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/  202WHIZARD Overview (I)
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   Complete MC event generator for all colliders:  v3  released  27.4.2021 

   Hard matrix elements @ LO internally  (O’Mega),  

   Hard matrix elements @ NLO externally (OpenLoops,Recola,Gosam,… ) 

   Parton shower internal+external, hadronization external  

   Dedicated interfaces  to  Pythia6, Pythia8 , Tauola, … 

   Lepton collider beam simulations (Gaussian spread, parameterized fit,  
                   beam event files, 2d-histogram adapted, smoothened): 

↪︎  Talk by Thorsten Ohl 06/2023:  https://indico.cern.ch/event/1266492/
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/  203WHIZARD Overview (II)

   Collider setup: Polarized beams, crossing angle, asymmetric beams 

   Event formats available:  LHA,LHE(v1-3),HepMC2/3(RootIO),LCIO 

   Versatile 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 

   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.

model = NMSSM   
process susyprod = e1, E1 => stau1, Stau1 
process staudec = stau1 => neu1, e3 

sqrts = 250 GeV  
beams = e1, E1 => circe2 => isr 
beams_pol_density = @(-1), @(+1) 
beams_pol_fraction = 80%, 30% 

n_events = 10000 
sample_format = lhef, stdhep, hepmc 
simulate (susyprod)
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/  204WHIZARD: User support / bug tracker 
WHIZARD v3.1.2 (21.03.2023)                      https://launchpad.net/whizard                      whizard@desy.de

WHIZARD Manual @ HepForge

https://whizard.hepforge.org/manual

available as PDF and web pages

WHIZARD Tutorial e.g. for Snowmass, 20.9.2020:        https://indico.fnal.gov/event/45413/

https://launchpad.net/whizard
http://whizard@desy.de
https://whizard.hepforge.org/manual
https://indico.fnal.gov/event/45413/
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/  205News on the UFO / BSM in WHIZARD
model = SM  (ufo)

model = SM  (ufo (“<my UFO path>”))

   WHIZARD 2.8.3:   Full UFO (1) support

   Majorana statistics   (3.0.0)

    LO matrix elements from externals UFO models  (particularly SMEFTSim v3.x) 

   Customized propators 

   Spin 0,  1/2, 1,  [3/2,  2] supported        [3.2.x] 

   Arbitrary Lorentz structures supported 

   5-, 6-, 7-, 8-, … point vertices    (optimization for code generation pending) 

  BSM SLHA input      (2.8.3) 

  Lots of bug reports and constructive feedback from many different users

  Crazy color structures (sextets, decuplets, epsilon structures)     (3.2.0) 

  NLO (QCD) matrix elements from external UFO models with GoSam    (3.2.x)

New paper on UFO 2.0:    Darmé et al. arXiv: 2304.09883 MuC example for SMEFT/HEFT UFO, from:   T. Han et al. arXiv:2108.05362

Old FeynRules / SARAH interface  is deprecated

backwards validation possible via v3.0.0 

cf. Talk by Krzysztof Mȩkała
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Getty Villa, Pacific Palisades, Etruscan, 525 BC
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/  207WHIZARD NLO Automation: Loops & Legs

   NLO SM automation for lepton-/hadron colliders completed 2022     Chokoufé 2017; Weiss 2017; Rothe 2021; Stienemeier 2022; Bredt 2022

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

   also:  resonance-aware FKS subtraction        cf. Ježo/Nason, arXiv:1509.09071; 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



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

/  207WHIZARD NLO Automation: Loops & Legs

   NLO SM automation for lepton-/hadron colliders completed 2022     Chokoufé 2017; Weiss 2017; Rothe 2021; Stienemeier 2022; Bredt 2022

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

   also:  resonance-aware FKS subtraction        cf. Ježo/Nason, arXiv:1509.09071; Chokoufé, 2017

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

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

ee @ 1 TeV,   NLO QCD

  New:    loop-induced processes supported



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

/  207WHIZARD NLO Automation: Loops & Legs

   NLO SM automation for lepton-/hadron colliders completed 2022     Chokoufé 2017; Weiss 2017; Rothe 2021; Stienemeier 2022; Bredt 2022

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

   also:  resonance-aware FKS subtraction        cf. Ježo/Nason, arXiv:1509.09071; Chokoufé, 2017

