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Monte Carlo tools

3 Monte Carlo event generators became essential tools for data-theory comparison since the LEP era

Andrzej Siodmok                   "Generators: Back to the Future"        ECFA workshop Oct 5-7 2022, DESY

1. LEP

LEP’s electroweak leap, CERNCOURIER

A. Siódmok, I ECFA workshop on H/W/T factories, 2022, DESY
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Monte Carlo tools

3 Nowadays, all physics throughput from colliders (LHC, flavour factories) would be literally unthinkable

without Monte Carlo generators

3 Figuring out the physics potential (and foresee physics limitations) of a future machine impossible without

Monte Carlo generators

3 Monte Carlo generators provide the best solution to extract meaningful results (test the SM, unveil BSM)

by comparing theory predictions to complex and precise data
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Monte Carlo tools

3 Precision physics strongly demands including higher-order radiative corrections in the SM

3 Automated calculations are the standard for LHC

3 Interface through standard event formats is mandatory to interact with detector simulation and analysis

software e.g. talks by Juraj Smieško and Alvaro Tolosa-Delgado

3 Benchmarking and tuned comparisons essential to establish technical precision and estimate theoretical

accuracy talk by Alan Price
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MC needs for a future e`e´ collider

‚ Beamsstrahlung simulation (beam dynamics, luminosity spectra)
Beamstrahlung

▶ quick reminder:
▶ extremely dense bunches of charged particles, (required for high

luminosities at linear colliders with single bunch crossings)
▶ produce strong electromagnetic fields
∴ EM fields deflect charged particles in the opposing bunch
▶ deflected beams emit beamstrahlung, in addition to the ISR from the

hard scattering process
▶ ab-initio description of beamstrahlung and other beam transport effects

outside of the scope of event generators for the hard “partonic” process
∵ depends on bunch shapes and beam optics
∵ completely independent of the hard partonic process

▶ physics event generators need energy distribution functions D(x1, x2)
and/or a corresponding stream of random numbers (x1, x2)

Thorsten Ohl (Univ. Würzburg) Luminosity Spectra Redux e+e− Higgs/EW/Top Factories, Paris, 10/24 2
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Combination Comparisons

▶ e± energy spread from BS and average photon energy much smaller than
beam energy spread ∆Ee±/Ebeam ≈ 0.15% after many bunch crossings:

FCC 2024 ∆BSEe±/Gev ⟨Eγ⟩BS/Gev 0.15% · Ee±/Gev
Z 0.0012 0.0016 0.07
WW 0.0039 0.0059 0.12
ZH 0.0140 0.0189 0.18
Top 0.0329 0.0531 0.27

▶ only visible for the high energy designs
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FCC/Z Energy Spread vs. Beamstrahlung

(distributions fitted by circe2)
Thorsten Ohl (Univ. Würzburg) Luminosity Spectra Redux e+e− Higgs/EW/Top Factories, Paris, 10/24 10

‚ nevertheless, already at LEP, on small-angle Bhabha scattering it induces a systematic bias on the

acceptance

185mrad for DELPHI) from the beam axis. The Bhabha events were se-
lected with a "narrow" acceptance on one side and a "wide" acceptance on
the other, defined as shown in Table 1.

Table 1: Wide and narrow acceptance for the second-generation LumiCals of the four LEP
experiments between 1993 and 1995 (1994–95 for DELPHI).

Experiment ALEPH [4] DELPHI [5] L3 [6] OPAL [7]
Wide (mrad) 26.2–55.5 37.0–127.0 27.0–65.0 27.2–55.7
Narrow (mrad) 30.4–49.5 44.9–113.6 32.0–54.0 31.3–51.6

When the charge density of the beam bunches is large, beam-induced
effects modify the effective acceptance of the LumiCal in a nontrivial way.
The final state e+ (e−) in a Bhabha interaction, emitted at a small angle off
the e+ (e−) beam, feels an attractive force from the incoming e− (e+) bunch,
and is consequently focused towards the beam axis.2 This effect, illustrated
in Fig. 1, leads to an effective reduction of the acceptance of the LumiCal,
as particles that would otherwise hit the detector close to its inner edge are
focused to lower polar angles and may therefore miss the detector.

Figure 1: Illustration of the effect of the focusing Lorentz force experienced by the charged
leptons emerging from a Bhabha interaction. The dashed lines show the original direction
of the leptons, while the full lines show their direction after the electromagnetic deflection
induced by the opposite charge bunch.

