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We present a scalable technique for the simulation of collider events with multijet final states, based on
an improved parton-level event file format and scalable I=O. The method is implemented for both leading-
and next-to-leading-order QCD calculations. We perform a comprehensive analysis of the computing
performance and validate our new framework using Higgs-boson plus multijet production with up to seven
jets. We make the resulting code base available for public use.
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I. INTRODUCTION

The simulation of events with high-multiplicity final
states in experiments at the Large Hadron Collider (LHC)
is a challenging computational problem [1–3]. Using the
best available algorithms, the calculation of the integrand for
multijet processes scales at best exponentially with increas-
ing particlemultiplicity. The integration over themany-body
phase space calls for suitable importance-sampling tech-
niques, which often also scale exponentially [4–14]. Hence,
while being a solved problem, in principle, the calculation of
cross sections and the production of unweighted events
at high jet multiplicity is still a hard problem to date.
Computing techniques have remained conceptually identi-
cal since their inception four decades ago and typicallymake
use of dynamic programming [14–23].
While the calculation of hard cross sections with full

quantum interference effects is a considerable challenge even
at tree level, the Markovian methods used in parton showers
are often sufficient to describe the dynamics of collider
events, and in fact, they are necessary to properly account for
the all-orders resummation of virtual corrections [1,24,25].
The combination of the evolution implemented in parton
showers with the exact calculations implemented by hard
matrix elements provides the best available physicsmodeling
of LHC events, accounting for both interjet correlations and

intrajet evolution by means of next-to-leading order (NLO)
matching [26–30] and multijet merging [31–44]. However,
parton showers and the subsequent hadronization [45–50]
and multiple interaction [51–53] models are associated with
various free parameters. Varying these parameters is key to
assessing the uncertainty of LHC simulations.
The large difference in computation time required for

parton- and particle-level simulations [54,55], and the need
to perform simulations for multiple parton shower, under-
lying event, and hadronization parameters in order to assess
theory systematics, makes it natural to separate the gen-
eration of LHC events into the calculation of the hard
interaction and the simulation of the remaining physics
aspects. A number of approaches have been proposed to
address this problem. The earliest and most widely used
include the user process functionality of PYTHIA [56], and
the Les Houches event file strategy [57–59]. More recently,
with the need for high-statistics event simulation leading to
the use of high-performance computing facilities [60], the
need for improved I=O performance and scalable I=O has
become apparent. In this manuscript, we report on the
extension of a new Monte-Carlo (MC) event generation
framework aimed at solving this problem [54]. First, we
enable the handling of the standard and hard events needed
for next-to-leading matching in the MC@NLO method.
Second, we propose a new layout of the event file format
at the core of the framework, in order to increase the
performance in large-scale parallel processing. Third, we
implement the new technology in various parton- and
particle-level event generators. At parton level we use
SHERPA [61,62] with the two internal matrix-element
generators Amegic [63] and Comix [14], as well as the new
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platform agnostic leading-order parton-level event generator
Pepper [13,64,65]. At particle level, we use the event gen-
erators PYTHIA [56,66] and SHERPA [61,62]. In addition to
solving the problem of scalability, the possibility to combine
different particle-level simulations with the exact same
perturbative input offers unprecedented opportunities for
the study of theory systematics.
We also discuss a first phenomenological application of

our new algorithms. We simulate Higgs-boson plus multijet
events with up to seven jets at tree level and up to two jets at
next-to-leading-order QCD precision. With the High-
Luminosity LHC expected to collect 3 ab−1 of data, these
predictions can be used to test QCD associated Higgs
production over a large dynamic range. Moreover, Higgs-
boson plus multijet events play an important role as
irreducible backgrounds to more detailed tests of the
Higgs sector of the Standard Model, especially in weak
vector boson fusion. Using the MEPS@NLO merging
method [40,41], in particular, the reweighting of higher-
multiplicity tree-level predictions with the help of Born-
local K factors from the Higgs plus two-jet setup, our new
code base enables previously the most precise predictions of
Higgs plus ≥ 4 jet events at low Higgs-boson transverse
momentum. We make the corresponding input event sam-
ples publicly available [67,68] and provide the parton- and
particle-level event generators that can be used to generate
and process these event files.
This manuscript is structured as follows: Sec. II dis-

cusses the challenges faced in previous simulation cam-
paigns and provides a documentation and performance
assessment of our new event file format and parallel event
generation techniques, including the changes needed for
the simulation of events at next-to-leading-order QCD
precision. Section III discusses the parton-level compo-
nents of the framework, and Sec. IV focuses on the particle-
level components. Section V presents the first phenom-
enological application and discusses the impact of NLO
matching and multijet merging in Higgs plus multijet
production. We conclude with an outlook in Sec. VI.