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

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

ee @ 1 TeV,   NLO QCD pp @ 13 TeV,  NLO QCD

  New:    loop-induced processes supported



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

/  207WHIZARD NLO Automation: Loops & Legs

   NLO SM automation for lepton-/hadron colliders completed 2022     Chokoufé 2017; Weiss 2017; Rothe 2021; Stienemeier 2022; Bredt 2022

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

   also:  resonance-aware FKS subtraction        cf. Ježo/Nason, arXiv:1509.09071; Chokoufé, 2017

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

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

ee @ 1 TeV,   NLO QCD pp @ 13 TeV,  NLO QCD µµ @ 3 TeV, NLO EW

  New:    loop-induced processes supported
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/  208Validation of the Sudakov regime

 arXiv: 2208.09438
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/  209Some examples for NLO results
ee @ 1 TeV,   NLO QCD

pp @ 13 TeV,   NLO EW

pp @ 13 TeV,   NLO QCD/EW mixed 

µµ @ 1-16 TeV,   Validation of Sudakov regime

ee @ .25 TeV,   NLO EW, pol.av. + pol.
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/  2010Differential NLO fixed-order distributions

WHIZARD scale var.
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tricky numerics of eikonal terms 
at high energies!

pp @ 13 TeV,  NLO QCDee @ 1 TeV,  NLO QCD µµ @ 10 TeV,  NLO EW

 arXiv: 2208.09438
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/  2011(Resonance) Matching to shower / hadronization
•  Problem:    e+e− → jjjj  not dominated by highest αs power,  

                                  but by resonances e+e− → WW/ZZ → (jj)(jj) 
•  Solution:    proper merging w/ resonant subprocesses by resonance histories 
•  WHIZARD v2.6.0: option to set resonance histories  

?resonance_history = true 
resonance_on_shell_limit = 4 
resonance_on_shell_turnoff = 1 
resonance_background_factor = 1e-10

#particles

# vis. particles

#photons

E (photon)

↪︎  Talk by Zhijie Zhao on corresponding matching with PYTHIA8  
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/  2012NLO QCD (+EW?) matching (and resonances)
  Matching between NLO real emission from hard ME and parton shower (PS)

  Perturbative  

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

  Process-independent NLO matching in  WHIZARD 

 Massive/massless emitters, back-to-pack kinematics, running  
  Real partitioning of phase space into singular and finite regions 

  Resonance-aware subtraction: Intermediate resonances handled  

  At the moment: NLO QCD;  straightforward EW generalization
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/  2013NLO QCD (+EW?) matching (and resonances)

LHC 13 TeV:  Drell-Yan   
  compared to CMS data

pp → ℓ+ℓ−
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/  2013NLO QCD (+EW?) matching (and resonances)

LHC 13 TeV:  Drell-Yan   
  compared to CMS data

pp → ℓ+ℓ−

ILC 500:    e+e− → tt̄j
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/  2014New features, ongoing development
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/  2015Quick note on the top threshold
   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 
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Matched inclusive W +bW °b̄ cross section, with QED ISR

model = SM_tt_threshold 

nrqcd_order = 1 
FF = 1   ! NLL resummed 
mpole_fixed = 1 
Vtb = 1 
m1S = 172 GeV 
scale = m1S 

$method = "threshold" 
process eett_threshold = E1, e1 => Wp, Wm, b, B { 
  $restrictions = "3+5~t && 4+6~tbar" nlo_calculation = real } 

sqrts = 350 GeV  
integrate (eett_threshold)

Chokoufé/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss,     1712.02220
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/  2016Further work on QED: ePDFs, EW PDFs, QED shower

Collinear resummation LO/LL                          Gribov/Lipatov, 1972;   Kuraev/Fadin, 1985; Skrzypek/Jadach, 1992; Cacciari/Deandrea/Montagna/Nicrosini, 1992 

NLO QED PDFs, collinear evolution @ NLL      Frixione,  1909.0388;  Bertone/Cacciari/Frixione/Stagnitto, 1911.12040 + 2207.03265;  Bertone et al., 2110.xxxxx

Status in WHIZARD:  LO+LL ePDFs fully functional,  NLO+NLL ePDFs implemented (incl. NLO QED evol.), validated, functional for Born processes
Crucial:   numerical stability at kinematically peaked limit  z ➝ 1

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

  

QED ISR, inclusive part

QED ISR [+FSR], exclusive part
Soft resummation + exclusive photons:          Yennie/Frautschi/Suura, 1961; Jadach/Ward/Yost,  hep-ph/ 

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

Infrastructure in WHIZARD has started         W. Kilian,  K. Mȩkała,  M. Löschner,  JRR,  T. Striegl

ePDFs for polarized leptons !?