2The “repelling” effect of the particle’s own bunch is negligible because, in the laboratory
frame, the electric and magnetic components of the Lorentz force have the same magnitude
but opposite directions. In contrast, the electric and magnetic forces induced by the
opposite charge beam point in the same direction and thus add up.

3

G. Voutsinas, E. Perez, M. Dam, P. Janot, arXiv:1908.01704
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MC needs for a future e`e´ collider

‚ QED RCs: soft and/or collinear resummation, YFS vs electron-PDFs, inclusive vs exclusive

‚ final state QCD showers, fragmentation and hadronisation

‚ fixed order RC in the full SM: NLO, NNLO

‚ on general grounds, the (impressive) Op0.1q% theoretical accuracy of LEP results needs to be pushed

down for future e`e´ machines.
This demands systematic improvements in the control of radiative corrections in the SM:

‚ at NLO (nowadays fully automatic) and at NNLO

‚ resummation techniques for leading higher-order corrections

‚ consistent combination of the two, following and possibly extending the example at hadron colliders (MC@NLO,
POWHEG, MiNNLOPS, UN2LOPS, . . . )

3rd ECFA workshop 7 / 40



QED resummation

‚ Instead of focussing on calculating order-by-order exact corrections in α for a given process,

ePDF, QED Parton Shower and Yennie-Fraustchi-Suura resummation take a different point of view as

starting point:

they aim at calculating approximate and “universal” corrections up to all orders, by including (the

important, leading) contributions arising from soft and/or collinear regions

‚ They rely on the general property of factorization of soft/collinear divergencies (enhancements) in

QED, which leads to exponentiation

ù Sometimes, in some phase-space regions, for some observables, for certain experimental cuts, you

better have an approximate but resummed result than a fixed-order one

α ă α2L2 somewhere, withL “ log
s

m2

3rd ECFA workshop 8 / 40



ePDF

‚ ePDF (or Structure Functions at LL) solve the DGLAP equations in QED

‚ Their logarithmic accuracy can be improved by using NnLO splitting functions (e.g. LLÑ NLL [Frixione et

al., 19, 21, 22])

‚ The formalism closely follows well established techniques in QCD

‚ Resum collinear logs, valid in the striclty collinear limit (inclusive over radiation)
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YFS resummation

‚ It’s build upon the seminal paper YFS 61
‚ Naturally suited for exclusive radiation generation
‚ Resums infra-red logarithms
‚ After factorizing out all soft virtual and soft real corrections, the master formula is

where

ù eY pΩq resums all soft virtual and soft real emissions

ù S̃pkiq are eikonal factors

ù β̃n are IR-subtracted matrix elements remnants (with n photons)
‚ β̃n can be improved order-by-order to include exact NLO, NNLO, . . .
‚ Comes with two “flavors”: EEX (works at |A|2 level) and CEEX (works at the A level)
‚ It can be improved to better include collinear logs [Ward]

Many MCs for LEP (and LHC) by Jadach and colleagues based on it
3rd ECFA workshop 10 / 40



QED Parton Shower

‚ It’s an iterative MC solution of the (LL) DGLAP equations

‚ Kinematics of the emitted particles can be reconstructed Ñ exclusive generation

‚ As ePDF, it naturally resums collinear logs. It can be tweaked to include correct infrared limit of emitted

radiation.

‚ It can be matched to NLO to improve accuracy, avoiding double counting

‚ Can it be extended to work at NLL?

3 The availability of different QED resummation schemes gives the opportunity to check theoretical accuracy!
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Two classes of Monte Carlo codes

‚ process taylored

‚ BHLUMI, KKMC[ee],KORALW/Z, YFSWW, RACOONWW, RACOON4F

‚ BABAYAGA

‚ general purpose

‚ HERWIG, PYTHIA

‚ MadGraph5_aMC@NLO, SHERPA, WHIZARD

3rd ECFA workshop 12 / 40



KORALW, YFSWW

Jadach, Placzek, Skrzypek, Ward, Was

‚ Generators for e`e´ ÑW`W´
Ñ f1f2f3f4 at LEP

‚ Based on YFS resummation of QED corrections, include NLO EW corrections

‚ Include Coulomb effect at threshold

‚ Now combined in KandY

‚ Interfaced to TAUOLA for τ decays
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KKMC[ee]

Jadach, Ward, Was, Yost, Siodmok

‚ Generator for e`e´ Ñ ff̄ , with f “ µ, τ, q

‚ It implements the CEEX YFS formalism for QED corrections

‚ It includes NLO EW corrections and collinear enhancement in resummation

‚ KKMCee is a port to C++ of the original Fortran code
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BabaYaga

