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5 o lf ¢ Complete MC event generator for all colliders: v3 released 27.4.2021
6 3. Ne. =g e
" € Hard matrix elements @ LO internally (0’Mega),
104':
10° & Hard matrix elements @ NLO externally (OpenLoops,Recola,Gosam,...)
102—;
10 - € Parton shower internal+external, hadronization external
100—;
& Dedicated interfaces to Pythia6, Pythia8 , Tauola,
arXiv:2203.07622 [physics.acc-ph] - Lepton collider beam simulations (Gaussian spread, parameterized fit,
N—— beam event files, 2d-histogram adapted, smoothened):
External packages » iterations = 0 and smooth = 0,3, 5:
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O’Mega VAMP HepMC » iterations =2 and smooth =0, 3, 5:
Integration p2 (1:2)
Events RIVET o
Analysis 15
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o Talk by Thorsten Ohl 06/2023: https://indico.cern.ch/event/1266492/
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model = NMSSM
process susyprod = el, E1 => staul, Staul

WHIZARD overView (I I) process staudec = staul => neul, e3 3 /20

sqrts = 250 GeV

beams = el, E1 => circe2 => 1isr
beams pol density = @(-1), @(+1)
beams pol fraction = 80%, 30%

Collider setup: Polarized beams, crossing angle, asymmetric beams n_events = 10000
sgmple_format = lhef, stdhep, hepmc
€ Event formats available: LHA,LHE(v1-3),HepMC2/3(RootI0),LCIO simutate (susyprod)

¢ \ersatile scripting language SINDARIN: arbitrary cuts & selections, scale expressions etc. etc.

€ Factorized processes (unstable feature, NWA, specific decay helicity, polarized resonance decays)
Automated calculation of BRs of unstable particles, BRs can be set explicitly, e.g. to (N)NLO values
BSM models through UFO interface (cf. later)

Special treatment of top threshold physics (cf. later)

Reweighting / recasting processes + multiple weights/observables

WHIZARD API: callable as a library from any C/C++/Fortran/Python program / Jupyter

‘€ €c  ‘€c € €C  €C

Focus here new developments: Completion NLO automation, NLO matching, high-performance,

revalidations, new physics implementations: long-lived particles, initial-state QED treatment, EW PDFs etc.

J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023 {L



WHIZARD v3.1

WHIZARD: User support / bug tracker

.2 (21.03.2023)

whizard.hepforge.org

https://launchpad.net/whizard

whizard is hosted by Hepforge, IPPP Durham

» WHIZARD

« HOME
- Main Page
« MANUAL, WIKI, NEWS
< Manual
o Wiki Page
o CLIC page on WHIZARD
o News
e Tutorials
o Delphes Fast Simulation
- WHIZARD talks
> Changelog
« REPOSITORY, LAUNCHPAD, BUG TRACKER
o Launchpad Support Page
o Subversion Repository
< Public Git Repository
- Support Questions
o Bug Tracker
« DOWNLOADS
- Download Page
= LC beam spectra
- FeynRules and SARAH models
o Patches/Unofficial versions
« SUBPACKAGES/INTERFACES
- O'Mega Matrix Element Generator
> VAMP Monte Carlo Integrator
« CIRCE1/2 Beam Spectra Generator
o WHIZARD/FeynRules interface (deprecated)

» Contents

« Chapter 1 Introduction

= 1.1 Disclaimer

= 1.2 Overview

= 1.3 Historical remarks

= 1.4 About examples in this manual
» Chapter 2 Installation

= 2.1 Package Structure

= 2.2 Prerequisites
= 2.3 Installation

» Chapter 3 Working with werzarp
= 3.1 Hello World

WHIZARD Manual @ HepForge

= 3.2 A Simple Calculation
= 3.3 WHIZARD in a Computing Environment
= 3.4 Troubleshooting

» Chapter 4 Steering WHIZARD: sinparin Overview
= 4,1 The command language for WHIZARD
= 4.2 sINDARIN SCripts
= 4.3 Errors

https://whizard.hepforge.org/imanual

= 4.4 Statements
< 4.5 Control Structures
= 4,6 Expressions

~ 4.7 Variables

= Chapter 5 sinpar1n in Details
= 5.1 Data and expressions

« CONTACT ¢ 3.2
o Launchpad Support Page =53

> Contact us « 54

= 55

¢ 5.6

= 5.7

WHIZARD Tutorial

Particles and (sub)events

available as PDF and web pages

Physics Models
Processes
Beams
Polarization
Cross sections

e.g. for Snowmass, 20.9.2020:

J. R. Reuter,

https://indico.fnal.gov/event/45413/

DESY

whizard@desy.de

LCWS 2023, SLAC, 16.5.2023
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WHIZARD: User support / bug tracker

WHIZARD v3.1.2 (21.03.2023)
O 8 &2 https://launchpad.net/whizard

https://launchpad.net/whizard

gy =

whizard@desy.de

B % @ I 0 @ () -°*

& Juergen Reuter (j.r.reuter) « (Log Out

£ _/| WHIZARD
m Code Bugs Blueprints Translations  Answers

Registered 2019-06-26 by a Juergen Reuter
WHIZARD Event Generator

WHIZARD is a program system designed for the efficient calculation of multi-particle scattering cross sections and simulated event samples.

WHIZARD can evaluate NLO QCD corrections in the SM for arbitary lepton and hadron colliders. Tree-level matrix elements are generated automatically for arbitrary
partonic processes by using the Optimized Matrix Element Generator O'Mega. Matrix elements obtained by alternative methods (e.g., including loop corrections) may
be interfaced as well. The program is able to calculate numerically stable signal and background cross sections and generate unweighted event samples with
reasonable efficiency For processes with up to eight final-state particles; more particles are possible. For more particles, there is the option to generate processes as
decay cascades including complete spin correlations. Different options for QCD parton showers are available.

Polarization is treated exactly For both the initial and final states. Final-state quark or lepton flavors can be summed over automatically where needed. For hadron
collider physics, an interface to the standard LHAPDF is provided. For Linear Collider physics, beamstrahlung (CIRCE) and ISR spectra are included for electrons and
photons. The events can be written to file in standard formats, including ASCII, StdHEP, the Les Houches event format (LHEF), HepMC, or LCIO. These event files can
then be hadronized.