↪︎  Talk by Alan Price
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/  2017QED showers + matching: EW PDFs + EW shower
QED ISR [+FSR], matching “Shower-recoil approach”:   generate   according to 

 Boost according to the generated  (avail. for for ISR, EPA or ISR+EPA)

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

 Recursive algorithm resembles a photon shower with n exclusive photons

 Implementation is starting              W. Kilian/JRR/T.  Striegl 

p⊥
α
π ⋅ log p2

⊥

m2
e

p⊥

Full QED shower Based either on dipoles or antennae

Can then be combined with POWHEG-type matching 

Implementation is starting    [building on code infrastructure of WHIZARD QCD (virt.) shower]

EW PDFs

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

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

Kalinowski/Kotlarski/Mȩkała/Sopicki/Żarnecki, 2020
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/  2018 WHIZARD in parallel
-  VAMP:        adaptive multi-channel Monte Carlo integrator  

-  VAMP2:    fully MPI-parallelized version, using RNG stream generator

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

WHIZARD MC Integrators:

   Parallelization of integration:  OMP multi-threading for different helicities 

   MPI parallelization (using OpenMPI or MPICH) 

   Distributes workers over multiple cores, grid adaption needs non-trivial communication  

   Speedups of 10 to 30,  saturation at O(100) tasks   [can do also parallel event generation]

   Load balancer / non-blocking communication [v3.0.0]

Braß/Kilian/JRR,  arXiv:1811.09711 

- (w.i.p first as a stand-alone tool)
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/  2019 WHIZARD on GPUs
   Joint project with former Phd student;  now works for NEC supercomputers

   Main core serial (or MPI-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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2. O’MEGA VIRTUAL MACHINE

process BC size Fortran size tcompile

gg � gggggg 428MB 4.0GB -
gg � ggggg 9.4MB 85MB 483(18) s
gg � qq̄q�q̄�q��q̄��g 3.2MB 27MB 166(15) s
e+e⇥ � e+e⇥e+e⇥e+e⇥e+e⇥e+e⇥ 0.7MB 1.9MB 32.46(13) s

Table 2.2.: The compilation times were measured on a laptop with i7-2720QM,
6 GB PC3-10600 DDR3-RAM and a Samsung 840 SSD. The 2g � 6g process fails to
compile due to lacking memory.

would be that the Fortran compiler leads to ine�cient code compared to the line by

line decoding in terms of a VM. There is though no clear evidence for this.

Figure 2.4.: The execution time per phase space point tpsp of the OVM with one and
four cores as well as the native Fortran code, normalized for each process to the native
Fortran code. The addtional overhead associated with the creation of a VM, i.e. reading
the process from disc, allocation of memory and saving tables to memory, induces slightly
slower excecution times for the 2 � 2 process. However, already for three particles in
the final state, the improved memory layout can compensate this and for five particles
the OVM is more than a factor of two faster. This benchmark has been performed with
mere calls to calculate the full amplitude while no color sum is performed in each phase
space point.

2.5.1. Comparison to MadGraph

Since MadGraph[AHM11] is a popular choice for the generation of tree level amplitudes,

a benchmark with OVM seems appropriate.

12

   Potential to combine with O’Mega virtual machine (OVM)

   Much smaller code size, no compilation time, ideally suited for GPU
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/  2020Simulation framework / bug fixes / new features

    Interface to PYTHIA8:  Simon Braß, 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 

   HALHF:  500 GeV plasma  on 31 GeV :  some asymmetric quirks in PYTHIA6, interface to PYTHIA8  
          appears to work pending some technical issues       M. Berggren/K. Mȩkała / 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) 

 WHIZARD v3.0.2:  SINDARIN now has  sum and prod  —   let scale = sum sqrt[Pt^2 + M^2] [t:T:j]

e− e+

News on technicalities, work in progress, started projects:
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/  2021Conclusions & 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

   