‚ BabaYaga@NLO was developed to simulate Bhabha, e`e´ Ñ µ`µ´ and e`e´ Ñ γγ at flavour factories,

with a 0.1% theoretical accuracy in mind

‚ QED Radiative Corrections are included by means of an (in-house) QED Parton Shower

‚ The QED PS is matched to NLO exact matrix elements

‚ Fully exclusive event generation
‚ Although developed for low energies, it’s being ported to high energies

Ñ e.g. e`e´ Ñ γγp`nγq with NLO EW corrections, as luminosity process for FCCee
PLB 798 (2019) 134976
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Marco Zaro, 12-10-2023

MadGraph5_aMC@NLO
1,2, https://launchpad.net/mg5amcnlo

• MG5_aMC is an automatic event generator for any processes of the user’s 
choice (in the SM and beyond)

• User input limited to run/model parameters, cuts, etc 

• Unweighted events for PS matching can be generated at NLO QCD 
accuracy, possibly including multi-jet merging3

• NLO EW corrections can be computed as well2, but only at fixed-order 
(no PS), either exactly or in the high-energy approximation4 (Sudakov)5a

• In the Sudakov approximation, (the dominant part of) EW corrections can 
be included in NLO QCD-accurate events via reweighing5b

• Several other features are available

• All this works for arbitrary processes and colliders

7

1 Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Stelzer, Shao, Torrielli, MZ, 1405.0301
2 Frederix, Frixione, Hirschi, Pagani, Shao, MZ, 1804.10017

3 Frederix, Frixione, 1209.6215
4 Denner, Pozzorini, hep-ph/0010201, hep-ph/0104127

5a Pagani, MZ, 2110.03714; 5b +Vitos, 2309.00452
talk by M. Zaro at 2nd Workshop on HET factories, Paestum, 2023
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Marco Zaro, 12-10-2023

Capabilities of MG5_aMC
 at e+e- colliders:

• NLO EW corrections can be included for (almost) all processes

• Through eMELA, ISR (possibly with beamstrahlung) in different 
ren/fact schemes can be employed

• The code automatically takes care to add to the short-distance 
xsection those terms necessary for consistency 

• Factorisation-scheme kernels included in the cross-section for 
Δ scheme and LL PDFs

• Virtuals are corrected in order to account for different ren. 
scheme in model and PDFs (α(mZ)→MSbar)

• For details and how-to, see  
https://answers.launchpad.net/mg5amcnlo/+faq/3324

8
talk by M. Zaro at 2nd Workshop on HET factories, Paestum, 2023
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Marco Zaro, 12-10-2023
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More results:

10

Plot and numbers by Michele Selvaggi

NLO QCD

NLO EW

talk by M. Zaro at 2nd Workshop on HET factories, Paestum, 2023
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Marco Zaro, 12-10-2023

Complex-mass scheme:
e+e- →Hl+l- and e+e- →μ+τ-νν 

11

• Very preliminary results

• Running time seems not to be an issue: 
for a 0.1%-accurate run:

  Inclusive timing profile :
    Overall slowest channel          0:20:06 
    Average channel running time     0:13:09
    Aggregated total running time    1 day, 14:34:39
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• Qualitatively similar results to 
Denner, Dittmaier, Roth, Weber, hep-ph/0302198

• Results obtained in 15mins (on a 
cluster) @ 0.1%

  Inclusive timing profile :
    Overall slowest channel          0:06:15 
    Average channel running time     0:03:42
    Aggregated total running time    8:05:57

talk by M. Zaro at 2nd Workshop on HET factories, Paestum, 2023
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Marco Zaro, 12-10-2023

EW corrections at muon colliders
WIP in collaboration with Davide Pagani, Yang Ma

12
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Spectrum dominated 
by large momenta.

Resummation is clearly 
necessary.

Finite flat corrections of 
just a few percents from 
non-Sudakov effects.

ZZZ

(Piece of) Slide from Davide Pagani

• μ PDF obtained by LL 
formula, with me→mμ

• EW corrections both exact 
and in Sudakov approx

• Very recent: LL densities 
with QED+QCD evolution

partons or combinations of partons, at µ = mZ . In addition to the central values, we show

the fractional uncertainties due to the choices of the low-energy parameters. We note that

the central values stemming from the analytical and truncated approaches are essentially

identical or very close to each other. In fact, this is an artifact of the definition of the

momentum fraction, that weights each PDF by a factor of z, which thus suppresses the

contributions of the small-z region; as we shall show later, the di↵erences between the two

approaches increase with decreasing z. One can also observe a reasonable agreement with

the results in the last line of table 1 of ref. [2], where the same quantities are reported.