WHIZARD supports the Standard Model and a huge number of BSM models. Model extensions or completely different models can be added. WHIZARD Ffully supports
external models from UFO Ffiles. There are also legacy interfaces to FeynRules and SARAH.

The code of released WHIZARD versions is hosted in a publically accessible GitLab:
https://gitlab.tp.nt.uni-siegen.de/whizard/public

# ' Change details

£ Sharing

(@& Subscribe to bug mail
£ Edit bug mail

Get Involved

Report a bug L2

1

Ask a question

Register a blueprint -

Configuration Progress
_—I

7 Configuration options

# Code ~
£ Ch brandi
ange branding ® Bugs v
@ Homepage @ Wiki &) External downloads B Translations of
£ Answers v
Project information Series and milestones View Full history
Maintainer: Driver: ® 3.1.x Downloads
‘ = A -
WHIZARDs £ WHIZARDs £ 9 , 3.1'.0 3.1l-1 3-!] 2313 Latest version is 3.1.2
f 2.8x
Licence: ® o o o o o . whizard-3.1.2.tar.gz
GNU GPL v3 28.028.1282283284285286

¥ RDF metadata

3.1.x series is the current focus of development. #

(# Register aseries ) View milestones  (# Create snap package

Code

released on 2023-03-21

@ All downloads

Announcements

WHIZARD 3.1.2 released on 2023-03-21
Just a bug Fix release for a (harmless) cyclic
build dependence in the WHIZAR...

WHIZARD 3.1.1 released on 2023-03-10

All code Latest bUgS re porte d Allbugs Two major bug fixes on numerical stability of
Version control system: Programming languages: 4. Bug #2017739: Update new hadronic states in WHIZARD's model Files phase-space mappings close to s...
Git Fortran 2008. ocaml (# Reported on 2023-04-26 L R T T

J. R. Reuter, DESY

&) 706468 Gaussian or Breit wigner distribution

& 706412 Syntax for forcing two identical particles to different final states

& 706411 Various errors when generating events with (b) jets in the final state
& 706291 Error while generating NLO events with polarized e+ e- beams

& 706197 how to uninstall whizard

& 706070 default cuts

& 706008 issues with installing whizard with openloops

LCWS 2023, SLAC, 16.5.2023
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News on the UFO / BSM in WHIZARD .

model = SM (ufo) 10° ¢

—WEWWEW
—WtW-ZZ
10 - —W*W-HZ

model = SM (ufo (“<my UFO path>”"))

Old FeynRules / SARAH interface is deprecated —WtW-HH
- 7277
backwards validation possible via v3.0.0 =102 HZzZ
S —HHZZ

—HHHZ

© WHIZARD 2.8.3: Full UFO (I) support 1075

™M Majorana statistics (3.0.0) cf. Talk by Krzysztof Mekata 10_65

™M LO matrix elements from externals UFO models (particularly SMEFTSim v3.x) 10° /s [GeV]

M Customized propators 0 ———————

™M Spin0, 1/2,1, [3/2, 2] supported  [3.2.x] el /\L/gﬂ; - I‘{fo ﬁ

M Arbitrary Lorentz structures supported E § :i

M 5-,6-,7, 8-, ..point vertices (optimization for code generation pending) %10 —1]\\1/‘;) cu>t e .j

™M BSM SLHA input (2.8.3) §102_ (j)Bi J};- ) Oo: —ry =0 ol

™ Lots of bug reports and constructive feedback from many different users 3 ........ e |

[J Crazy color structures (sextets, decuplets, epsilon structures) (3.2.0) 10_3' —|: - i |

[J NLO (QCD) matrix elements from external UFO models with GoSam (3.2.x) X : ‘fMgB [TeV]G 8 10
New paper on UFO 2.0: Darmée et al. arXiv: 2304.09883 MuC example for SMEFT/HEFT UFO, from: T. Han et al. arXiv:2108.05362

J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023 {L
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Getty Villa, Pacific Palisades, Etruscan, 525 BC
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‘WHIZARD NLO Automation: Loops & Legs\ 7/ 20

NLO SM automation for lepton-/hadron colliders completed 2022  Chokoufé 2017;Weiss 2017; Rothe 202 |; Stienemeier 2022; Bredt 2022

FKS subtraction, NLO matrix elements from OpenLoops/Recola/GoSam/...

also: resonance-aware FKS subtraction cf. Jezo/Nason, arXiv:1509.0907 |; Chokoufé, 2017

Setup for automatic differential fixed-order results (histogrammed distributions)

Photon isolation, photon recombination, light-, b-, c-jet selection

J. R. Reuter, DESY

& New:

loop-induced processes supported

LCWS 2023, SLAC, 16.5.2023 {L



NLO SM automation for lepton-/hadron colliders completed 2022

FKS subtraction, NLO matrix elements from OpenLoops/Recola/GoSam/...

also: resonance-aware FKS subtraction

WHIZARD NLO Automation: Loops & Legs

cf. Jezo/Nason, arXiv:1509.0907|; Chokoufe, 2017

Setup for automatic differential fixed-order results (histogrammed distributions)

Photon isolation, photon recombination, light-, b-,

lee @ I TeV, NLO QCD|

WHIZARD+OpenLoops

Process arolth] onLo [fb] K

ete™ — jj 622.737(8) 639.39(5) 1.03
ete™ — jjj 340.6(5) 317.8(5) 0.93
ete” —jjig 105.0(3) 104.2(4) 0.99
ete™ = jijjj 22.33(5) 24.57(7) 1.10
ete™ = tt 166.37(12) 174.55(20) 1.05
ete” = tt) 48.12(5) 53.41(7) 1.11
ete” =t 8.592(19) 10.526(21) 1.23
ete” = ttjjj 1.035(4) 1.405(5) 1.36
ete — tttt 0.6388(8) - 1077 1.1922(11)- 103 1.87
ete™ =ttty 2.673(7)-107° 5.251(11)-107°  1.96
ete” — ttH 2.020(3) 1.912(3) 0.95
ete = ttHj 2.536(4) - 10! 2.657(4) - 107! 1.05
ete” = ttHjj 2.646(8) - 102 3.123(9) - 102 1.18
ete” = ttZ 4.638(3) 4.937(3) 1.06
ete” = ttZ] 6.027(9) - 107! 6.921(11)-10°*  1.15
ete” = ttZj] 6.436(21) - 1072 8.241(29)- 1072  1.28
etem = ttW*j; | 2.387(8)-1071 3.716(10) - 10~*  1.56
ete 2> ttHZ 3.623(19) - 1072 3.584(19)- 102  0.99
ete = ttZZ 3.788(6) - 102 4.032(7) - 1072 1.06
ete” = ttHH 1.3650(15) - 1072 1.2168(16) - 1072 (.89
ete” = ttWHW— | 1.3672(21) - 10~*  1.5385(22) - 10~* 1.13

