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Abstract

Monte Carlo event generators are nowadays indispensable tools for predictions based on first
principles in high energy physics, and they represent one of the mainstays of particle physics
research at the Large Hadron Collider. In the dawn of the high luminosity upgrade of the Large
Hadron Collider, there is a push to more complex signatures and higher accuracy, rendering the
generation of simulated events more expensive. At the same time, there are strict limitations on
the computational budget. In this situation, the efficiency of event generators can be identified
as a key issue. The recent rapid advancement of machine learning tools, first and foremost deep
neural networks, and their successes in diverse applications make them a promising choice
in addressing this challenge. In this thesis, I consider two central building blocks of event
generation that represent bottlenecks in typical applications. The first is the sampling of phase
space configurations such that their distribution closely approximates a given target. For this I
present two new approaches, one based on normalizing flows and the other on nested sampling.
The second is the unweighting of event samples, that is the generation of unit weight events
that contribute equally to the total scattering cross-section. To accelerate the unweighting
process, I present an unbiased unweighting method based on fast and accurate neural network
surrogates for the event weights. Furthermore, I show how a surrogate optimized for the
factorization properties of the corresponding matrix elements can significantly improve the
performance for suitable processes. All methods are evaluated by means of examples, which
are oriented towards realistic applications. It is also discussed how the different approaches
could be combined and what opportunities there are for further developments.

This work is licensed under a Creative Commons ‘Attribution 4.0 International’ licence. @ @
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1 Introduction

Computer calculations are an essential and growing part of modern particle physics. The
automated computation of event rates in high energy scattering experiments allows for com-
plexities, in terms of accuracy and particle multiplicity, that would be impossible to do by hand.
At the same time, modern collider experiments, like the Large Hadron Collider (LHC), produce
enormous amounts of data. Computers are needed not only to be able to analyse the data
itself, but also to produce quantitative theoretical predictions, based on first principles, that
can keep up in terms of accuracy. Monte Carlo (MC) event generators, like HERWIG [1-3],
PYTHIA [4, 5], and SHERPA [6, 7], are one of the main tools in this context. They represent
the link between the experiment, the theory, and the computational tools, as illustrated in
fig. 1.1. While MC event generators can be counted among the computational tools, they have a
prominent position in that they embody our understanding of the fundamental laws of nature
in a manner that allows predictions to be made in a direct way. Using an MC event gener-
ator, total scattering cross-sections, i.e. event production rates, and particle decay rates can
be predicted. Another interesting, and experimentally highly useful, application is to predict
differential cross-sections, i.e. production rates per phase space element, in a fully differential
and exclusive way. This resembles the production of scattering events at collider experiments
and allows for a detailed data analysis and comparisons between theoretical predictions and
experimentally measured data.

In this thesis, the focus lies on a key element of MC event generation—the generation of
the highest energy scale interaction as described by perturbative quantum field theory (QFT).
This includes the efficient sampling of events with a distribution that closely approximates
the predicted differential cross-section as well as producing unit-weight samples from these
events. It is a challenging task that is nowadays approached in a highly automatized way,
using adaptive algorithms with detailed physics knowledge built-in. Nonetheless, there is a
strong interest in a further optimization of the current methods with the goal of achieving
excellent efficiency in terms of computational resource demand. For that purpose, I consider
the incorporation of modern machine learning (ML) techniques. These have proven to be
efficient and versatile tools in a wide variety of domains. It is therefore obvious to investigate

Event
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o

Figure 1.1: MC event generators are the link between theory, experiment, and computing.
Figure taken from [8] @®.
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Figure 1.2: The LHC schedule and designed values for instantaneous and integrated luminosity.
Figure taken from [16].

their suitability for increasing the efficiency of Mc simulations for event generation. This
thesis is based on four publications, refs. [9—12], which are reprinted, discussed, and put in
relationship. In the following section, I comprehensively motivate the ideas that underpin this
work, emphasizing the relevance of this work. Afterwards, in section 1.2, I provide a detailed
review of literature in the context of this thesis. As the last section of the introduction, it is
followed by an outline of the rest of this thesis.

