET)

step 1: pre-processing

1.001 . 1.001F
- . . . — - ) )
1.0008 Double Virtual contribution L 10008~ Double-Real contribution
1.0006 |— QO 10006~
= I .
1.0004 [ Z 10004
1.0002 | % 1.0002 |

- <2 -
3 £
0.9998— i 0.9998—
0.9996 E— % 0.9996 —
0.9994— \C-)/ 0.9994—
0.9992|— 'E 0.9992—
1.001
NNLO Z+Jet 10008 Real-Virtual contribution

1.0006

1.0004

note y-axis range; large excursions
In some bins due to limited
statistics used for determination of
optimised phase space

1.0002

0.9998
0.9996
0.9994

0.9992

(early proof-of-concept presented
first at QCD@LHC 2016, M. Sutton,; 09972 2 = 0 1 2 T
(APPLgrid example)) jetn

ratio (APPLfast/NNLOJET)
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step 2: initial NNLOJET VEGAS warmup

« 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

threads/job  events/job  runtime/job total runtime

(K. Rabbertz, using fastNLO grid generation on the BwUniCluster x ;%
E 2

at KIT, thanks to Baden-Wiirttemberg High Performance Computing (HPC) support)
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step 3: grid phase space optimisation

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

NNLOJET run with only phase space filling calculated; CPU-
expensive weight calculation not executed
at least one job per process needed, EG. LO, NLO-R, NLO-V etc.; jobs can be run in parallel

reasonably fast; non-trivial numbers, but nowhere near that needed for full

production runs
11



step 4: mass production

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

3 x 11710 grids/tables + all NNLOJET output!

Final 3 files for analysis are O(10MB) each
« NNLOJET + APPLfast

« massive parallelised computing on virtual machine farm with 24h lifetime

(running on BwForCluster NEMO in Freiburg,

thanks to Baden-Wurttemberg High Performance Computing (HPC) support)

12



step 4: mass production

job type # jobs  events/job runtime/job

LO

)
NLO-R 200 6M A 0© \Q \
g(\d e 6(\6 o) o\ c?
NLO-V 200 5 M \ )] 5 \ O 6B
®)
NNLO-RRa 5000 Qe“"’ ] 5\059‘ \ 6ed‘°,d 26 GB 112500 h
NNLO-RRb o oﬁ““ \\009“ X0 N° 0.2G 27 GB 101500 h
2

Nl\"’\ q \aG‘ 66\(\69‘ 6‘0( e? 19.8 h 0.2G 6.4 GB 19800 h
‘0\)9‘“ @ege“ 0\\0\“ " 20.5 h 1.26 2.0GB 6150 h

o OV, - 5,56 64 GB 248196 h
LAY g0 64GB

3 x 11710 grids/tables + all NNLOJET output!
Final 3 files for analysis are O(10MB) each

* NNLOJET + APPLfast
« massive parallelised computing on virtual machine farm with 24h lifetime

(running on BwForCluster NEMO in Freiburg,

thanks to Baden-Wurttemberg High Performance Computing (HPC) support)
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Sunday
+ / Evening
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jobs

~J
FE i AR T TR R TR O Ee Sy Ear E T

(o] -

Mon 00: 00

M ekpcondorcentral
B ekpcondorcentral

(K. Rabbertz, PDFALHC, March 2017)

production campaign

Interpolation Table Production Campaign Tuesday

/

Evening
Running jobs

Scheduled jobs

Tue 0O0: 00 Tue 0&: 0O Tue 12: 00 Tue 18:00

Mon 06: 00 Mon 12:00 Mon 18: 00
IdleJobs Now: 26.0 Min: 0.0 Avg:
RunningJobs Now: 85.0 Min: 11.0 Avg:

2.3k Max: 9.8k :
5.4k Max: 7.8Kk| F. Fischer, KIT
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LO and NLO closure tests

® LO, single table
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-1%0

400

600
Prji/GeV

-
[=}
o
-

1.0005
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[ [
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NLO Real
| | L
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Interpolation/NNLOJET