c-jet selection

J. R. Reuter, DESY

& New:

loop-induced processes supported

LCWS 2023, SLAC, 16.5.2023
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WHIZARD NLO Automation: Loops & Legs 7/ 20

NLO SM automation for lepton-/hadron colliders completed 2022  Chokoufé 2017;Weiss 2017; Rothe 202 |; Stienemeier 2022; Bredt 2022

FKS subtraction, NLO matrix elements from OpenLoops/Recola/GoSam/...
also: resonance-aware FKS subtraction cf. Jezo/Nason, arXiv:1509.0907 |; Chokoufé, 2017

Setup for automatic differential fixed-order results (histogrammed distributions)

Photon isolation, photon recombination, light-, b-, c-jet selection € New: loop-induced processes supported
ee @ I TeV, NLO QCD| [bp @ 13TeV, NLO QCD]
WHIZARD+OpenLoops
Process JTLO {ﬂ)] ONLO [ﬂ)] K WHIZARD+OpenLoops )
Process oLo|fb] onLo [ fb] K
ci( —jj 622.737(8) 639.39(5) 1.03 - L162@) . 10°  1601(5). 10 133
€& I 3‘19'6(?) 31"?(5) 0.93 pp — jjj 9 01(4) - 107 7.46(9) - 107 0.83
ete” = jijj 105.0(3) 104.2(4) 0.99 pp —s 1t 1.580(9)-10°  6.740(10)-10° 147
ete” = jjii 22.33(5) 24.57(7) 1.10 pp — tt] 3.123(6) - 10' 1.087(9)-10°  1.31
ete™ — tt 166.37(12) 174.55(20) 1.05 pp — ttjj 1360(1) 1.775(7) - 10° 1.31
(ﬁ_+( - ff] 1812(5) -')311(7) 1.11 pp — tttt 4. 4?\[.(()) 9.()7()(9) 2.02
ete~ — ttjj 8.592(19) 10.526(21) 1.23 pp — W 1.3749(8) - 10°  1.7696(10) - 10° 1.29
ete” = ttjjj 1.035(4) 1.405(5) 1.36 pp— W= 2.046(3) - 107 2.854(5)-107  1.39
ete — thtt 0.6388(8) - 1073 1.1922(11)- 103 1.87 pp — W=jj 6.856(12) - 10°  7.814(27)-10°  1.14
ete™ —s titt] 2.673(7)-107°  5.251(11)-10°  1.96 pp— W5jj) 610(3) 10°- 1-9'8( ) 0" 107
— — — pp — Z 541(3) - 107 5.4086(16) - 107 1.27
ete” —ttH 2.020(3) 1.912(3) 0.95 pp — Zj 7. 21>(4) 10° o, 733(10) - 10‘ 1.35
ete” —ttHj 2.536(4) - 101 2.657(4) - 101 1.05 pp— 23] 2.364(5) - 106 2.676(7) - 1()' 1.13
ete” = ttHjj 2.646(8) - 102 3.123(9) - 10 2 1.18 pp— Zjjj 6.381(23) - 10°  6.85(3) - 1 1.07
(fi(_ — I‘f’l. 1633},(3) » 1()3((3) 1 1.06 pp — ”'*”-_F_]'_]. )()G(—)) 102 9 )V(T) 102 1.48
ete” = ttZj5 6.436(21) - 1072 8.241(29)-107%  1.28 pp — ZWH (3) 104 1 155(1) 1()4 1.61
ete” = ttW*j55 | 2.387(8) - 1071 3.716(10) - 10~*  1.56 pp — ZW*j 160()(4) 104 2.0940(28)-10* 1.30
ete” 5 ttHZ 3.623(19) - 1072 3.584(19)- 1072  0.99 pp— ZW*E55 | 8.06(3) - 103 9.02(4) - 10° 1.12
ete” = ttZZ 3.788(6) - 1072 4.032(7) - 1072 1.06 p— 22 1.0969(10) - 10*  1.4183(11)-10* 1.29
ete = ttHH 1.3650(15) - 1072 1.2168(16) - 1072 0.89 pp— ZZj 3.667(9) - 10°  4.807(8)-10° 1.3l
ete” = ttW*HW~= | 1.3672(21) - 10~ 1.5385(22)- 10~* 1.13 pp— ZZ]] 1.356(6) - 10°  1.684(8)-10°  1.24

J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023
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WHIZARD NLO Automation: Loops & Legs 7/ 20

NLO SM automation for lepton-/hadron colliders completed 2022  Chokoufé 2017;Weiss 2017; Rothe 202 |; Stienemeier 2022; Bredt 2022

FKS subtraction, NLO matrix elements from OpenLoops/Recola/GoSam/...
also: resonance-aware FKS subtraction cf. Jezo/Nason, arXiv:1509.0907 |; Chokoufé, 2017

Setup for automatic differential fixed-order results (histogrammed distributions)