1.1 Motivation

The high energy physics (HEP) community is facing a challenge which is due to the successes
of the LHC and its experiments. Since the discovery of the Higgs boson [13, 14], the focus has
shifted to precise Standard Model measurements and new discoveries. To boost the potential
for these, an upgrade of the LHC is planned, the High Luminosity Large Hadron Collider (HL-
LHC). It increases the luminosity of the machine, which corresponds to the number of events
detected per unit of time. This will allow established analyses to improve their measurements
with higher statistics and provide access to rare processes for which there is not enough data
yet. In fig. 1.2, the luminosity of the LHC achieved over time and the projection for the future
up to the year 2037 are shown. After the HL-LHC begins operation, planned for 2027 after long
shutdown 3 (LS3), the instantaneous luminosity will reach values of 5 x 103 cm~2s71, two
and a half times the value of the current run. Values as high as 7.5 x 103* cm=2s~! could even
be reached [15].

For the analysis of the measured data, large numbers of simulated events with small un-
certainties will be needed. However, the computational budget of the detector experiments
is limited and could fall short of the expected demand. Consider fig. 1.3a, which depicts the
projected evolution of the annual central processing unit (CPU) consumption of the ATLAS
experiment, assuming a conservative (blue) and an aggressive (red) research and development
(R&D) scenario. The projection is compared to the expected budget (black), using two sustained
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budget models with increases of 10 % and 20 % capacity per year. It can be seen that under
the conservative scenario, the demand exceeds even the 20 % budget model for several years
in succession. But also under the aggressive scenario, at least the 10 % budget model is not
sufficient. One can conclude that any reduction in the need for computing time will lead to
more physics analyses being possible and avoid competition for computing resources.

Traditionally, the largest fraction of the computational budget of the general-purpose detector
experiments at the LHC went into the simulation of the detector response. With recent advances
towards reducing the computational effort of detector simulations, however, this fraction is
expected to decrease significantly. In fig. 1.3b a projection to the year 2031 of the CPU usage
of different consumers for the ATLAS experiment is shown. The detector simulation (‘MC-
Full(Sim)’ and ‘MC-Fast(Sim)’) has a share of 20 %, the same as the event generation (‘EvGen’).
This means that the efficiency of event generation becomes more important than it has been
until now. Developments towards faster event generators can lead to large savings in the overall
resource need.

A multipurpose event generator has many different components, which do not contribute to
the CPU consumption equally. If one wants to increase the efficiency of an event generator, it
is important to know which parts of the simulation are the most demanding for the physics
processes that are deemed relevant. However, one should note that these are not necessarily
the ones that are easy to improve. An example for a breakdown into different components for
the generation of event samples is shown in fig. 1.4. The corresponding study, ref. [18], presents
computational strategies, complementary to the ones in this thesis, to reduce the computational
footprint of particle-level event generation. Two processes, which were identified as standard
candles for the LHC [19], are considered, namely pp — ete™ +0,1,2j@NLO + 3,4,5j@LO
and pp — tt + 0,1j@NLO + 2,3,4j@LO in a next-to-leading order (NLO) multijet merged
calculation. The setup corresponds to a typical simulation for the ATLAS experiment using
the SHERPA event generator. This includes, among others, parton distribution function (PDF)
variations and electroweak corrections. In the figure it can be seen how the individual improve-
ments cumulatively change the overall runtime and the shares of the different components
from the baseline at the top to the final result at the bottom. With all the improvements applied,
the two major remaining consumers are the evaluation of the tree-level matrix elements and
the phase space generation. Accordingly, it is of utmost importance to work on optimizing the
efficiency at these stages.
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Figure 1.5: Number of trials for the unweighting of events of the process pp - W7 + n jets at
the LHC for \/E = 14 TeV generated by SHERPA at leading-order (LO). Figure taken from [22]
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Both the matrix element (ME) and the phase space generation scale dramatically with the
multiplicity, i.e. dimensionality, of the partonic hard interaction final state, as the number
of contributing diagrams grows quickly. At the same time, there is a drop in unweighting
efficiency, since due to the curse of dimensionality, supposedly small deviations in the phase
space distributions lead to large fluctuations in the event weights. To demonstrate this, the
distribution of the number of trials in unweighted event generation for the process pp —
W + n jets, with n up to nine, at the 14 TeV LHC using SHERPA is shown in fig. 1.5. It
can be seen that the number of trials remains moderate for the low multiplicities, while the
distributions stretch to ever larger numbers for the higher multiplicities. The average number
of trials, related to the slope of the distribution, grows significantly. With the number of trials
running into the hundreds of thousands and ME evaluation times reaching O(1s) [22], the
resource demand is enormous.