As far as the uncertainties associated with the low-energy parameters are concerned, for

both the analytical and the truncated approach they are negligible for the muon, photon,

and lepton contributions. They remain relatively small in the case of the quarks and the

gluon; however, what one can see there is that the uncertainties of the truncated approach

are about a factor of ten larger than those stemming from the analytical approach, which

is an example of the general features discussed at the beginning of sect. 4.
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Figure 2: PDFs at µ = 30 GeV. The contents of the two panels are identical, the only

di↵erence between the two being the variable on the x axis. Apart from the case of µ+, the

antifermion PDFs coincide with those of the corresponding fermions, and are not shown.

Also, on these scales the µ+ and e� results cannot be distinguished from one another.

In fig. 2 we show the PDFs of all partons at µ = 30 GeV (as a representative scale

relevant to the production of a small-mass system) as a function of either log10 z (left panel)

or z (right panel). The PDFs are obtained with the analytical low-energy approach, and

correspond to the default low-energy parameters. The relative impact of these PDFs is

presented in fig. 3, where we plot the ratios of the individual PDFs over the sum of all

of them. The plots show clearly the dominance of the muon PDF as z ! 1. Conversely,

as one moves towards z = 0, all of the other partons become increasingly important (bar

– 14 –

3Z production @ 3 TeV

Frixione, Stagnitto, 2309.07516

talk by M. Zaro at 2nd Workshop on HET factories, Paestum, 2023; Y. Ma, D. Pagani, M. Zaro, arXiv:2409.09129
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SHERPA 3.0
talk by D. Reichelt

3

Event Generators

Crucial for precision Collider Physics

Combine different physics at different scales:
● Hard Process
● Parton Shower
● Underlying Interaction
● Hadronization
● QED FSR
● Hadron Decays

The SHERPA framework
• ME generators for hard process


• Comix, Amegic


• + interfaces to loop libraries                                                     
(OpenLoops, Recola, MCFM)


• Parton Showers


• CSShower, Dire


• Underlying Event/MPI model


• Hadronisation


• Cluster Fragmentation, + interface to Pythia


• QED radiation via YFS resummation
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4

SHERPA 3 — multi-purpose event generation
• External Interfaces:

• HepMC 3

• UFO 2 (including 

form factors)

• RIVET 3/4

• LHAPDF + several 

explicit pdf 
interfaces 
including various 
photon pdfs 

• OpenLoops/
Recola/MCFM/
MadLoops/
BlackHat


• Pythia 8 (string 
fragmentation)

bold - added/significantly updated in Sherpa 3 development, some back-ported to Sherpa 2

• (Selected) Features:

• Fixed Order 

• NLO QCD+EW,                         

• NNLO QCD (selected 

processes)

• Automated NLO (QCD) 

matching in                              
S-MC@NLO


• UN2LOPS matching to 
NNLO QCD


• multi-jet merging in CKKW-L

• Approximate EW-

corrections in matching & 
merging (EWvirt/EWSud)


• Photoproduction @ NLO 
QCD + PS

• YFS resummation of photon 
radiation

• radiation from final state 

leptons

• initial state radiation at 

 colliders

• extended by  

splittings

• Polarised 

• beams

• intermediate particles 

• MPI/MinBias and 
fragmentation modelling, 
including color reconnection

e+e−
γ → ff̄

talk by D. Reichelt
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6

QED initial state radiation
• Soft photon resummation in Sherpa 

via YFS module


• New: real photon emission from 
initial state


• replace simple electron pdf with 
explicit multi-photon emissions 


• validated agains KKMC

[Krauss, Schönherr ’08]

[Krauss, Schönherr, Price ’22]

QED in the initial state

New in Sherpa 3.0: Real photon emissions in the initial state! [Krauss, Schönherr, Price 2022]

‣ Extension of Sherpa YFS module for soft photon
resummation in final state    [Krauss, Schönherr 2008] 

‣ Supplemented with collinear logs up to O(𝛼3L3)

‣ Complete treatment of muti-photon kinematics:
Explicit photons, no simplified electron PDF

‣ Matching to full NLO EW underway [Price]

7

YFS Validation

 