Photon isolation, photon recombination, light-, b-, c-jet selection € New: loop-induced processes supported
lee @ | TeV, NLO QCD| [bp @ 13 TeV, NLO QCD| lup @ 3TeV,NLO EW
WHIZARD+OpenLoops
Process O'L()[ﬂ)] O’NL()[ﬂ)] K WHIZARD+OpenLoops ) 4+ 1 1
Process oLo|fb] onLo [ fb] K ptp~ — X, /s = 0}?8 [fb] Ui\?IC,O [fb] drw %]
etem = jj 622.737(8) 639.39(5) 1.03 — e e
ete= = 14 340.6(5) 317.8(5) 0.93 PP 1] -162(4) - 1€ 01(5) - 1€ — > >
Ny 105.0(3) 104.9(4 o pp— jjJj 9.01(4) - 107 7.46(9) - 10 0.83 Wtw 4.6591(2) - 10 4.847(7) - 10 +4.0(2)
NG ‘,?'T;.;(;’) o ,;;,ET; 0 pp— tt 1.589(9) - 10° 6‘10<10) 10° 147 77 2.5088(1) - 101 |  2.656(2) - 101 | +2.19(6)
- V17 S - | i :%Ef; }8 1”_’8 E?; }g }zi HZ 1.3719(1) - 10° | 1.3512(5)-10° | —1.51(4)
e 36.37(12 74.55(2 05 pp — ttj] .36 i L) - 105 s - =7 x
i+i— : Z ' 11261:(‘5,)1 ) });411)()';)0) 1 (1)1) pp — tttt 4.485(6) 9.070(9) 2.02 HH 1'60216(7) 11077 5'66(1> 1077
+e- —mJ" 8(".()‘;('19) '1'b.r->(*(«>1) 1.23 W 1.3749(8) - 10°  1.7696(10) - 10° 1.29 wrwoz 3:330(2) - 10° | 2.568(8) - 10~ | —22.9(2)
€' e 1] Rk VA B 3 VAV P~ A pp — ) (491 (0 17— 100 100 B
ete= = tjjj 1.035(4) 1.405(5) 1.36 pp — W 2.046(3) - 107 2.854(5)- 107  1.39 EVZ;V H 1.1253(5) 191 0.895(2) il 5(2)
ete™ — tttt 0.6388(8) - 1077 1.1922(11)- 103 1.87 pp— W=j) GMG(IZ) 10°  7.814(27)-10°  1.14 3.598(2) - 10 2'68(1)'10_2 —25.5(3)
ete —s it 2.673(7)- 1075 5.251(11)-10°  1.96 pp — Wjjj 510(3) 10°  1978(7)-10° - 107 Hzz 8.199(4)-107% | 6.60(3)-107% | —19.6(3)
; v , pp—Z 11(3) - 107 5.4086(16) - 107 1.27 HHZ 3.277(1)- 1072 | 2.451(5)-10"2 | —25.2(1

+ o= 2 020( 2 5
o Tt | asain 10 ﬁ?l:gi; o0 wp— Zj 7 215(d) 10° 0733(10) 10° 135 HHH 2.9699(6) - 105 | 0.86(7) - 10~5 *
€ € +11 ] 2.000(4) - 2.007(4) - Uo pp— Zjj 2.364(5) - 10° 2.676(7) - 10° 1.13 T —1F T — 100 100 —
ete” = ttHjj 2.646(8)-102  3.123(9)-102  1.18 pp — Zjji 6.381(23) - 10°  6.85(3)-10°  1.07 wrweWwew 1.484(1) 100 0.993(6) 100 33.1(4)
L ; . ) WHW-22 1.209(1) - 10 0.699(7) - 10° | —42.2(6)
€ € — I‘fl 1.638(3) ‘1.93‘ (3) 1.06 n — li'-‘-”'—{» - ()(‘(—) 1(]2 ) -‘)‘}f’("") . 1“2 1 4%
‘e~ > tZ] 6.027(9) - 10~!  6.921(11)-10"!  1.15 Pp—= I o 2230l 1) - WW-HZ 8.754(8) - 10~ |  6.05(4)-1072 | —30.9(5)
ete 7 .027(9) - 1071 6.921 © LIS pp— W-W~jj 677>(21) 100 0.982(28) 10! 147 P s _
ereT = 1tZj] 6.436(21) - 107%  8.241(29)-107%  1.28 pp — ZWH 80(5) - 10% 4.488(4) - 10 1.61 WTW-HH 1.058(1) - 10_3 0.655(5) - 10_3 —38.1(4)
etem S ttWEjj | 2387(8) 107" 3.716(10)- 107" 1.56 pp — ZW*j 1009(4) 10°  2.0940(28)-10* 1.30 2222 3.114(2) - 10 1.799(7) - 10 —42.2(2)
ete” > ttHZ 3.623(19) - 1072 3.584(19)-10~2  0.99 pp— ZW*jj | 8.06(3) - 105 9.02(4) - 10° 1.12 HZZZ 2.693(2) - 107° | 1.766(6) - 107° | —34.4(2)
ete” = ttZZ 3.788(6) - 1072 4.032(7) - 1072 1.06 pp— ZZ 1.0969(10) - 10*  1.4183(11)-10* 1.29 HHZZ 9.828(7) - 104 6.24(2) - 10~* | —36.5(2)
ete~ — tiHH 1.3650(15) - 10~2  1.2168(16) - 10~2  0.89 pp— ZZ] 3.667(9) - 10°  4.807(8)-10° 131 HHHZ 1.568(1) - 10~* | 1.165(4)- 104 | —25.7(2)
etem — tHWHW= | 1.3672(21) - 1071 1.5385(22) - 10~* 1.13 pp— ZZjj 1.356(6) - 10°  1.684(8)-10°  1.24

J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023
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Validation of the Sudakov regime