A relevant question to ask is for which processes an efficiency increase is most worthwhile.
The answer, of course, depends on who you ask. A pragmatic approach is to look at which
processes are the most abundant at the LHC. Consider fig. 1.6, which shows a recent overview
of cross-section measurements of Standard Model processes with the ATLAS detector. Among
the processes with the highest cross-section, and therefore frequency, are the production of
vector bosons (photons, y, and W/Z bosons) in association with jets as well as top quark pairs
(tf) in association with jets. Consequently, these belong to the most important background
processes for experimental analyses. As we have seen above, for these processes it is most
promising to work on the high multiplicity tree-level contributions. However, in some analyses
the situation can be quite different if, for example, they consider processes which are dominated
by complicated higher-order contributions. Hence, it can be worthwhile to consider possible
speed improvements for these as well. Overall, it would be welcome to achieve improvements
that are as general as possible.

ML has been used routinely in HEP for many years, especially in experimental applications.
However, in recent years the field of Deep Learning, where neural networks (NNs) with many
layers are deployed, has triggered an impressive wave of developments. The size of models
that can be trained successfully has grown significantly, with cutting-edge models having
hundreds of billions of parameters [24]. This was also made possible by the availability of
specialized hardware like graphics processing units (GPUs). Being universal function approx-
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1.2 Context and literature review

imators [25-27], NNs can be applied to various scenarios when they are equipped with an
efficient optimization strategy. Their properties make NNs a suitable and promising tool to try
to achieve efficiency improvements in event generation.

There are a few obstacles that are exceptional in HEP. For example, highly accurate predic-
tions are needed to compare with the measured data. This means that even small deviations,
which would be completely negligible in image generation, for instance, must be avoided as
far as possible. It is a great challenge to achieve this reliably with NNs. In addition, industrial
applications of generative models often seek impressive results for individual items generated,
e.g. an image based on a textual description. However, in HEP we look for an accurate descrip-
tion over the whole phase space, including the peaks as well as the tails of the distributions of
many different observables. A significant mismatch in a small region of phase space can have
adverse consequences if that region is part of an analysis. In addition, the generated data must
be sensible with regard to the physics described, for example by reproducing basic laws such as
Lorentz invariance and conservation of momentum. At the same time, we find ourselves in
the fortunate and extraordinary position that, at least for the hard partonic interaction in focus
here, the training data are exact. Our goal is to generate the same distributions as non-ML
event generators but in a more efficient way. Furthermore, we can in principle generate as
much training data as we want. However, their production is very costly, which means we
should also look for efficient training strategies.

While NNs are certainly very flexible and easy to generalize, there are other ML tools in
the sense that they automatically adapt to their inputs. In section 3.2, an approach based on
nested sampling [28] for event generation is presented. Using a conceptually simple algorithm,
it learns how to efficiently sample the scattering cross-section by monotonically going up
along the contours. This is an unprecedented application for nested sampling. However, the
algorithm is known to be very efficient for Bayesian inference in high dimensions and it is
shown how this can be translated to MC event generation.

Now that the basic ideas of this thesis have been motivated, the following section aims to
outline which previous work it could build on and which other approaches have already been
taken. It is thereby addressed which preliminary work others have contributed. An insight
into other approaches, both alternative and complementary, that have been explored is also
provided. This includes other applications of ML in HEP and other methods for increasing the
efficiency of event generation.