8

KKMC: LEP Era YFS MC for e+e- -> ffbar 
Comput.Phys.Commun. 130 (2000) 260-325

Superb agreement in 𝜎
over a range of √s 

Excellent agreement in
the photon kinematics  

[Jadach, War, Was ’99]
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Figure 1: Total cross-section for e+e� ! µ+µ� for 80GeV to 500GeV including
ISR+FSR up to O

�
↵3L3

�
. In the first subplot we show the deviation from the KKMC

generator at the same accuracy. In the second subplot, we compare the O
�
↵3L3

�

against the pure resummed prediction. For the resummation only result all higher–-

order �̃ have been set to zero and only �̃0
0 =

��M0
0

��2 has been kept.
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QED radiation with γ → e+e−• photon splitting  [Flower, Schönherr 2210.07007] 
→ Lois Flower's talk (Wed)


• Example: Dilepton invariant mass for :

γ → e+e−

pp → e+e−

Resumming soft photons with YFS
Recent developments in SHERPA

18

• YFS in ISR for future lepton colliders 
[Krauss, Price, Schönherr 2203.10948]


• Application to Higgsstrahlung processes at lepton collider:

Corrections up to 1 %, can be reigned in by refined dressing algorithm

200 400 600 800 1000 1200 1400 1600 1800 2000p
s [GeV]

100 100

101 101

102 102

æ
[f
b
]

- - Born
— ISR

S
H

E
R

P
A

e+e° ! HX

Process-independent implementation of YSF for ISR

• Final state QED radiation, i.e. 
photon radiation from final state 
leptons


• New: supplemented with  
splittings


• Example: dilepton invariant mass in 

γ → e+e−

pp → e+e−

[Krauss, Schönherr ’08]

[Flower, Schönherr ’22]
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Figure 3: The interdependence of the starting scale tstart of a photon and the angular separation between
the particles produced in its splitting, �⇥pair, in mixed ordering scheme with different choices of
kinematic spectators of the photon splitting, both charged primary leptons (top row) or only the
primary lepton the splitting photon was reconstructed to have been emitted from (bottom row),
and the way in which the starting scale of the evolution is chosen, probabilistically (left column)
or by always choosing the winning dipole (right column).
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Figure 4: The relative abundance of secondary pairs of each species of charged particle produced in photon
splittings in the mixed ordering scheme.

detailed consideration one finds a factor of ↵2 log(mZ/E�) log(tstart/m2) associated with each secondary pair
production. Therein, E� is the energy of the bremsstrahlungs photon that subsequently splits into the pair
of particles of mass m, and tstart is its reconstructed starting scale. Hence, we observe a single-logarithmic
suppression of heavier flavours, modulo possible minor differences in the splitting function itself. This is
well-reproduced by our algorithm. In fact, in the current example, the drop in frequency of producing an
additional pair of particles of the same flavour is between 2.5 and 4.5 orders of magnitude.
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FIG. 5: Alaric and Dire predictions in comparison to LEP data from [89].
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FIG. 6: Alaric and Dire predictions in comparison to LEP data from [90].
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Outlook: more accurate parton showers
• New: Parton shower module ALARIC


• explore connection between angular 
ordering and dipole showers


• address NLL deficiencies found in 
recoil schemes of current dipole 
showers 


• Multi-jet merging available now                  


• + first LHC phenomenology

• full NLO matching still WIP

• Basis for development towards higher 

accuracy showers

12
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FIG. 8. Transverse momentum spectrum of inclusive jets in di↵erent rapidity regions in proton-proton collisions at a center of
mass energy of 13 TeV. Alaric predictions compared to data measured by CMS [113]. The left plot shows the full distributions
while the panels on the right are the ratio to data.

must satisfy a rapidity requirement of |y| < 2.8. The comparison of the cross sections for inclusive jet is presented
in Fig. 9, starting from Njet = 2 and going up to Njet = 6. The Alaric predictions slightly overestimate the central
value of the overall cross section for lower multiplicities and tend to drop o↵ somewhat faster for higher jet rates
than seen in data. However, the predictions are consistent with the data within the statistical uncertainties over the
full range. The ratio plot in the middle of the upper left panel of Fig. 9 shows that the central value of the 3-jet
rate (although within the data uncertainty) is overestimated slightly more than the inclusive 2-jet rate. This e↵ect
is echoed in the bottom of the upper left panel, where we plot the ratios of inclusive Njet versus Njet � 1 rate. In
the upper right panel of Fig. 9 we compare to data for the ratio of the 3- to 2-jet rate, di↵erential in the transverse
momentum of the leading jet, with di↵erent minimal requirements on the hardness of the included jets. We can see
that the relative enhancement is mostly constant over the full range of leading jet p?. A similar dataset is available