prp~ — X, /s =10 TeV or's [fb] oNto bl | dew [%] N N "
0.2 \\ \\\ 0.2
WHWw- 5.8820(2) - 101 6.11(1) - 10! | +3.9(2) NS, Tl
77 3.2730(4) - 10° 3.401(4)-10° |  +3.9(1) LN SN T T .
HZ 1.22929(8) - 10~ | 1.0557(8) - 10~ | —14.12(7) AN el T T 1704
HH 1.31569(5) - 10~° | 42.9(4) - 109 * N Sl Tteell | 1
Ww-Z 9.609(5) - 10° 5.86(4) - 100 | —39.0(2) 06T A SSeell Tl 1-0.6
W+W-H 2.1263(9)-10~1 | 1.31(1)-1071 | —38.4(5) - 2 ~~~~~~~~~~~~~
Z77 8.565(4) - 102 5.27(8)-1072 | —38.5(9) Y ] 0s
HZZ 1.4631(6) - 10=2 | 0.952(6) -10=2 | —34.9(4) == Aol o
HHZ 6.083(2)-1073 |  2.95(3)-1073 | —51.6(5) op A - - .
HHH 2.3202(4) - 1072 | —1.0(2) - 1079 * 2 6 3 2 1416
/3 [TeV]
0.5} ptp~ — X, /s =10 TeV o [fb] oS isr [fb] d1sr |70]
o4l WHW - 5.8820(2) - 101 7.295(7) - 101 | 4+24.0(1)
Z Z7Z 3.2730(4) - 10° 4.119(4) -10° |  425.8(1)
S 0al HZ 1.22929(8) - 10~ | 1.8278(5) - 101 | +48.69(4)
< Wrw-Z 9.609(5) - 10° | 10.367(8) - 10° +7.9(1)
0o WHW~-H 2.1263(9) - 10~ | 2.410(2)-10~1 | +13.3(1)
T _ Z77 8.565(4)-1072 | 9.431(7)-1072 | +10.1(1)
: __ incl incl _ : HZZ 1.4631(6) - 1072 | 1.677(1)-10"2 | +14.62(8)
0.1 5QED UNLO,QED/ oo —1 10.] HHZ 6.083(2) - 1072 | 6.916(3)-1072 | +13.68(6)
V3 [TeV])

J. R. Reuter, DESY

arXiv: 2208.09438
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Some examples for NLO results

9 /20
process | a™af* | MG5_aMCONLO o'y [pb] | WHIZARD o', [pb] | 6 [%] | dev [%] aﬂfo
lee @ I TeV, NLO QCD |pp @ 13TeV, NLO QCD/EW mixed | _pp— 1604 10017
Wy Qs 11552.(4) 11545.(4) | —0.37 0.07 | 1.26
WHIZARD+OpenLoops Zj s 7062.(1) 7064.(3) | —0.80 0.03 | 0.77
Process oo |fb] onLo [fb) tt a2 432.90(6) 432.99(5) | —1.15 0.02 | 1.16
ttW =+ aa? 0.23025(3) 0.23017(5) | —4.53 0.03 | 1.28
ete™ — 44 622.737(8) 639.39(5) ttZ aa? 0.50033(7) 0.50041(10) | —0.84 0.02 | 0.67
=+ 2 Q/ Yl < =
2'e = :
eve” =gy | 340 (’(’) 317.8(5) lee @ 25TeV, NLO EW, pol.av. + pol.|
ete — 7917 105.0(3) 104.2(4) MCSANCee[37] WHIZARD+RECOLA
e*e” = jjjjj | 22:33(5)  24.57(7) V5 [GeV] | ot [] | olsto [] | ot [M] | olsto [M] | Sew [%] | o™ (LO/NLO)
ete” — 4797777 | 3.58 3(17) 4.46(4) 250 225.59(1) | 206.77(1) 225.60(1) 207.0(1) —8.29 0.4/2.1
500 53.74(1) | 62.42(1) | 53.74(3) | 62.41(2) | +16.14 0.2/0.3
. . 1000 12.05(1 14.56(1 12.0549(6 14.57(1 20.84 0.5/0.5
Cross-validation of WHIZARD and MUNICH orig. ref. [Kallweit et. al.: 1412.5157] (1) (1) (6) (1) + /
process a™ MUNICH oo [fb] WHIZARD oo [fb] & [%] dev [%] EgLO
pPp — +0penLoops +0penLoops . . .
ZZ o2 1.05729(1) - 102 1.05729(11) - 102 —4.20 | 0.0001 | 0.01 ‘u’u @ |-16 TeV, Validation of Sudakov reg|me‘
wtz a? 1.71505(2) - 10% 1.71507(2) - 10% —0.15 0.001 0.88
W~ Z a? 1.08576(1) - 10% 1.08574(1) - 104 +0.07 0.001 | 0.90 0.0 - 0.0
wtw-— a? 7.93106(7) - 104 7.93087(21) - 104 +4.55 0.002 0.89 ‘ '
ZH a? 6.18523(6) - 102 6.18533(6) - 102 —5.29 0.002 1.17 \NN
Wt H a? 7.18070(7) - 102 7.18072(9) - 102 —2.31 | 0.0003 0.18 WV S
W~ H a? 4.59289(4) - 102 4.59299(5) - 102 —2.15 0.002 1.62 02 RN DT 1 09
ZZZ a’ 9.7429(2) - 100 9.7417(11) - 100 —9.47 0.012 1.01 AR R PO '
wtw—z a’ 1.08288(2) - 102 1.08293(10) - 102 +7.67 0.004 0.45 Y il PR
wtzz a3 2.0188(4) - 10! 2.0188(23) - 10! +1.58 | 0.0001 0.01 R S T e
W22z a3 1.09844(2) - 10t 1.09838(12) - 10! +3.09 0.006 0.51 _04F SooTSel TR L T T e 1_04
witw-—wt | o3 8.7979(2) - 10! 8.7991(15) - 101 +6.18 0.014 | 0.79 i RS TSao -
WIw-w~- | o3 4.9447(1) - 10} 4.9441(2) - 101 +7.13 0.013 2.52 N A TSeao
ZZH ad 1.91607(2) - 10° 1.91614(18) - 10° —8.78 0.004 | 0.39 < S~ TN~
wtzH o 2.48068(2) - 10° 2.48095(28) - 10° +1.64 | 0.011 | 0.96 _06 L — A% Sse. TEe—l L 1 06
W~ ZH as 1.34001(1) - 100 1.34016(15) - 100 +2.51 0.011 1.02 —— AL S~ TEms—a
ZHH a3 2.39350(2) - 10~ | 2.39337(32)-10~1 | —11.06 0.005 | 0.41 AILe TSeao T
WTHH a’ 2.44794(2) - 10~ | 2.44776(24) - 1071 | —12.04 0.007 | 0.74 i T TN~ ]
W HH a 1.33525(1) - 10~ 1 | 1.33471(19)-10~1 | —11.53 0.041 2.80 ‘PP @ |3 TeV, NLO EW 08F=-=- A% T = 4108
. Aunpol =
5 = ONLO ~ 910 dev = |owRtzarD — OMonTcH 558 = |OvRTzARD — OMiNICH i::pul -
— — N
Lo ©WHIZARD \/Aerr wzzaro T Do wonzon 1Ok v v - L. . 4-1.0
2 4 6 8 10 12 14 16
Vs [TeV]