II. EXTENDED PARALLELIZATION
FRAMEWORK

The first scalable particle-level event generator was based
on legacy versions of Alpgen [21] and PYTHIA 6 [56] andwas
introduced in Ref. [60]. To make state-of-the art parton- and
particle-level simulation tools available for use on high-
performance computing (HPC) systems, Ref. [54] proposed
a new event generation framework, based on SHERPA2 [62]
and PYTHIA 8 [66]. This framework is based on a parallelized
main routine for PYTHIA 8 and a new parton-level event file
format, using the HDF5 library for parallel I=O [69,70]. It
solved the main problem of making the event production
scalable to thousands of message passing interface (MPI)
ranks, but still suffers from an I=O bottleneck. Various
modern high-performance computing systems are not well
suited for the fast writing and reading of large amounts of
data, as is common in parton-level event simulations. The
solution to this problem is discussed in this section.
Reference [54] also did not provide a means to store

information for parton-level events simulated at NLO QCD
precision. At present, a pure leading-order-based event
simulation falls short of the precision requirements at the
LHC experiments. Therefore, an extension of the previous
simulation framework to NLO QCD precision is an addi-
tional problem we will address. At leading-order QCD, one
can write the expectation value of an arbitrary infrared safe
observable O at particle level as

hOi ¼
Z

dΦBBðΦBÞFMCðO;ΦBÞ; ð1Þ

where B is the differential Born cross section, including
flux and symmetry factors, as well as the parton luminosity,
and dΦB is the differential phase-space element, including
the integration over the light-cone momentum fractions of
the initial-state partons. The functionalFMCðO;ΦBÞ imple-
ments the parton shower and is explained in more detail
in [26,29]. In the MC@NLO [26] or POWHEG [27] NLO
QCD matching technique, Eq. (1) becomes

hOi ¼
Z

dΦB

�
BðΦBÞ þ VðΦBÞ þ IðΦBÞ þ

Z
dz1dz2KPðΦB; z1; z2Þ

þ
X
ijk

Z
dΦþ1;ijkðDðAÞ

ijk ðΦB;Φþ1;ijkÞ − DðSÞ
ijkðΦB;Φþ1;ijkÞÞ

�
FMCðO;ΦBÞ

þ
Z

dΦR

�
RðΦRÞ −

X
ijk

SðΦB;ijkðΦRÞÞ
�
FMCðO;ΦRÞ; ð2Þ

where Vand R are the virtual and real-emission corrections,
S and I are the differential and integrated NLO infrared sub-
traction counterterms, and KP are the factorization scale-
dependent finite corrections arising from the combination
of the integrated infrared subtraction counterterms with

collinear mass-factorization counterterms. The infrared sub-
traction counterterms are most commonly defined in the
Frixione-Kunszt-Signer [71] or the Catani-Seymour [72,73]
subtraction scheme and depend on the momenta and flavors
of two partons i and j that are to be combined, as well as a

ENRICO BOTHMANN et al. PHYS. REV. D 109, 014013 (2024)

014013-2



spectator or recoil momentum k. The differential phase-
space element for the real-emission process is given by
dΦR. It can be factorized into a differential Born phase-
space element and a single-emission phase-space element
as dΦR ¼ dΦB;ijkdΦþ1;ijk [29].
The NLO QCD expression (2) shows a number of

important differences compared to the leading-order
(LO) expression (1).

(i) There are two different classes of events, one with
parton-shower starting condition ΦB (the so-called
standard events, or S events) and one with parton-
shower starting condition ΦR (the so-called hard
events, or H events).

(ii) The H events require a simple, leading-order-like
phase-space generator for dΦR, which implies that
the event file format is the same as at leading order.

(iii) The S events require two additional integrations, one
for the KP counterterms and one for the one-
emission phase space dΦþ1;ijk. They also require
a sampling of the indices i, j, and k.

In order to make MC@NLO S events reproducible and
enable a reweighting of events to arbitrary parton distri-
bution function (PDF) sets and/or scales at NLO QCD, the
event format therefore requires the storage of the indices i,
j, and k, as well as the phase-space point ðΦB;Φþ1;ijkÞ and
the momentum fractions z1 and z2. Note that this informa-
tion is sufficient to encode the quantities needed for exact
recovery of the Monte Carlo weights not only in the SHERPA

framework, but also in the POWHEG and aMC@NLO
generators. We will define the corresponding datasets in
Sec. II A.