casting the 3-to-2-jet ratio as a function of the scalar sum of the transverse momenta of the two leading jets, H
(2)
T ,

or all jets, HT . We compare with 7 TeV data from ATLAS [116], binned in H
(2)
T in the lower left panel of Fig. 9,

while the lower right plot compares the shower with a similar measurement by the CMS collaboration [117] binned
in HT . The CMS measurement, likewise performed at

p
s = 7 TeV, uses anti-kt jets with an radius of R = 0.5 and

requires a transverse momentum of at least pjets
? > 50 GeV. The Alaric predictions reproduce the data remarkably

well, with practically no discrepancy to either ATLAS or CMS data within the uncertainty of the measurements. This
emphasizes that the Alaric algorithm can predict jet multiplicities and the 2-to-3 jet rate with excellent quality from
the parton shower alone.

We now turn to more di↵erential measurements of jet properties. The upper panel of Fig. 10 shows the transverse
momentum spectra of the four leading jets (according to their p?), as predicted by Alaric, and compares the results
to 7 TeV measurements from ATLAS [116], providing data for transverse momenta of the jets between 90 GeV and
up to 800 GeV for the leading and sub-leading jet(s). The data are also available di↵erential in the HT observable,
in the range 180 GeV < HT < 1600 GeV, separately for events containing at least 2, 3 and 4 jets. The comparison in
the lower panel of Fig. 10 presents a similar picture as the transverse momentum data, the parton-shower result from
Alaric compares very well over the entire range and for all considered multiplicities. We again observe excellent
agreement between our results and experimental data, independent of the jet selection and over the full range of
transverse momentum studied.

[Herren, Höche, Krauss, DR, Schönherr,’22]

[Höche, Krauss, DR ‘24]
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Figure 3: (left) h#Lundi and (right) h#Primary
Lund i are shown as a function of the emission :C requirement, :C ,cut. The

unfolded data are compared with several MC predictions in (a,b) an inclusive ?T bin above 300 GeV, (c,d) a ?T bin
between 500 GeV and 750 GeV and (e,f) a ?T bin between 1250 GeV and 4500 GeV. The h#Lundi distribution is
also compared with an analytic NLO+NNDL+NP prediction with additional non-perturbative corrections, depicted
as a solid line, provided by the authors of Ref. [33]. The total uncertainty on the data and the NLO+NNDL+NP
prediction are indicated as shaded regions. The middle panel shows a ratio of the predictions to the measured data,
and the bottom panel summarizes the various systematic uncertainties in each bin.
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Outlook: automated resummation
• accesible precise resummed 

calculations important

• predictions for experiments

• references for parton showers


• CAESAR formalism provides 
convenient framework event/jet 
shape-type observables


• CAESAR implementation in Sherpa   
c

• several studies already for LEP/

LHC/RHIC/FCC-ee (future lepton 
collider)
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Figure 5: Matched NLO+NLL0 (solid) and LO+NLL0 (dashed) predictions for total broadening. The
lower panel contains the di↵erence between the respective NLO+NLL0 and LO+NLL0 results
(see text).

dominated by the Sudakov shoulder e↵ects [115, 23, 37, 38] around the kinematic endpoints, i.e., the far-
right side of the figure. These e↵ects emphasise that the respective leading-order results are not covered
by the NLO uncertainty band. In this context, it is to be highlighted that all event-shape distributions
shown here are dominated by the NLL0 resummation in the soft region, ln v . �2 and by the fixed-order
calculation in the hard region, ln v & �2. As expected, the heavy-jet mass behaves very similar to thrust;
we note that they agree for three-particle configurations. Likewise, we observe a similar behaviour of the
wide jet broadening BW as for the closely related total jet broadening BT.

We note that the Durham three-jet resolution yD
23 has a similar scaling as the broadenings, however

with a = 2, b = 0. This corresponds to a factor two on the logarithm on the abscissa and we thus extend
the plot range correspondingly. The corrections from matching appear to be generally smaller in this
case than the others, in agreement with [64]. In particular we do not observe any marked features around
the kinematical endpoint.