J. R. Reuter, DESY

LCWS 2023, SLAC, 16.5.2023
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Differential NLO fixed-order distributions

lee @ | TeV, NLO QCD|

ee” = jjjjj.  V5=1TeV
[ | T T | T T | T T | T 11 | T 171 | T 171 | T 11 | T T | T T
- — il _I—I__ .
N WHIZARD scale var. -
B —+— WHIZARD@NLO T
e WHIZARD@LO -
| —+— MG5_.AMC@NLO |
- —+— SHERPA@NLO .
;I | [ | [ | [ | [ | ] | [ ] ] | [ ] ] | [ ] ] | [ | | | | | | I
:_I| [T 11 | [T 11 | [T 11 | [T 11 | [T 171 | [T 171 | [T 1.1 | [T 11 | [ ] g
gI | I | I | I | | 111 | [ | [ | I | | I I | | | i
El T T | T T | T T | T T | T T | T T | T T | T T | [T 1 é
= L
EI | I | I | I | I | I | I | I | I | | |1 ?
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L L L B B
E = WHIZARD scale var. -
:E 1 —+— WHIZARD E
— e -+ — WHIZARD@LO —
== —— —+— MG5_AMC@NLO =
e M —+— SHERPA .
:I_lll|llll|llll|l l|ll|l|llll|llll|l|ﬁlil 717711:
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J. R. Reuter, DESY

luy @ 10TeV, NLO EW

Vs =10 TeV
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tricky numerics of eikonal terms

at high energies!

arXiv: 2208.09438
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(Resonance) Matching to shower / hadronization "/ 20

- Problem: e*e~— jjjj not dominated by highest as power,

?resonance_history = true but by resonances ete- - WW/ZZ — (”)(”)
resonance_on_shell limit = 4

resonance_on_shell turnoff
resonance_background_tactor = le-10 * WHIZARD v2.6.0: option to set resonance histories

1 * Solution: proper merging w/ resonant subprocesses by resonance histories

; — 4 . 5 . — 4
— 50 | 3w g _Tﬁ, Hparticles S omb Wt 47— #photons
S . ;_'9 B —— 4j (withresonances, OS1.=1) oo r —— 4j (wilhlresonances, OSL=4)
fb= 1 u b=2 U 3 - I 4J  — o " 47 (with resounm’:(s, OSL=1) A S 4j (with mmnm:‘i‘f)ﬂ.—l)
— 15 —
= R S 4 ] 2 —
W 2 - v J : —
— 4 — . . | "o - —
U U Z 5[ 0 —— 47 (with|resomances, OSL=4) ’> | —‘ 15} . F
L — . 5 . —
d d 44 (with|resonances, OSL=1) 5[ WE
L b 2 — I  —
rOOt — —_ N WHIZARD J — I 5 F WHIZ u_J —T
" u a U 30 [— \ N = g == 1= S NI = I e
B 1.4 - 14 | |
— 5 1.2 — ] 12
d d S I— o1 g —
( — C s
20 __ 2 0.8 — L 08 |- \_'
B “.b s 1 1 1 I | 1 l } 1 1 1 I 1 1 ‘JG r 1 I I I l I I T + l I I I
) 510 100 150 200 0 20 40 60 80 100
10 —
. WHIZARD | _ g
_ - R I # vis. particles 2 :
L 3 r ) 3B — 4 —
O | | ] |_|_I | | | 4['—11 | ‘é 90 J— Vif“w - 15 4F P “i ., : I-:”W X 4£:_ﬁ E (photon)
1.4 — 58 C —— 1j (with resonances, OSL=1) 3 4§ (with Tesoances, OSLE=4)
I i 4j (with resonan¢ss, OSL 1) TFGE 4] (with resonances, OSLE1
- 15 —
S ~ + ‘ 4
% 1 _ 10 — 3 ] —
LTT‘ ) E 5 :_ ‘— ’ 2 —_
M 0‘8 __ IIIIII 7. ‘# - ¥_— 1 — ‘\‘.?\H [rm—
U 6 : | ok RSN S | I_I{I&IIIILL__ U i_—l
6 — 14 [ di- [
T B M I - L : s - I = -
0 20 40 60 80 100 ER - g 1E - =
W OR L l YR B
I,J.ﬁ : 1 1 1 l 1 1 1 _]j 1 1 1 1 1 1 U.'j B 1 - I L L L l 1 1 1 l .
0 50 100 150 200 0 50 100 150 200 250

S Talk by Zhijie Zhao on corresponding matching with PYTHIAS8

J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023 {L



NLO QCD (+EW?) matching (and resonances)

Matching between NLO rea

Perturbative a : ‘% soft

T\
4
¥

* Complete NLO events

emission from hard ME and parton shower (PS)

2 1 kmax
~ > log
k7 kl%in

POWHEG method: hardest emission first [Frixione/Nason et al.]

Process-independent NLO matching in WHILZARD

Massive/massless emitters, back-to-pack kinematics, running a;

Real partitioning of phase space into singular and finite regions
Resonance-aware subtraction: Intermediate resonances handled

At the moment: NLO QCD; straightforward EW generalization

B(®,) = B(®,) + V(P,) + / 4D R(Drys1)

* POWHEG generate events according to the formula:

do = B(®,) [AELO(k;ﬁin) +

R((I)nJrl)
B(®y)

AREO (k) d@rad]

* Uses the modified Sudakov form factor:

ANLO () — exp [— / 1D,

R((I)n+1)

bk (1) - kT)]

J. R. Reuter, DESY
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W bW ~b no resonances
W bW —b with resonances

T~ bb with resonances
pt pp~bb no resonances

Ratio

0.005

0.010
E,[GeV]

0.015 0.020

10°°

10 :5=__

—— LO+PYTHIASB
POWHEG+PYTHIAS

1.4
1.2

0.8
0.6 —
L1 1

lllllll

_qh
ol

et if] 1]

LCWS 2023, SLAC, 16.5.2023
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NLO QCD (+EW?) matching (and resonances) 9/ 20