A. Event file format

In this subsection we describe the new event file layout,
which includes the optimizations that will be described in
Sec. II B as well as extensions for event simulation at NLO
QCD. Both are inspired by Les Houches event files (LHEF)
standard [57], which is widely used in the high-energy
physics community. The LHEF format is based on XML,
which makes it flexible enough to add any desired feature,
but poses a challenge for I=O operations at scale. The
HDF5 format instead uses a computing model similar to
databases, making it rigid, but highly efficient in parallel
workflows. In general, the performance of file input and
output operations depends on both throughput and latency.
Each additional dataset that is added to an HDF5 file will
incur a performance penalty in read and write operations,
because of the added latency associated with dataset access.
This latency can be much more relevant for I=O perfor-
mance at scale than the throughput. In practice, it is
therefore desirable to use as few datasets as possible and
to consolidate the properties of events and particles, even if
that means using a data type that naively does not match the
property which it is supposed to store (such as a float to
store the particle ID). As a consequence, we choose double

precision numbers to represent nearly all properties stored
in the file.
The LHEF format comprises global properties as well as

eventwise properties [57]. Global properties include proc-
ess information (i.e., the type of collisions) and total cross
sections, as well as reweighting information. The eventwise
properties are the process ID, the event weight, and the
scale of the hard process, as well as the values of αQCD,
αQED, and the list of particles generated. The latter contain
information about momentum four-vectors, particle ID,
charge, spin, and lifetime, as well as production history. We
collect this information in consolidated datasets, reflecting
the global, eventwise, and particle properties. In addition,
we introduce two new datasets, which include the event-
and particlewise information needed to simulate NLO QCD
events in the MC@NLOmatching scheme.Wewill call this
structure the LHEH5 event file format [74].
We follow the naming scheme of Ref. [54] and define

datasets called INIT and PROCINFO that are used to store
basic information about the entirety of events contained in
the file. We also add a new dataset, VERSION that
identifies the version of the event file format. Eventwise
properties for leading-order events are stored in the dataset
EVENTS and for MC@NLO S events in the dataset
CTEVENTS. Particlewise properties for leading-order
events are stored in the dataset PARTICLES and for
MC@NLO S events in the dataset CTPARTICLES.
Each dataset is a two-dimensional array and has an
HDF5 attribute PROPERTIES that identifies the individual
columns of the dataset in order of appearance. For example,
the PROCINFO dataset has the properties procID, npLO,
npNLO, xSection, error, and unitWeight. In future updates
of the event file format, these attributes can be used to
communicate the content of the individual entries to the
user of the file, similar, although not quite as flexible, as in
the case of XML-based Les Houches event files. The
content of all datasets is summarized in Table I. In addition
to Ref. [54], we introduce the following entries:
(1) Process properties npLO and npNLO. If the process

is computed at leading-order QCD, we set npLO to
the final-state particle multiplicity. If the process is
computed at next-to-leading-order QCD, we instead
set npNLO to the final-state particle multiplicity at
Born level.

(2) At NLO QCD, we include the minimal information
needed to reconstruct the complete event weight in
the MC@NLO matching method. For hard remain-
der events (H events), the leading-order type in-
formation is sufficient. For standard events (S
events) we add the following:
(a) Counterterm properties in the CTEVENTS data-

set: IJT and KT refer to the Born-level QCD
dipole used to generate a real-emission phase-
space point in Eq. (2), I, J, K correspond to the
respective particle IDs at real-emission level.
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TLPSW is the phase-space weight dΦB and
BBPSW is the corresponding single-emission
phase-spaceweight dΦþ1;ijk. The variables z1 and
z2 are theMC points of the integration variables in
the KP contribution. See Eq. (2) for details.

(b) Counterterms properties in the CTPARTICLES
dataset: PX, PY, PZ, and e store the momenta
of all particles in the phase-space point
ðΦB;Φþ1;ijkÞ. See Eq. (2) for details.

B. I=O operations at scale

Our event simulation frameworks read and write event
data through a multilayered I=O software stack based on
HDF5 [75], an array-oriented library and data model, which
in turn usesMPI-IO [76].Within SHERPA and PYTHIA, HDF5
is accessed through the HighFive header library [77]. Each
layer typically provides tuning parameters. Optimal perfor-
mance can, in principle, be achieved with the help of
sophisticated I=O tuning systems [78]. However, selecting
the right parameters with the help of subject expertise is
often more efficient and more reliable. In our case, some
straightforward changes to the I=O layer resulted in large
performance gains, reducing the I=O for particle-level
events to a very small fraction of the overall run-time.
Figure 1 shows profiling results obtained with the help of