0.9995

0.999 -

T 1
® NLO-V, single table
NLO Virtual
single tables
l ' L ' l L
200 400 600
pm/GeV

« 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

15



NNLO closure

- 101 ———— 1 - 101 ————— 1
§ [ * NNLO-RRa, single table | % K NNLO-RRb, single table
« agreementtosub = - Double Real a 1 2 " Double Real b _
% 1.005 |- . Zg 1.005 -
percent level g | - 1 3 F R
: g L - & . 77
« some impact of g 4 f. B T e
fluctuations visible; : L ~ R
to be dealt with in e . 0% T )
global procedure to . ] -
. . : 0 2(|)o — 4(|)0 T e 0 2(|)0 O 4(I>o T e
combine grids for final e ——— Y
. S [ NNLO-RV, single table 2 [« NNLO-VV, single table
(o} . - i
cross sections > " Real-Virtual ] ; -Double Virtual
< 1005 [ 1 2 005 [ ]
S - 1 8 - ]
s = L .
& - - 2
2 T T T 8 gk e
(a/b indicates a technical ] ]
0.995 —— 0.995 |- -
phase space separation l -] single tables
for RR) N N T oo L v 1o
200 400 600 ' 200 400 600
Pr,1/GeV Prji/GeV
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unweighted combination

 cross sections from naive, 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)

10

10

10

10

do/dp;;; pb/GeV

10 L

- » LO unweighted
E - ® NLO unweighted
E 4 NNLO unweighted
—
-— +*
e =
R
E =
el
- _._—‘—_._
.
—4——
- -
—— ——
ey
E -
- untreated fluctuations
1 1 1 ] 1 1 1 | 1 1 !
200 400 600

104

do/dpift [fb/GeV]

10!
(b) 2.2

20

1.8
16
X 14
1.2

0.8

NNLOJET

(PRL, 117 (2016) 022001)

pp—>Z+=1jet Vs=8TeV
T T ]

103 |

102 |

NNLO — |
NLO —— 1
o —— 1

plet>30 GeV  lyi*ll <3
anti-ky (R=0.5)
NNPDF 2.3

MR = uF = (%2,1,2)-Mz

1 1 1 1 1 1 1

NLO/LO —— NNLO/NLO ——

1 1 1 1 1 1 1

20 40 60 80 100 120 140 160
P! [GeV]



other processes

APPLfast interface is generic — in principle, works for any
process available in NNLOJET!

currently: inclusive W, Z; Z+Jet; H, H+Jet; 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

18



do/dpr [fb/GeV]

(pp) inclusive jet production

7 TeV, |yjl < 0.5, 290 GeV < pt < 318 GeV ATLAS, 7 TeV, anti-k; jets, R=0.4
. NNLOJET NNLOJET
2x10 — , :
. HF/pT,=0.5 - - - -
2 © He/PT,=1.0
1.8x10% - HE/PT,=2.0 w+roeeeeee
1.6x10%
1.4x10%
08 [~ |
05<lyj|<1.0
1.2x104 06 - | | <b 7]
14 | | | _]
1x10* 12 10<lyl<15 —
0.25 0.5 1 2 a 1 59 % & o & = r Ix I B3 AL b dr d B s ot v e

0.8 —
0.6 — | | |
14— ! ! !
1.2
« validation tests have also been o

run for recently available NNLO '2

QCD inclusive jets calculation
(J. Currie, E.W.N. Glover, J. Pires,

Ratio to NLO

15<|y]| <20

1

20 I< lyjl <25

[

25 |y| <3.0
arXiv:1611.01460) ]
NNPDF3.0
- for initial studies, scale choice: - -
MR = UF = pliead )
------ NNLOXEW
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(pp) inclusive jets up to NLO

1.001

ET)