1.2 Context and literature review

The ideas in this thesis did not arise in a vacuum. Many other studies have dealt with the use of
ML in HEP before and after the publication of the articles presented here. An excerpt of these
is provided below in order to place this thesis in the appropriate context. Let us start with the
sampling of the phase space for event generation. In a first study, boosted decision trees (BDTS)
and NNs were applied to a toy example of a mixture of two Gaussians in d dimensions, with d
up to nine [29]. The NN model was loosely based on the idea of generative adversarial networks
(GANSs) [30] in that the authors trained a generative network together with a regressive one in
an iterative procedure. The regressor served as a cheap surrogate for the actual target to speed
up the training. However, their model does not suffer from the typical stability problems of
GANSs. It was found that both BDTs and NNs had a tendency to overestimate in regions of low
probability. Both models outperformed VEGAS [31, 32] and FOAM [33], with NNs being better
in high dimensions. The activation functions were chosen to allow the generation of the full
support of the target. In a later study, an NN was trained to generate the distributions of the
two-dimensional three-body decay of a scalar, with and without intermediate resonances, as
well as the leptonic scattering process ete™ — qgg, which has five phase-space dimensions and
requires kinematic cuts for regularization [34]. Although their model guarantees to be neither
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injective nor surjective, the authors argue that their training procedure favours approximately
bijective maps given enough training data. They manually smoothed the kinematic cuts by a
function and found good performance, with unweighting efficiencies between 30 % and 75 %.
For this, they did not have to employ a multichannel sampler. With some extensions, the
same approach was applied to the Higgs boson decay process H — utu~e*e™ in a follow-up
study [35]. The process features two intermediate Z bosons and has five dimensions. An
unweighting efficiency of 26 % was achieved.

Other studies based their models on normalizing flows (NFs) to design bijective maps and
in turn guarantee full PS coverage. Normalizing flows were first suggested in refs. [36, 37]
and were finally popularized for density estimation in ref. [38]. Besides HEP, they were also
introduced to other fields, such as lattice field theory [39-43] and cosmology [44-46]. The first
applications of NFs to HEP PS sampling were a study by my coauthors and me [9], as well
as a similar study that was undertaken independently in parallel [47]. These approaches are
introduced and discussed in section 3.1. Other authors employed autoregressive flows [48,
49] and trained their model directly on weighted event samples instead of samples from the
NF, which allowed for an efficient training on a GPU [50]. They tested their model on a
leading-order (LO) leptonic top quark pair production process with full decays, giving rise to
a 14-dimensional phase space. Furthermore, they considered top quark pair production in
proton collisions at NLO, which includes negative weights. In both cases, their unweighting
efficiencies surpassed those of VEGAS. Another example of autoregressive flows, based on
rational-quadratic splines [51], was applied to neutrino-nucleus cross-sections [52]. A high
unweighting efficiency was obtained for a four-dimensional example. Similar to refs. [9, 47],
NFs were used to remap the channels of a multichannel distribution in ref. [53]. In addition, a
local version of the channel weights was introduced, and an NN was used to adapt them. To
increase the training efficiency, the NFs were trained online on samples from the model and
on previously generated events in parallel. As a physical example, a Drell-Yan process with an
additional Z’ resonance, pp — y,Z*,Z* — e*e~, was used.

An alternative approach is to train a generative model, e.g. a GAN, on simulated data, and
to use the trained model in place of the full event generator, possibly including the detector
simulation as well [54-61]. This needs a sufficient amount of training data in order to reproduce
the actual event distribution well. Such a method becomes interesting when it can be used to
produce additional data beyond the training statistics. At a certain point, the training has paid
off and one benefits from the reduced computational cost of the generative model compared
to the full simulation. However, it is an ongoing discussion to what extent this approach is
useful in practice, and whether a GAN can generate additional statistics beyond the training
data through its interpolation and extrapolation capabilities [62, 63]. Nevertheless, useful
applications are possible, such as an efficient fast simulation tool for detector simulations.

A key ingredient for the surrogate unweighting method presented in chapter 4 is a fast and
accurate surrogate model that emulates the ME or the differential cross-section. In the original
publication of the method, ref. [11], we trained a simple NN model to approximate the event
weights. The gains could be significantly increased [12] by using the factorization-aware ME
emulator of ref. [64]. It takes advantage of the factorization properties of MEs in the form of
dipole formulae [65]. The dipoles capture the singular structure in the soft and collinear limits,
such that the model does not need to learn it from scratch. An NN only learns coefficients that
get multiplied by the dipole terms in a linear combination. The model achieves high accuracy
and is able to extrapolate into regions that are more singular than the training data.