Darshan [79,80] for a parton-level simulation of Higgs plus
four jets at leading order, run on 1024 ranks of the Cori
system at NERSC.1 Here we make use of a new feature of
Darshan, depicting which ranks perform I=O at which
times. The color in the heat map represents the transferred
data volume. Time runs along the x axis, MPI ranks along
the y axis. A histogram along the top axis reports the total
data volume over time. A histogram along the right axis
reports the total data volume per rank. Figure 1(a) depicts

the initial performance of our simulation framework for
parton-level event production. As described in [54], the
near lockstep event production implies that I=O also occurs
in locksteps, making it a good candidate for collective I=O
operations. These are operations where all ranks of a
parallel computing job are writing to/reading from an
output file at the same time and where it is guaranteed
that the I=O operations are already synchronized among the
jobs, such that no further coordination is needed by the I=O
library. An example of this kind would be a number of MPI
ranks, each writing to/reading from a different slice of a
file. Figure 1(a) shows that the major output operations start
at the same time (about 1000 s after startup) on the various
ranks, but they end at very different times, being respon-
sible for a large variation in run-time overall. This is
reflected in the different length of the red bars near the right
of the heat map (output occurring near the end of the run).
In addition, all ranks perform actual POSIX operations,
putting unnecessary strain on the Lustre file system.
Finally, there are uncoordinated I=O operations during
the run (at about 160 and about 260 s after startup), which
are visible as the light yellow areas in the heat map. Again,
all MPI ranks participate in POSIX operations, putting
unnecessary stress on the Lustre file system. The total time
spent in I=O operations was 33.5% in this case and was
mostly due to file access coordination. Figure 1(b) shows
the I=O after optimizations. Collective operations are
enabled, for which we make use of an updated HighFive
library, exposing HDF5’s collective data and collective
metadata features. The histogram running along the right of
the plot shows that there are now very few ranks partici-
pating in I=O at the POSIX level, and that the start and end
times are nearly identical on all ranks. The overall I=O
activity occurs only at the end of the run and is barely
noticeable. This level of performance was achieved only
after consolidating the individual HDF5 datasets proposed
in [54] into a single dataset, which greatly reduced latency,
cf. the comments at the beginning of Sec. II A. We also
limited stat calls performed by the program to the master
rank and broadcast the results of the call via MPI. The total

TABLE I. Datasets in the LHEH5 event format.

Name Data type Contents

VERSION 3 × int Version ID
INIT 10 × double beamA, beamB, energyA, energyB, PDFgroupA,

PDFgroupB, PDFsetA, PDFsetB,
weightingStrategy, numProcesses

PROCINFO 6 × double procId, npLO, npNLO, xSection, error, unitWeight
EVENTS 9 × double pid, nparticles, start, trials, scale, fscale, rscale,

aqed, aqcd
PARTICLES 13 × double id, status, mother1, mother2, color1, color2, px, py,

pz, e, m, lifetime, spin
CTEVENTS 9 × double ijt, kt, i, j, k, z1, z2, bbpsw, tlpsw
CTPARTICLES 4 × double px, py, pz, e

1Cori was a Cray XC40 system, composed of 2388 Intel Xeon
“Haswell” processor nodes, 9688 Intel Xeon Phi “Knight’s
Landing” nodes, and a Cray Aries network with Dragonfly
topology with > 45 TB=s global peak bisection bandwidth.
https://nersc.gov/systems/cori.
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I=O time was thus reduced to a negligible amount, below
1 s per rank. This concluded our optimization of the parton-
level simulation.
Figure 2 shows profiling results obtained with the help of

Darshan [79,80] for a particle-level simulation of Higgs
plus four jets with leading-order multijet merging, run on
1024 ranks of the Perlmutter system at NERSC.2 For this
test, we used the CPU-only nodes and did not access the

scratch file system in order to give a more reliable estimate
of the expected I=O time on typical computing clusters and
HPC machines. The total amount of data read during the
test was 128.85 gigabytes, and the time spent in I=O
operations was less than 5% of the run-time. The POSIX-
level data rate was 103.44 gigabytes=s and the MPI-IO-
level data rate was 14.43 gigabytes=s. Figure 2 shows that
the I=O operations in our improved code are spread evenly
over the run-time of the simulation, leading to more file
access operations, but smaller data transfers per operation.
While the file system would support larger transfer rates,
storing the data for processing in the simulation program
would require larger RAM allocations, leading to slower
overall execution times. This effect becomes particularly

FIG. 2. Darshan graphs depicting the I=O behavior of SHERPA during particle-level event generation for H þ 4 jet leading-order
multijet merging on 1024 MPI ranks. (a) POSIX I=O behavior. (b) MPI-IO behavior. The time spent in I=O operations was less than 5%
of the run-time. All figures after including collective I=O improved file layout to reduce metadata operations and limit stat calls to the
master rank. The number of events was held constant for this test, and the total amount of data read was 128.85 GiB.