= 1.0008 Leading order contribution

LO

= 1.0006

~ 1.0004

N

1.0002

1

II|IIIllllllllllllllllllll

0.9998

ratio ( applfast

0.9996

0.9994

IIIIIIlIIIIl

0.9992 Note + 0.1% axis range

_ 111 1 I 11 1 1 I L1 1 1 [ | T - I 1 1 1 1 | 1 1 1 I 11 1 1 I 11 1 1
0-999, -1 0 1 2 3

leading jet n

applfast - Fri 17 Mar 2017

 tests of grid closure of NLO QCD
components

« event with short warmup, agreement
better than 0.1%

(M. Sutton, xFitter, March 2017)
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xkitter workshop - 20™ - 22"@ March 201/

NLO Virtual contribution

—————— T ]

[

Note + 1% axis range

lIIIII|III|IIIIIlllllllllllllllllllllll

_IIIIllllllllllllllllllIIIllllIlIIlIlllI
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(pp) inclusive jets up to NNLO

—~ 101 —~ 101
[ - = - . .
3 100 Double Virtual contribution 3 100 Double Real contribution
= 1.008]- = 1006
Z 1 ooal =3
0-9945— 0.9945—
0-9925— o.992f—
0»99_;|||1_13||||_I2|III_I1IIll(l)lllllllllélllléllll4 ()_gg_illII_|3IIII_|2IIII_|1|III(I)IIII1|IIIIéIIII:I3IIII4
applfast - Fri 17 Mar 2017 leading jet n —~ 101
- -
Y o008 . -
o - Real-Virtual contribution
. . - -
* NNLO contributions also generally z "
< 1.004
agree to better than 0.1%; should I
o - .
improve with longer warmup s B
© C
:é’ 0.998;—
. . . © C
(intend to start larger scale production in = 0
0.994 —
near future) Coonb ]
0V99:1IIIIIIII|I1II|IIIIIIIIIIIIIIlIIIIlIIIl

-3 -2 -1 0 1 2 3 4
applfast - Fri 17 Mar 2017 Ieading jet n

(M. Sutton, xFitter, March 2017)



summary and outlook

NNLOJET project reaching fruition — exceptional progress made on
many key processes

common, semi-automated interface for multiple physics processes; the framework where
all future development and new calculations from these authors will go

APPLfast-NNLO proof-of-concept maturing

working interface in place; proof-of-concept validated with common interface for both
APPLgrid and fastNLO at LO, NLO and NNLO; 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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http://spectrum.web.cern.ch/spectrum/index.html

of Start Quickly

A number of pre-configured

plots are available for quick

o the most
commonly used plots. This is
option is presently being

worked out

PROTON-PROTON CROSS-SECTION ANALYSIS SOFTWARE
ACCESS TO MULTIPLE PDF AND GRID COMBINATIONS
DATASETS FROM ATLAS, CMS, HERA, AND MORE

MAKE A PLOT

QUANTUM CHROMODYNAMICS MADE EASY

&8 Configure With Ease $8 Choose Your Grids [ Grab Your Plot >_ Expert Mode

Configuring a Spectrum plot Select from a large collection Download your plot in Use the web interface or

is simple due to the dynamic of supported Grids and PDFs multiple formats including download the Spectrum
user interface and to perform your convolution PNG, JPEG, TIFF, GIF, and sou and configure in detail

configuration help dialogues PDF. with easy to use Steering

Files

CONFIGURATION MADE SIMPLE

- SRR web-server

for data to NLO QCD
predictions developed
— allows easy
plotting of data-
theory comparisons

grids will be available
(via tarballs that can
be downloaded); also
data files

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

23



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

1/c do/dm . [1/TeV]

Ratio

tt

107"

E X

= 1 T T T =
B e ATLAS 2014 B
- P e NLOQCD with CT14 |
B —— i
™ fs=7 TeV -

II|HII IH[[IIHMIIIlHIIlIHIlIl|\||

nhu|nuhnﬂunhuﬂnuhH\d

3x10% 4x10?