CMS, 13TeV, Z — ete™

do /dp% [pb/GeV]

: | I II]IIII | | lllllll | | lllllll | | ]llllll :
60 — —4¢— Data —
u —t— WZ+PY prmin = 1 GeV ]
50 — == WZ+PY propmin =25GCeV  —
C —t— WZ+PY prmin = 5 GeV ]
40 — ]
30 —
- —— .
20 — —
10 = —]
_ N CMS, 13 TeV, Z — ete™
0 : | I | : [\]_ 0.12 —1 | | | I | | | | | | | | | | | I | I | [ —
{2 :_ | LI |||||_; —: E : :
= = = - |
S 11 B . 5 01— —
I N I -
1 F - X B 7
O = t f = —~ .08 | — —4— Data _
2 09 E " —— WZ4PY promn = 1 GeV -
0.8 ;— L1 | 11111] L1111 I |.4.Lulh411.11111|—; 0.06_—_'_WZ+PYPT,IN'J1:§5C’€V —
10”1 1 101 10° 103 B WZ+PY prmin = 5 GeV -
p% [GeV] 0.04 — _
0.02 - _
+p— - —
LHC 13 TeV: Drell-Yan pp — £7¢C N N B R R B
{2 :_l | | | | | | | | ‘ | | | | | | | | | | | | ]—:
compared to CMS data e . E E
s T E
2y
O
= 09
0.8
0 0.5 1 1.5 2
v
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do /dp% [pb/GeV]

MC /Data

60

50
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20
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NLO QCD (+EW?) matching (and resonances)

CMS, 13TeV, Z — ete™

— | | lllllll | | IIIIIII | | Illllll | | lllllll —
= —¢— Data —
n —— WZ+PY prmin = 1 GeV N
— —t— WZ+PY PTmin = 2.5GeV  —
- —t— WZ+PY prmin = 5 GeV ]
- — .
= —
[ [ A A | _
— | LR | -
= ‘ ] =
:— 1 | llllll 1 | I | | I*ullh_lllxllllll—:
—1 1 101 10° 103
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LHC 13 TeV: Drell-Yan pp — £~
compared to CMS data

1/odo /d|y?|

MC /Data

J.R.
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=)
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New features, ongoing development 4 / 20
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Quick note on the top threshold

15 / 20

Exclusive Top threshold NLL-NLO QCD matched available
Implemented for v2.5.1, revalidated in v3.0 parallelized
Recent improvement in axial form factor matching

Started to work on this implementation again

Matched inclusive WbW ~b cross section, with QED ISR

I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
1000 i
L e matched, no switch-off i
i matched, combined, symmetrized
i NLO |
750
é 500
b N
250
O —
l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l
330 340 350 360 370 380
Vs [GeV]
1.20 F 1 | I | | -
w C .
Q n .
3 1.10 | =
= n ; ;
.c,—Uq = 1
- 1.00 -
i | 1
8 B 1 N
S 0.90 F 3
- - .
0080 — | 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
330 340 350 360 370 380
Vs [GeV]

J. R. Reuter, DESY

=
=3

& o3

=10
<R

102

20

18

i

S 19

% 10

2 s

G

1

2

ete = WHW D, N > 2, /5 = 314GeV ete — WHOW b, Niew > 2, /5 = 344GeV
C %ﬂ )
- NLO C 102 — NLO
h’?h (\d é IIlatClled
— 35
| ‘ 101 :_’_’_I_’_,_I_/_,_/’I
f B E el
- — 107 |- _\_\_\;
20 | | | | | | | | | |
= | L1 11 | L1 1 1 I | I | I L1 1 | | | L 11 18;
T T T L 160 165 170 175 180
""""""""""""""""""""" ., .W—j;,
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 m” [GeV]

model = SM_tt_threshold

nrqcd_order = 1

=1 I NLL resummed
mpole_fixed = 1

Vtb
mlS = 172 GeV
scale = mlS

FF

$method = "threshold"
process eett_threshold = E1, el => Wp, Wm, b, B {
$restrictions = "3+5~t && 4+6~tbar" nlo_calculation = real }

sqrts = 350 GeV
integrate (eett_threshold)

Chokoufe/Hoang/Kilian/|RR/Stahlhofen/Teubner/Weiss,  1712.02220

LCWS 2023, SLAC, 16.5.2023



Further work on QED: ePDFs, EW PDFs, QED shower 16 / 20

[ Collinear resummation LO/LL Gribov/Lipatoy, 1972; Kuraev/Fadin, 1985; Skrzypek/Jadach, 1992; Cacciari/Deandrea/Montagna/Nicrosini, | 992

0 NLO QED PDFs, collinear evolution @ NLL Frixione, 1909.0388; Bertone/Cacciari/Frixione/Stagnitto, [911.12040 + 2207.03265; Bertone et al., 21 [ 0.xxxxx

O Status in WHIZARD: LO+LL ePDFs fully functional, NLO+NLL ePDFs implemented (incl. NLO QED evol.), validated, functional for Born processes
0 Crucial: numerical stability at kinematically peaked limit z — |/

O Also: fast interpolation (CTEQ-like) grids available, final infrastructure done, mapping for real radiation component ( = no plots yet & )

Q = 10 GeV, NLL, alpha running:
o o 5o o ePDF (x = 0.900, S/GAM/NS) = ©.460772  ©.023594  ©.460727
dogi(pe,p1) = E /dz+dz_ Lk (24, u°,m=) I i (2—, p*,m*) P. — Psy Pry ePDF (x = 0.950, S/GAM/NS) = ©.986551  0.021590  0.986529
y s = ) ePDF (x = 0.990, S/GAM/NS) = 5.283617  0.019256  5.283613
—e+ —_
y=e,e Y Pfyz P’Y’Y ePDF (x = 0.999, S/GAM/NS) = 53.973578 0.016663 53.973578
2\ P
A5 2 m P — P — P — PV L PV Check singlet-nonsinglet linear combination
X d6ij(24Pk, 2—p1, p°) + O || — NS — Letex etet = Lee eé
S ePDF (x = 0.950, e- - [S + NS]/2) =  ©0.000000
ePDF (x = 0.950, e+ - [S - NS]/2) =  ©.000000

ePDFs for polarized leptons !?