FIG. 1. Darshan graphs depicting the POSIX I=O behavior of SHERPA during parton-level event generation for H þ 3 jets at leading-
order QCD on 1024 MPI ranks. (a) Before optimizations. I=O operations are fragmented and uncoordinated among processes. The total
I=O cost is 33.5% of the run-time. (b) Including collective I=O, improved file layout to reduce metadata operations and limiting stat calls
to the master rank. The total I=O cost is below 1 s. The number of events was held constant for this test, and the total amount of data
written was 1.01 GiB.

2Perlmutter is a Cray Shasta system, using AMD “Milan”
EPYC CPUs, a novel Hewlett Packard Enterprise Slingshot high-
speed network, and a 35-petabyte FLASH scratch file system. In
total, it is composed of 3072 CPU-only and 1792 GPU-accel-
erated nodes. https://nersc.gov/systems/perlmutter.
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important at larger scales, of the order of 1000 ranks and
beyond, where the aggregate time needed for heap alloca-
tion would constitute a substantial part of the total run-time
and break the strong scaling. This concluded our optimi-
zation of the particle-level simulation.
Figure 3 shows the strong scaling tests for the parton- and

the particle-level component of the simulation. The test is
performed on the Perlmutter system at NERSC.We begin at
a scale similar to the upper end of the tested range in [54]. For
the parton-level calculations presented in Fig. 3(a), we
observe good scaling properties up to 8192 MPI ranks.
The green line shows the time spent in the event generation,
while the red line displays the time spent for the overall
simulation, including initialization and I=O. The numbers at
the bottomof the plot show the number of unweighted events
generated per MPI rank. We note that the work for this test
was selected such that the minimum run-time would
correspond to about 30 s, below which the initialization
time of the executable consumes a significant fraction of the
overall run-time. In practice, one would rather choose run
times that are significantly longer, in order to minimize
the impact of initialization. At the particle level, shown in
Fig. 3(b), we observe scaling up to about 1024 MPI ranks,
above which the behavior depends on the particular imple-
mentation of MPI-IO. The green line shows the results
obtained with the proprietary Cray implementation [81] of
MPI-IO, and the red line shows the results obtained with the
ROMIO implementation [82]. The numbers at the bottom of
the plot show the number of events generated per MPI rank.
Above 16384 ranks, the Cray implementation suffers from a
problem that prevents collective open calls through HDF5.
The ROMIO implementation does allow collective open
calls, but does not reach the full performance of the Cray
MPI-IO library in data transfer. However, we note that at this
scale only about 6400 events are processed per rank, leading

to an overall run-time of about 1 min for a total of 105 × 106

events. There is no practical need to perform a calculation of
this scale in less than an hour; therefore, our example should
be seen as a test of the absolute limits of the code.We believe
that further optimization is not needed at this stage. In
addition, we note that the particle-level simulation was
limited to the perturbative event phases, i.e., we did not
include hadronization, underlying event simulation, and
hadron decays. Because of the reduced event processing
time in this scenario, any scaling violations observed in our
test are more severe than in practical applications.
We would like to conclude this section with a seemingly

obvious but practically very important remark on the limits
of scalability. The aim of an efficient parallel code is to
maximize the effective computation time per worker node,
i.e., the time spent in useful computations between I=O
operations, with the I=O contributing an insignificant
fraction of the overall run-time. One of the main reasons
for scaling violations to occur is that the time between I=O
operations becomes too short because of the limited size of
input files. This can lead to significant problems at very
large scales, where the input files must then be tens or
hundreds of gigabytes in size. Therefore, it is not practical
for us to attempt scaling tests for particle-level simulations
that go beyond Oð104Þ MPI ranks. We note that this
intermediate scale parallelism is actually advantageous,
because it allows one to access backfill queues at large
computing centers.

III. COMPARISON OF PARTON-LEVEL
EVENT GENERATORS

In order to make our new event generation framework as
versatile and efficient as possible, we include three different
parton-level event generators: Amegic [63], Comix [14], and