In the lowest row of Fig. 6, we finally show the results for soft-drop groomed thrust with two di↵erent
values of � = 1 and � = 2, corresponding to a less aggressive grooming, compared to the case � = 0. For
the first case we observe a transition behaviour with a peak at higher values in the H ! bb̄ distribution,
moving the peak position closer to that of the H ! gg case. For � = 2, the grooming is weak enough
to allow for the development of the usual Sudakov peak, and we hence observe a cleaner separation of
the two distributions. The e↵ects from NLO matching compared to LO appear to be smaller again for
these two groomed thrust variants. There are also no easily identifiable features around the transition
point anymore in the di↵erence shown in the lower panels. We only observe slight di↵erences towards
the kinematical endpoint, which then vanish very fast with increasing logarithm L, at least compared to
the other cases we studied.
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Figure 6: Matched NLO+NLL0 (solid) and LO+NLL0 (dashed) predictions for C-parameter and heavy-
jet mass (top row), wide broadening and Durham jet resolution (middle row), and soft-drop
groomed thrust with � = 1, 2 (bottom row). The lower panels contain the di↵erence between
the respective NLO + NLL0 and LO + NLL0 results (see text).
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Example: event 
shapes in 

 and 
and  
decays using 
EERad in 
conjunction with 
Sherpa+CAESAR

H → gg
H → qq̄

[Banfi, Salam, 
Zanderighi ’04]

[Gerwick, Höche, Marzani, Schumann ’15] 

[Baberuxki, Preuss, DR, Schumann ’19]


[Gehrmann-de Ridder, 
Preuss, DR, Schumann ’24]
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Outlook: performance updates/HPC
• MC event generation uses significant+increasing resources


• (HL-)LHC measurements in danger of being limited by MC statistics


• Explore reduction of CPU footprint for heaviest use cases,  
e.g. ATLAS default setup 


1. LHAPDF improvement


2. -MC@NLO: reduce matching accuracy to leading colour, 
neglect spin correlations, i.e. S-MC@NLO → MC@NLO 
also useful to reduce negative event fractions [Danziger, Höche, Siegert 2110.15211]


3. pilot run: minimal setup until PS point accepted, then rerun full setup


4. -MC@NLO-CSS: defer MC@NLO emission until after unweighting


5. use analytical loop library where available 
here: OPENLOOPS → MCFM via interface [Campbell, Höche, Preuss 2107.04472]


6. pilot scale definition in pilot run that requires no clustering 
small weight spread by correction to correct scale


• all new developments part of Sherpa 2.2.13 or later

Z + 0,1,2j@NLO + 3,4,5j@LO

⟨LC⟩

⟨LC⟩

SHERPA+LHADPF Performance for (HL-)LHC
Overall profiling and tuning [EB et al. 2209.00843]
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5. use analytical loop library where available 
here: OPENLOOPS → MCFM via interface [Campbell, Höche, Preuss 2107.04472]


6. pilot scale definition in pilot run that requires no clustering 
small weight spread by correction to correct scale


• all new developments part of Sherpa 2.2.13 or later
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→ 39⨉ speed-up for ATLAS 
 setupe+e− + jets

→ 43⨉ speed-up for ATLAS 
 setuptt̄ + jets

SHERPA+LHAPDF Performance for (HL-)LHC [EB et al. 2209.00843] – Results

slide by E. Bothmann
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WHIZARD

                                                       J. R. Reuter,  DESY                                                  LCWS 2024, U. of Tokyo, 10.7.2024

/  212WHIZARD Overview (I)
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arXiv:2203.07622 [physics.acc-ph]

   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, photon collisions): 

↪︎  Talk by Thorsten Ohl 06/2023:  https://indico.cern.ch/event/1266492/
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                                                       J. R. Reuter,  DESY                                                  LCWS 2024, U. of Tokyo, 10.7.2024

/  213WHIZARD Overview (II)

   Collider setup: arbitrarily polarized beams, crossing angle, asymmetric beams 

   Event formats available:  LHA,LHE(v1-3),HepMC2,HepMC3(RootIO),LCIO, EDM4HEP (w.i.p.)!  

   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 

   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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/  216WHIZARD NLO Automation: Loops & Legs
   NLO SM automation for lepton-/hadron colliders completed 2022        Chokoufé; Weiss 2017; Rothe 2021; Stienemeier; 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;   loop-induced processes
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                                                       J. R. Reuter,  DESY                                                  LCWS 2024, U. of Tokyo, 10.7.2024

/  219NLO POWHEG-type matching

LHC 13 TeV:  NC Drell-Yan   compared to CMS datapp → ℓ+ℓ−

Available: all infrastructure for  
NLO QED/EW matching, needs 

to be completed/validated

  Matching NLO real emission from hard ME and parton shower (PS) 
  POWHEG method: hardest emission first  [Frixione/Nason et al.] 