QED ISR [+FSR], exclusive part . .
[ Soft resummation + exclusive PhOtOI’]SZ Yennie/Frautschi/Suura, 196 |; Jadach/Ward/Yost, hep-ph/

0006359/0103163+0104049+0211132+0602197+1409.4171, Piccinini ea.; Krauss/Price/Schonherr, 2203.10948

- .
Talk by Alan Price 3 Infrastructure in WHIZARD has started W.Kilian, K.Mekata, M.Léschner, JRR, T.Striegl

@ J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023 {L



QED showers + matching: EW PDFs + EW shower 17/ 20
O “Shower-recoil approach”™ generate p, according to = - log piz Z 10° T et

4 mg —— vv, 380 GeV, g=1

[0 Boost according to the generated p, (avail. for for ISR, EPA or ISR+EPA) i 5,380 GV, a0

0 Algorithm applied recursively (similar to massive NLO EWISR PS construction) s

0 Recursive algorithm resembles a photon shower with n exclusive photons

O Implementation is starting W. Kilian/JRR/T. Striegl 10}

0 50 100 150 200
pI[GeV]

Full QED shower 00 Based either on dipoles or antennae Kalinowski/Kotlarski/Mekata/Sopicki/Zarnecki, 2020

0 Can then be combined with POWHEG-type matching
A 0 Implementation is starting [building on code infrastructure of WHLZARD QCD (virt.) shower]

Matching between EPA+beam y Matching real photons (beam spectra) and virtual photons (EPA) M. Berggren/W. Kilian/K. Mekata/JRR
- - -

(a) Double EPA (b) Full matrix elements

EW PDFs 0 At very high energies (ee/uy) [cf.Talk M. Peskin] EWV PDFs are needed: w.i.p. T. Han/K. Mekata/JRR/K. Xie

J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023 {L



18 / 20

WHIZARD in parallel

WHIZARD MC Integrators:| VAMP . adaptive multi-channel Monte Carlo integrator

- VAMP2Z: fully MPI-parallelized version, using RNG stream generator

- [VXInt: new adaptive generator + integrator based on normalizing flows ]

- (w.i.p first as a stand-alone tool)

jo = | 102 ,/‘
1 | - » ]
10 ? : - F'S . /,/ -
Braf3/Kilian/JRR, arXiv:1811.0971 | 100 - M 1 P A I -
0" 5 b 2 < o ‘s 7 <
e o :l Bac P PN B E /// ~ ; -
T é, < * T - g 10" 1 et :___.‘__.-:
L : : : : : D 1072 < 3 3 I A
¢ Parallelization of integration: OMP multi-threading for different helicities ]* . _ j;'
o o o 10_3 * - - 1
¢ MPI parallelization (using OpenMPI or MPICH) | | T =+ ¢ T S — i |
1 i 16 64 1 4 16 64
¢ Distributes workers over multiple cores, grid adaption needs non-trivial communication CPUs CPUs
: : == p=10 ST TR T TI j — Wj
$ Speedups of 10 to 30, saturation at O(100) tasks [can do also parallel event generation] b R e )
—:= p=09 T oW g Wi
¢ Load balancer / non-blocking communication [v3.0.0] boetem -t t gz W L3 Wil
¢ oeter s ppptp § gg o Weg

J. R. Reuter, DESY LCWS 2023, SLAC, 16.5.2023 {L



CPU

Optimised for
Serial Tasks

o

6PU
Optimised for Many
Parallel Tasks

SEEEEEENE EEEEEEENn
pononpnon oooonnpnn
SEEEEEEN EEEEEEEE
pooopooon opooooon
EEEEEEEND EEEEEEEE
SEEEENEEND ENEEEEEN

.

WHLZARD on GPUs

19 / 20

¢ Joint project with former Phd student; now works for NEC supercomputers

‘€0 €0 €0 €

J. R. Reuter, DESY

Main core serial (or MPIl-parallel) on CPU, matrix elements as libraries off-loaded to GPU
(Semi-) automatized ME generator exists for amplitudes on GPU
First tests very simplistic: no fine-tuning, no sophisticated optimization of communication

Moderate speed-ups can be seen for more complicated processes
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| Simulation framework / bug fixes / new features | 20 / 20

News on technicalities, work in progress, started projects:
€ Interface to PYTHIAS: Simon BraB, 2019 Event record exchanged to WHIZARD , (piping via LHE of course
always works!) seems to work, bug fixes for shower history and decay vertices; some information missing

(resonance history lost in translation) < Talk by Zhijie Zhao

& Bug fix (in v3.0.0) for PDFs with asymmetric beams; LHeC/FCC-eh: special PYTHIA6 interface setup

-€cC

HALHF: 500 GeV plasma e on 31 GeV e¢™: some asymmetric quirks in PYTHIAG, interface to PYTHIAS
appears to work pending some technical issues M. Berggren/K. Mekata / JRR / Z. Zhao [ < Talk by Brian Foster]

Issue resolved for Z pole running: numerical failure + technical bug fixed (led to artificial shift/jump in cross section)
Simulation of LLP (long-lived particles) / displaced vertices, also with oscillations of particles (just started)
Technically allow for muon collider beam spectra (not yet produced for WHIZARD/CIRCE2)

Bugfix: full ILC MC mass production files can be recasted (since WHIZARD v3.0.1)

‘€0 ‘€0 ‘€0 €0 H€C

WHIZARD v3.0.2: SINDARIN now has sum and prod -— let scale = sum sqrt[PtAr2 + MA2] [t:T:j]
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\ Conclusions & Outlook \ -

Take-home message: WHIZARD is a full-fledged NLO Monte Carlo generator

Highlights: NLO EW / NLO QCD for lepton colliders, NLO EW/QCD mixed corrections at LHC
Loop-induced processes

Generic POWHEG-type matching for NLO QCD ready, for NLO QED/EW starting

Recently lot of improvement on UFO interface: color structures, fermion-number violating models, SMEFT

New upcoming feature: displaced vertices / LLP

Many ongoing projects at different frontiers:
finalizing NLO+NLL ePDFs, w.i.p. Soft resummation, QED showers, EW PDFs, preparing for HALHF

Caveat: only few plots yet due to severe person-power issues
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