FIG. 3. Strong scaling test of the simulations. (a) Parton level. (b) Particle level. At particle level, we do not include the simulation of
multiple interactions and hadronization, and we do not process events further. All times are normalized to the individual results obtained
on 512 MPI ranks.
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Pepper [64,65,83]. Amegic and Comix have been workhorses
for the LHC community for more than a decade. Details on
their construction and performance can be found in the
original publications. Pepper is a new matrix-element gen-
erator, previously called BlockGen. It is developed as a
portable code for standard-candle processes, which cur-
rently include Vþ jets, tt̄þ jets, and pure jet production at
the tree level. Parallelized execution on accelerators like
GPUs is supported in Pepper, although here we make use
only of the single-core CPU version.
Table II shows benchmarks for the production of parton-

level HDF5 event files on a single CPU thread for the pp →
Z þ n jets process with n ¼ 0;…; 4 for a given uncertainty
target of the total cross section, comparing SHERPA’s Comix

generator with Pepper, where the latter uses Chili [13] for the
phase-space sampling. Prior to event generation, the differ-
ent phase-space generators are optimized until a given
accuracy target is reached to ensure a fair comparison. The
benchmark metrics are the wall time for the generation of

the event sample, the memory consumption in terms of the
applications’ unique set size (USS) in RAM, and the
fraction of the number of nonzero events over the total
number of events generated, i.e., the measured combined
efficiency of the phase-space sampling and unweighting
(“Eff.”). For Pepper + Chili, we switch from using helicity
summing for the n ¼ 0, 1 multiplicities to using helicity
sampling for the n ¼ 2, 3, 4 ones, in order to achieve the
best performance. We find that the wall times are signifi-
cantly lower for Pepper + Chili for the given multiplicities,
with the speedup factor ranging between 2 and 10. For the
higher multiplicities, n ¼ 3, 4, the speedup becomes
smaller, but is still significant with factors of 2.6 and
1.7, respectively.
Figure4 showsa cross-checkofdifferential distributionsof

kT jet rates between Pepper and Comix, after leading-order mul-
tijet merging [37] with SHERPA2.2 [62]. The first ratio panel
compares the predictions obtained with PEPPER+SHERPA to
the results from COMIX+SHERPA, normalized to the statistical

TABLE II. Benchmarks for the production and HDF5 write out of pp → Z þ jet events, comparing SHERPA’s
Comix with Pepper + Chili, on a single core of an Intel Core i3-8300 CPU at 3.70 GHz and 8 megabyte L3 cache. Event
samples are generated with a given target for the total cross section uncertainty (“Tot. unc.”). “Speedup” gives the
wall time gain factor of Pepper + Chili vs SHERPA (Comix). For Pepper + Chili, the lower multiplicities Z þ 0j and Z þ 1j
are generated using helicity summing, while the higher ones are generated using helicity sampling, in order to
achieve the best possible performance in each case.

SHERPA (Comix) Pepper + Chili

Process
Tot.

unc. (%)
Wall

time (s)
Memory (USS)
(megabytes)

Efficiency
(%)

Wall
time (s)

Memory (USS)
(megabytes)

Efficiency
(%) Speedup

Z þ 0j 0.089 68 62 22 10 40 43 6.8
Z þ 1j 0.19 76 66 5.3 31 33 10 2.5
Z þ 2j 0.99 92 64 0.28 10 35 1.4 9.2
Z þ 3j 3.8 95 65 0.037 36 43 0.097 2.6
Z þ 4j 14 122 115 0.0050 71 133 0.016 1.7

FIG. 4. Differential jet rates for the leading, subleading, and subsubleading jet clustering in Z þ jet production at the LHC.
Simulations have been performed with up to one-, two-, and three-jet matrix elements at leading-order QCD. The colored lines represent
the contributions from the parton-level inputs with the specified multiplicity.
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uncertainty of the latter. The second ratio panel shows the
relative contributions from the event samples with Z þ 0
jets, Z þ 1 jet, Z þ 2 jets, and Z þ 3 jets to the overall
prediction. It can be seen that the results are in agreement up
to statistical fluctuations, which are typically at or below the
1σ level, as expected.
The computational complexity of the event generation

techniques used in Pepper scales factorially and will even-
tually cause Pepper to become slower (and more memory
consuming) than Comix at high multiplicity, because Comix

uses an algorithm with overall exponential scaling. This
exemplifies how our new event generation framework can
be used to take advantage of the best possible solution to
produce events at parton level: At low to medium multi-
plicity, Pepper can be used at great efficiency and speed. At
high multiplicity, Comix can be used due to the improved
scaling. At NLO QCD precision, Amegic can be used for the
Born-like components of the calculation, and Comix can be
used for the subtracted real-emission terms. In this manner,
the total computing time can be reduced to the absolute
minimum required for event simulation at today’s state of
event generator development, in order to provide the
experiments with the best possible simulations for their
analyses.