et [pb/GeV]

do/dp

Ratio

3 —0—+
10 o ® ATLAS 2011
107 +++ e NLO QCD with CT14
*e
10 * .
_.—-0-
R 3
1 .,
‘-&
107" '0‘
2 -"‘
10~ .
, f5=7 TeV 'c'
- Anti-k, R= 0.4
107 ¢ lyl <05 A =
104 A
107 =l | +@
1.6 =
1.4 -
1.2 —
1: ® o .....-.en'....... . 3
= "oo‘o.. 3
0.8 ° =
0.6 —
E i X L .
102 2102 3x10? 10° 2x10°
Prjet [GeV]

several sets of cross section data and grids already available
compare data and calculation with any choice of PDF; 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
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extras
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M. Sutton
Recap of the Numerical Technique

* For a calculation of a cross section from m = 1.../N weights, w,, , from a Monte Carlo integration with momentum
fraction &, form the product

Zw(mm)Q(IEm) q° q’ 7 q(x..)

* Can interpolate the function q(zm) 'q’ q
Q(-'L"m) ~ Z Q(Z)I(z) (mm - x(i))
*  such that Z w(.cm)q Tm) Z gt Z w(zm )T ( ) (Zm — z" N

m
2 : q( )W(%)
2
* For a calculation of a cross section with m = 1 .. N weights, from a Monte Carlo integration with momentum transfer Q2

o = 3 uf p (o) Q"‘)) oz Q2)

P m=1

, s (Q;
= ZZQ(W»Q@))( ( ()) Z"”(p)lm (@n) 57 (@)
p i
- ZZQ(L‘(z)sQU) ( S(Q(J))) Wm

n
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D M. Sutton
Proton-Proton Collisions

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

ZZ (“*(Qm)) 01 (@1 @3) @2(@2m, Q2)

m=

* 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

M
Z wijqi(T1)g2;(T2) = Zw(k)F(k)(m,:cg)
k=1

i1=9.,4.9
* sothat M N , .
g ((2s(@) :
S5 wlp® (252} RO im, 2am Q2
P k=1m=1

*  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
* Itis 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

27



Z+Jet NLO subprocesses

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)

0 132741426573 103 133 (d, d) + (s, 3) + (b, b)

1 142843 44 66 74 104 134 (u, @) + (¢, €)

2 15294546 67 75 105 135 (d, d) + (5, s) + (b, b)

3 16 30 47 48 68 76 106 136 (@, u) + (G )

4 1731 77 107 137 (d, g) + (s, g) + (b, 9)

5 18 32 78 108 138 (u, g) + (¢, 9)

6 193379 109 139 (g, d) + (g, s) + (g, b)

7 203480 110 140 (g, u) + (g, c)

8 212235368586 115 116 145 146 (g, g)

9 233781111 141 (g,d) + (g, 8) + (g, b)

10 24 38 82 112 142 (g, u) + (g, ©)

11 253983113 143 (d, g) + (5, g) + (b, 9)

12 2640 84 114 144 (@, g) + (¢, 9)

13 49 91 121 151 (d, d) + (d, 5) + (d, b) + (s, d) + (s, 5) + (s, b) + (b, d) + (b, 5) + (b, b)
14 50 92 122 152 (d, @) + (d, &) + (s, @) + (s, &) + (b, @) + (b, ©)

15 5193123 153 (u, d) + (u, 5) + (u, b) + (¢, d) + (c, 5) + (c, b)

16 5294124 154 (u, ) + (u, €) + (¢, u) + (c, €)

17 53 87 117 147 (d, d) + (d, s) + (d, b) + (s, d) + (s, 5) + (s, b) + (b, d) + (b, s) + (b, b)
18 54 88 118 148 (d, uw) + (d, ) + (s, u) + (s, ¢) + (b, u) + (b, )

19 5589 119 149 (u, d) + (u, s) + (u, b) + (¢, d) + (¢, s) + (¢, b)

20 56 90 120 150 (u, u) + (u, ) + (¢, u) + (¢, ¢)

21 57 99 129 159 (d,d) + (d,5) + (d,b) + (5,d) + (5,5) + (5,b) + (b, d) + (b, 5) + (b, b)
22 58 100 130 160 (d, @) + (d, ©) + (5, u) + (5, ¢) + (b, w) + (b, €)

23 59 101 131 161 (@, d) + (@, 5) + (@, b) + (¢, d) + (G, 5) + (&, b)