  Process-independent NLO matching in  WHIZARD

ILC 500:    
e+e− → tt̄j
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/  2110 Whizard in parallel

   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 20 to 50,  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 
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/  2111 Whizard on GPUs

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

   Main core serial (or MPI-parallel) on CPU,   

   1. step:   matrix elements as libraries off-loaded to GPU 

   (Semi-) automatized ME generator exists for amplitudes on GPU 

   Moderate speed-ups can be seen for more complicated processes 

   2. step:   phase-space generation (SIMD paradigm) on the GPU 

  W.i.p.:  phase-space adaption on the GPU (w/ minimal data transfer CPU ⟷ GPU)Preliminary: 

-  VAMP:        adaptive multi-channel Monte Carlo integrator  

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

-  [VGPU:         VAMP implementation on GPU]

-  [VXInt:    new adaptive generator + integrator based on INNs] 
- (w.i.p first as a stand-alone tool)

Whizard MC Integrators:
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                                                       J. R. Reuter,  DESY                                                  LCWS 2024, U. of Tokyo, 10.7.2024

/  2112News on the UFO / BSM in WHIZARD
model = SM  (ufo)

model = SM  (ufo (“<my UFO path>”))

   WHIZARD 2.8.3:   Full UFO (1) support

   Fermion-number violating interactions   (3.0.0)

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

  Arbitrary Lorentz structures supported 

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

  Customized propators;  Spin 0,  1/2, 1,  3/2,  2 ; BSM SLHA input      (2.8.3,3.2.x)

  Lots of bug reports and constructive feedback from many different users

New paper on UFO 2.0:    Darmé et al. arXiv: 2304.09883

I. Bozović-Jelizavčić,  2405.05820
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/  2114BSM @ NLO (QCD) with UFO 
   GoSam was the first OLP that kicked off NLO automation in Whizard in 2013 

   Revived 2023 with NLO QCD for BSM models (e.g. SMEFT) for LHC        J. Braun/P. Bredt/G. Heinrich/M. Höfer/JRR 

      End of 2023:  full validation of NLO QCD processes for LHC within SM:    

   Full support for Whizard⨁GoSam for MPI (Message Passing Interface) parallelization 

   GoSam UFO NLO interface allows support for almost any model 

   W.i.p.:  Note yet supported neither by the public Whizard nor GoSam versions 

   Implementation and validation of resonance-aware subtraction for pp processes in Whizard  

 2024: First test runs for NLO QCD corrections for UFO BSM models

pp → tt̄, pp → tt̄H, pp → γγ, pp → γj . . . .
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Benchmarking

Alan Price 2

❖Benchmark Aims 

❖How to Benchmark 

❖Future Plans and Outlook

Content

talk by A. Price
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Alan Price 5

Motivation: Philosophy

❖ Generators are generally trying to simulate the same physics  

❖ Why not have one master input card that will work for all MC? 

➡ Authors are unlikely to change or decide on a common input!  

❖ Have python module which will create generator specific runcards from 
one master input  

❖ This will help improve reproducibility and hopefully reduce input errors 

❖ Preserve the “LEP era” MC, who may not have active authors on the 
timeline of a Higgs Factory

talk by A. Price
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Alan Price

❖ Provide “Add-on” to Key4Hep framework 

❖ Should be simple enough that: 

❖ New process can be easily added 

❖ MC authors can update interfaces if 
needed 

❖ Keep some public event records   

❖ Juggle usefulness vs Storage 

❖ More dedicate test for new generator 
releases

12

Reproducibility

See Juraj Smieško Talk

We already have a sophisticated 
software system!

talk by A. Price
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Alan Price 17

Current Processes 
We have input cards for all relevant 

 processes 

We seeing excellent agreement in most 
cases, one or two effects (<5%) that 
requires more detailed study
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Summary Ñ “Generators” section in the ECFA Report

‚ Editors: Carlo Carloni Calame, Juergen Reuter, Marco Zaro

‚ Preliminary outline:

(1) Hard processes: NLO QCD + NLO EW in the SM, NNLO

(2) Initial state radiation: LL/NLL ePDFs / YFS (coll. vs. soft resummation)

(3) Beam spectra: parameterized, simulated, Gaussian

(4) Parton showers and hadronization, incl. matching

(5) BSM simulations

(6) Dedicated processes with dedicated tools/implementations:

Bhabha, rad. Bhabha, e`e´ Ñ γγ, WW & tt̄ thresholds

(7) Connection to software frameworks, event formats, and all that
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