IV. COMPARISON OF PARTICLE-LEVEL
EVENT GENERATORS

The systematic assessment of uncertainties in particle-
level simulations has been vital for the success of the LHC
physics program. It is particularly important in cases where
the uncertainty is not of parametric type, such as when
switching between two formally equivalent, but practically
different, NLO QCD matching schemes [29]. When used
correctly, the residual variations between event generator
predictions give the best possible nonparametric estimate of

perturbative (and nonperturbative) uncertainties in the
simulation. Our new event generation framework allows
one to obtain such uncertainty estimates based on the same
parton-level input configurations and at minimal computa-
tional cost. This contributes to creating a sustainable
computing model for high-energy physics research.
Here we present a simple example of this type for the

standard-candle process of Z-boson plus multijet produc-
tion. We consider proton-proton collisions at the high-
luminosity LHC at

ffiffiffi
s

p ¼ 14 TeV. The complete setup
has been described in [54]. In particular, we use the
CT14 next-to-next-to-leading order (NNLO) PDF set [84]
and define the strong coupling accordingly. Our modified
parton-level event generator is based on Comix [14] as
included in SHERPA version 2.2.4 [61,62]. Our modified
particle-level event generators are based on PYTHIA 8 [66]
and SHERPA2.2 [62], including the improvements reported
in [85,86]. Jets are defined using the kT clustering algorithm
with R ¼ 0.4, pT;j > 20 GeV, and jηjj < 6. Following the
good agreement between parton- and particle-level results
established in [87,88], and the good agreement between
fixed-order and MINLO [89] results established in [90,91],
the renormalization and factorization scales are set to Ĥ0

T=2,

where Ĥ0
T ¼ P

j∈ jets pt;j þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ll̄
þ p2

T;ll̄

q
.

Figure 5 shows the transverse momentum spectra of the
leading, subleading, and subsubleading jet in the simu-
lation. The colored lines correspond to the contributions
from the individual parton-level input samples after the
full simulation. The upper ratio panel shows the ratio
between the SHERPA and the PYTHIA predictions. This ratio
is of the order of 10%, which can be ascribed to
differences in the parton-shower algorithm used in the
two different generators. This uncertainty should be added
as a variation to the parametric scale uncertainties, which
we investigate in Sec. V.

FIG. 5. Transverse momentum spectra of the leading, subleading, and subsubleading jet in Z þ jets production at the LHC.
Simulations have been performed with up to 2-, 3-, and 4-jet matrix elements at leading-order QCD. The colored lines represent the
contributions from the parton-level inputs with the specified multiplicity.
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Figure 6 shows the transverse momentum spectrum of
the leading jet in a multijet merged setup with up to two jets
computed at next-to-leading-order precision and with up to
zero, one, and two additional jets computed at leading-
order precision [92]. For reference, we also show the
prediction from a leading-order multijet merged event
sample with identical jet multiplicity (dashed lines). The
leading-order predictions have been scaled such as to
reproduce the total cross section of the next-to-leading-
order predictions. The colored lines correspond to the
contributions from the individual parton-level input sam-
ples after the full simulation. The hatched bands indicate
the scale uncertainties from a seven-point scale variation at
leading order, and the solid bands represent the corre-
sponding uncertainties at next-to-leading-order precision.
Note that the scale uncertainties increase with increasing jet
multiplicity in the merging. This is an artifact of the method
to estimate the scale uncertainty in the complete calculation
and is due to the fact that scales are varied in the
computation of the hard matrix elements alone. It also
indicates the importance of higher-multiplicity final states
for the experimental observable. To obtain a comprehensive
picture of the uncertainty, the renormalization scale-depen-
dent terms of the parton-shower resummation at higher-
logarithmic order should be taken into account. This is the
topic of active research elsewhere [93,94], and we will
therefore not discuss the effect in this publication. We
emphasize, however, that the simulation of additional
radiation at tree level is necessary for a proper physics
modeling of high-multiplicity final states, and it is therefore
not sufficient to limit the fixed-order perturbative calcu-
lations to low multiplicity. This is where the increased
efficiency of our event generation framework becomes
relevant for practical applications at the LHC.

We have validated the framework presented in this paper
using the ATLAS benchmark setups described in [85]. The
event files can be found at [95,96]. For practical applica-
tions where multiple particle-level simulations are gener-
ated with the same parton-level input, the LHEH5 event file
technology will result in a significantly reduced overall
production cost. There may, however, be remaining ob-
stacles to implementing the method in large-scale event
production for the LHC experiments, in particular, the
access of subsamples and the synchronization of subsam-
ples across various sites of the Worldwide LHC Computing
Grid (WLCG). The solution to this problem must be found
in collaboration with experts from the LHC experiments,
who are proficient in WLCG workflows. We therefore
postpone the discussion to a future publication.