24 60 102 132 162 (@, @) + (@, &) + (¢ a) + (¢ &) B
25 61 95 125 155 (d, d) + (d, s) + (d, b) + (5, d) + (5, s) + (5, b) + (b, d) + (b, s) + (b, b)
26 62 96 126 156 (d,w) + (d, c) + (5, u) + (5, ¢) + (b, u) + (b, c)

27 63 97 127 157 (@, d) + (4, s) + (4, b) + (&, d) + (& s) + (&, b)

28 64 98 128 158 (@, w) + (@, ¢) + (& u) + (G ¢)

29 69 (d, d) + (s, s) + (b, b)

30 70 (u, u) + (¢, )

31 71 (d, d) + (5, 5) + (b, b)

32 72 (@, w) + (e ) 28



many more individual internal processes (794); can be reduced down to same 33 parton

Z+Jet NNLO subprocesses

luminosities

163 177 191 205 206 245 246 285 301 317 347 377 391 405 435 449 450 489 490 529 530 569 593 617 647 677 707 737
767 899 905 906 935 941 942

164 178 192 207 208 247 248 286 302 318 348 378 392 406 436 451 452 491 492 531 532 570 594 618 648 678 708 738
768 900 907 908 936 943 944

165 179 193 209 210 249 250 287 303 319 349 379 393 407 437 453 454 493 494 533 534 571 595 619 649 679 709 739
769 909 917 918 945 953 954

166 180 194 211 212 251 252 288 304 320 350 380 394 408 438 455 456 495 496 535 536 572 596 620 650 680 710 740
770 910 919 920 946 955 956

167 181 195 229 230 269 270 289 305 321 351 381 395 409 439 481 482 521 522 561 562 585 586 609 610 621 651 681
711 741 771 817 818 861 862 901 902 937 938

168 182 196 231 232 271 272 290 306 322 352 382 396 410 440 483 484 523 524 563 564 587 588 611 612 622 652 682
712 742 772 819 820 863 864 903 904 939 940

169 183 197 233 234 273 274 293 309 323 353 383 397 411 441 473 474 513 514 553 554 577 578 601 602 623 653 683
713 743 773 801 802 845 846 889 890 925 926

170 184 198 235 236 275 276 294 310 324 354 384 398 412 442 475 476 515 516 555 556 579 580 603 604 624 654 684
714 744 774 803 804 847 848 891 892 927 928

171 172 185 186 199 200 325 326 355 356 385 386 399 400 413 414 443 444 629 630 659 660 689 690 719 720 749 750
779 780 797 798 799 800 841 842 843 844 885 886 887 888 921 922 923 924

173 187 201 237 238 277 278 295 311 327 357 387 401 415 445 477 478 517 518 557 558 581 582 605 606 625 655 685
715 745 775 805 806 849 850 893 894 929 930

174 188 202 239 240 279 280 296 312 328 358 388 402 416 446 479 480 519 520 559 560 583 584 607 608 626 656 686
716 746 776 807 808 851 852 895 896 931 932

175 189 203 241 242 281 282 297 313 329 359 389 403 417 447 485 486 525 526 565 566 589 590 613 614 627 657 687
T17 TAT 777 833 834 877 878 913 914 949 950

176 190 204 243 244 283 284 298 314 330 360 390 404 418 448 487 488 527 528 567 568 591 592 615 616 628 658 688
718 748 778 835 836 879 880 915 916 951 952