There have been several other approaches to emulating MEs with ML techniques. One of the
first approaches was the application of the gradient boosting machine [66-69] XGBOOST [70]
to the loop-induced process gg — ZZ [71]. The two-dimensional ps was divided into ten
regions, and one regressor was trained on each of them. Errors below 0.1 % were achieved.
Another study looked at the example of ete™ — jets at leading and next-to-leading order [72].

14



1.2 Context and literature review

The higher dimensionality makes NNs an eligible choice for the regression. However, the
authors found that a single NN has difficulties finding a good fit across the whole PS due to the
infrared singularities at the edges. Hence, they separated the divergent from the non-divergent
part and further decomposed the latter into more sectors according to the FKS subtraction
method [73, 74], thereby integrating physics knowledge into their design. They trained one
NN per sector and found percent-level accuracy even for the more difficult distributions. In a
comparison, the factorization-aware model mentioned above achieved significantly better fits
by building knowledge about the singularities into the model [64]. In a follow-up study [75],
the approach of ref. [72] was applied to the loop-induced processes gg — yyg and gg — yygg
contributing to diphoton production at hadron colliders. Although a good approximation
was achieved overall, some PS regions remained challenging. Bayesian NNs were used as
an alternative model in another follow-up [76]. These provide an estimate of the training-
related uncertainties and can also be used to optimize the network training. Boosted training
was used to improve the precision and the uncertainty estimate. It was shown that through
this procedure a relatively simple and small network was able to match the performance of
ref. [64] without a physics-inspired architecture. In ref. [77], the factorization-aware model was
extended to the one-loop level by using it for the prediction of NLO k-factors. The authors based
their factorization on antenna functions [78] and considered the process ete™ — qg + ng, with
n up to and including 5. They obtained percent-level accuracy for the most demanding process.
Finally, regression has even been attempted for two-loop helicity amplitudes [79]. An NN with
skip connections [80] was used and physics domain knowledge was exploited by normalizing
the amplitudes by the comparably cheap first-order terms. Furthermore, symmetry arguments
were used to reduce the number of terms.

An argument in favour of ME emulators is that true MEs of high-multiplicity processes are
expensive, and that a lot of computational time can be saved by relying on an emulator instead.
This is certainly tempting, but makes high demands on the quality of the approximation. High
accuracy, at the percent level or below, is needed over the whole fiducial phase space. Further-
more, it would be welcome to have a reliable uncertainty estimate of the approximation, which
is difficult to get with NNs. This is an active area of research that has also gained attention
in the HEP community [81-84]. Proposed methods for uncertainty estimation include NN
ensembles [64, 85, 86] and Bayesian networks [60, 61, 76, 87, 88]. While these show that NN
uncertainties can be modelled over a wide range of phase space regions, they cannot prevent
overconfidence in some regions. This can lead to problems in applications if the uncertainty
estimates are used blindly without knowing where they are not reliable. The surrogate un-
weighting method of chapter 4 offers an alternative application of ME emulators that does not
rely on uncertainty estimates, since the method is unbiased by design. Nevertheless, it requires
accurate predictions from the model to be efficient.

Another interesting application of ML in HEP is reweighting, which has found a multi-
tude of possible uses. One of them is unfolding, that is the correction of measurements for
detector effects to enable comparisons with theoretical predictions or measurements from
other experiments, thereby going from detector level to particle level. Traditionally, this is
done for individual observables based on histograms. The OMNIFOLD method [89] uses an
NN classifier to iteratively reweight a sample of simulated events. This way, the full phase
space information is available. The method is unbinned and not specific to any observable.
Similarly, DCTR [90] can be used to reweight one particle level simulation into another. This is
useful to generate new detector level samples from different particle level simulations given
that one fully simulated sample (at detector level) is available. Furthermore, it can be used
for determining systematic uncertainties with continuous parameter variations and for the
parameter tuning of event generators. The DCTR approach of training a classifier NN is also
used in the post-processing method DCTRGAN [91]. It reweights samples from a generative
model, e.g. a GAN, to improve their accuracy. As an extension of this, LASER [92] pulls back
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the classifier weights to the latent space, which can be done directly for invertible models like
NFs or via OMNIFOLD for other models like GANs. Afterwards, another generative model is
trained to generate the refined latent space such that unweighted samples can be produced. The
authors propose to use a GAN to refine an NF in order to overcome its topological obstructions.
However, they note that rejection sampling or Markov Chain Monte Carlo (McMC) could also
be used to sample the weighted latent space. Finally, this approach is extended by ELSA [93],
which is a combination of LASER and augmented NFs [94-97]. It can be used for approximate
event generation and the authors demonstrate this for W+ + {2, 3} jets production at the LHC.