V. HIGGS-BOSON PLUSMULTIJET PRODUCTION
AS AN EXAMPLE APPLICATION

With an anticipated 3 ab−1 at the high-luminosity LHC,
Higgs-boson plus multijet events will be copiously pro-
duced, and even the six-jet final state will be measurable at
good precision. While not a discovery channel in its own
right, the Higgs-boson plus multijet signature can be used to
test the dynamics of the StandardModel, and it also provides
the background to a number of Higgs-boson related mea-
surements and searches, such as di-Higgs production. In
anticipation of these analyses, it behooves us to provide
precision simulations. In this subsection, we therefore
present the first study of Higgs-boson production through
gluon fusion at the LHC, with up to seven additional jets
computed at LO QCD and up to two jets computed at NLO
QCD in the Higgs effective theory [97,98]. We use the
MEPS@NLO algorithm [40,41] to merge these calculations

FIG. 6. Transverse momentum spectrum of the leading jet in Z þ jets production at the LHC, simulated using multijet merging for up
to two jets at NLO with up to zero, one, and two additional jets at leading-order precision (from left to right), compared to a purely LO
multijet merged prediction with the same overall multiplicities. The colored lines represent the contributions from the parton-level inputs
with the specified multiplicity, and the hatched and solid bands indicate the uncertainties from renormalization and factorization scale
variations at leading and next-to-leading order.
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into an inclusive event sample. The parton-level inputs are
generated using Amegic [63], Comix [14], and MCFM [99–105]
We consider proton-proton collisions at the high-lumi-

nosity LHC at
ffiffiffi
s

p ¼ 14 TeV. The basic setup has been
described in [54]. We use the CT14 NNLO PDF set [84]
and define the strong coupling accordingly. Our modified
parton-level event generator is based on Comix [14] as
included in SHERPA version 2.2.4 [61,62]. Our modified
particle-level event generator is based on SHERPA version
2.2 [61,62]. Jets are defined using the kT clustering

algorithm with R ¼ 0.4, pT;j > 20 GeV, and jηjj < 6.
Following the good agreement between parton- and
particle-level results established in [87], the renormaliza-
tion and factorization scales are set to ĤT;m=2, where

ĤT;m ¼ P
j∈ jets pt;j þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

H þ p2
T;H

q
.

Figure 7 shows the jet transverse momentum spectra at
leading order (top panels) and at next-to-leading order
(bottom panels). We compare multijet merged simulations
where the maximum jet multiplicity nmax is set to the

FIG. 7. Jet transverse momentum distributions in Higgs-bosonþ jets events, computed using multijet merging with maximum jet
multiplicity equal toN (red), N þ 1 (green), N þ 2 (blue), andN þ 3 (purple), withN the number of measured jets. The top panels show
leading order, the bottom panels show next-to-leading-order merged results with nmax;NLO ¼ 2.
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number of measured jets, N (red), to N þ 1 (green), N þ 2
(blue), and N þ 3 (purple). For NLO merged simulations,
the maximum number of jets computed at NLO precision is
nmax;NLO ¼ 2, and we apply local K factors based on this
calculation to higher jet multiplicities. The panels on the
right show the ratio between different predictions, normal-
ized to the result for nmax ¼ N þ 2. It can be seen that the
NLO merged predictions are more stable with respect to
variations of nmax at N ¼ 1, as expected from the higher
precision of the calculation at low jet multiplicity. At
N ¼ 2, this effect is diluted by higher-multiplicity tree-
level contributions, as explained in Sec. IV and Fig. 6.
NLO accurate predictions for three jets at parton level
would help to alleviate this problem [106,107]. However,
we could not generate the corresponding unweighted event
samples within the limited computing budget for this
publication, and we therefore leave a detailed investigation
to future work.

VI. CONCLUSIONS

We have presented a new framework for the precise and
efficient simulation of events in collider experiments, with
particular emphasis on the high-luminosity Large Hadron
Collider. The new technique is especially suited for the
physics modeling of high-multiplicity final states as it
allows one to match parton-level calculations at next-to-
leading-order QCD precision to parton showers and merge
multiple exclusive calculations into inclusive predictions.
Parametric uncertainty estimates can be computed on the
fly, using the techniques from [108]. There are no restric-
tions on the variations that can be performed, and the
variations do not need to be included at the time of parton-
level event production. We have demonstrated scalability
of our approach on a state of the art high-performance
computer at a leadership class computing facility. With the

computing demands of the LHC experiments becoming an
ever more pressing problem due to increased precision in
the measurements, our new framework presents an impor-
tant step toward a more flexible as well as economically
and ecologically sustainable approach to event generation
in the high-luminosity era. We have validated the new
technology against previous simulation programs and
enabled event production with a modern, portable par-
ton-level event generator.
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