213 253 335 365 423 457 497 537 635 665 695 725 755 785 813 821 822 857 865 866

214 254 336 366 424 458 498 538 636 666 696 726 756 786 814 858

215 255 337 367 425 459 499 539 637 667 697 727 757 787 815 859

216 256 338 368 426 460 500 540 638 668 698 728 758 788 816 823 824 860 867 868

217 257 331 361 419 461 501 541 631 661 691 721 751 781 809 853

218 258 332 362 420 462 502 542 632 662 692 722 752 782 810 854

219 259 333 363 421 463 503 543 633 663 693 723 753 783 811 855

220 260 334 364 422 464 504 544 634 664 694 724 754 784 812 856

221 261 343 373 431 465 505 545 643 673 703 733 763 793 829 873

222 262 344 374 432 466 506 546 644 674 704 734 764 794 830 874

223 263 345 375 433 467 507 547 645 675 705 735 765 795 831 875

224 264 346 376 434 468 508 548 646 676 706 736 766 796 832 876

225 265 339 369 427 469 509 549 639 669 699 729 759 789 825 837 838 869 881 882

226 266 340 370 428 470 510 550 640 670 700 730 760 790 826 870

227 267 341 371 429 471 511 551 641 671 701 731 761 791 827 871

228 268 342 372 430 472 512 552 642 672 702 732 762 792 828 839 840 872 883 884

291 307 573 597 897 933

292 308 574 598 898 934

299 315 575 599 911 947

300 316 576 600 912 948

(d,

(d,
(u’
(9

(9

d) + (s, 5) + (b, b)
a) + (e, €)
d) + (5, s) + (b, b)
u) + (¢, c)
g) + (s, 9) + (b, 9)
g) + (e, 9)
d) + (g, s) + (9, b)

u) + (g, ©)

(9. 9)

(9,
(9

(d,

(a,

d) + (g 3) + (9. b)
u) + (g, ©)
9)+(5,9)+ (b g)
g9) + (& g)

d) + (d, 5) + (d, ) + (s, d) + (s, 5) + (s, 5) + (b, d) + (b, 5) + (b, b)
@) + (d,e) + (s, a) + (s, &) + (b, @) + (b, ¢)

d) + (u, 8) + (u, b) + (e, d) + (¢, 8) + (¢, b)

@) + (u, &) + (¢, @) + (e, )

d) + (d, s) + (d, b) + (s, d) + (s, s) + (s, b) + (b, d) + (b, s) + (b, b)
u) + (d, ¢) + (s, u) + (s, ¢) + (b, u) + (b, ¢)

d) + (u, 8) + (u, b) + (e, d) + (¢, 8) + (e, )

u) + (u, ¢) + (¢, u) + (e, ¢)

d) + (d, 5) + (d,b) + (5, d) + (5,
a) + (d, ¢) + (5, @) + (5, ¢ + (b, @)
d) + (@, 5) + (a,b) + (¢,d) + (& 8)
a) + (4, ¢) + (¢ a) + (¢, ¢) _ _ _
d) + (d, s) + (d, b) + (5, d) + (5, 5) + (5, b) + (b, d) + (b, s) + (b, b)
u) + (d, ¢) + (5, u) + (5, ¢) + (b, u) + (b, ¢)

d) + (@, s) + (@, b) + (&, d) + (¢, 8) + (&, b)

u) + (@, e) + (¢, u) + (& ¢

d) + (s, s) + (b, b)

u) + (e,0)

d) + (5, 8) + (b, b)

ﬁ) + (E, E)

5,b) + (b, d) + (b, 5) + (b, b)

(E‘ E)
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APPLfast grid generation — some technicalities

when generating a grid, need to know the optimal phase space in x4, x, and Q?
— 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.

2
3

run with more weights during warmup run
. extend phase space by additional buffer zone into which grid can overflow if required
. 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
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grid filling developments

 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
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typical sample processing times

NNLOJET Z+Jet without APPLfast grids

LO
NLO-V
NLO-R
NNLO-W
NNLO-RV
NNLO-RR

100 jobs X (5 mins)
100 jobs X (10 mins)
100 jobs X (15 mins)
100 jobs % (1 h)

1000 jobs X (1020 h)
5000 jobs X (20 h)

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

LO

NLO-V
NLO-R
NNLO-W
NNLO-RV
NNLO-RRa
NNLO-RRb

50 jobs (5G events)

40 jobs (2G events)

80 jobs (2G events)
100 jobs (1.5G events)
5000 jobs (5G events)
10000 jobs (5G events)
2000 jobs (5G events)

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
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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 as at NNLO using H1 DIS jets
(H1lprelim-17-031; see talk by D. Britzger, this conf.)
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