In addition to the examples listed above, many other ML applications in HEP have been
suggested. One of the most active fields, due to its large impact on computational efficiency,
is detector simulation [98-116]. Among the other applications are event subtraction [117],
event unweighting [118], jet super resolution [119, 120], the matrix element method [121],
parton showers [122-128], simulation-based inference [129-132], and solving parametric
integrals [133]. For reviews of the application of modern ML in HEP, see refs. [134-138].

A conceptually different approach is our use of nested sampling for event generation, which
is presented in section 3.2. It uses a different sampling technique, not based on importance
sampling. Although changes in established workflows would be necessary for its introduction,
it also offers advantages. For example, nested sampling achieves remarkably good efficiency,
especially in high dimensions. And while nested sampling itself is not based on modern ML
techniques such as NN, it opens up many possibilities to combine the advantages and further
increase the performance of nested sampling through NNs. Originally conceived as a method to
determine the evidence in Bayesian inference, nested sampling has found widespread adoption
in cosmology [139-144]. However, it has also proven to be a versatile tool beyond that. Some
of the main other fields of application are gravitational wave astronomy [145-147], particle
physics [148-152], and materials science [153-158]. It would not be surprising if nested
sampling also finds its place in HEP. This thesis describes one of the first approaches in this
direction.

1.3 Outline of the thesis

In chapter 2, an overview of the theoretical foundations of HEP as well as the established ap-
proaches to the sampling of scattering cross-sections is given. Two new methods are introduced
in chapter 3, the usage of NFs and nested sampling for PS sampling. In chapter 4 it is shown
how NN surrogates can be used to accelerate the production of unweighted event samples.
Finally, the insights are summarized in chapter 5 and an outlook on future developments is
given.
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2 Phase space sampling in high energy physics

To establish the necessary concepts and terminology that underlie the ideas in this thesis, this
chapter is concerned with the basics of particle physics and standard sampling techniques. In
section 2.1, an overview is given on how to determine scattering cross-sections in the Standard
Model. The main target of this thesis, the fully differential hadronic cross-section, is defined
based on the factorization theorem of quantum chromodynamics (QCD). An introduction to
the problem of sampling the differential cross-section is given in section 2.2. It is followed by
a brief description of MC event generators, which provide a comprehensive solution to this
problem. This chapter ends after section 2.3, where the most important sampling techniques
are presented. These comprise the crude McC technique, importance sampling, multichannel
sampling, and methods to generate non-uniform random numbers.

2.1 Particle physics basics

The Standard Model is the accepted theory in particle physics, which is introduced in sec-
tion 2.1.1. We then consider ourselves with scattering experiments at particle colliders in
section 2.1.2, with the goal of defining scattering cross-sections. In section 2.1.3, it is then
shown how to use perturbation theory to make quantitative predictions in HEP. The topic of
running couplings due to renormalization is touched upon in section 2.1.4. We refine the defin-
ition of cross-sections for collisions of hadrons in section 2.1.5, and finish with a discussion of
jets in section 2.1.6.

2.1.1 The Standard Model

The theory describing our understanding about the fundamental interactions of elementary
particles is the Standard Model. It contains 17 main types of elementary particles, which are
listed with some of their properties in fig. 2.1. We can identify two kinds of fermions, leptons
and quarks, which come in three generations. The leptons are the electron, e, and the electron
neutrino, v,, as well as the muon, y, and the tau, 7, with their respective neutrinos, v, and v..
For the quarks, the three generations comprise the up and down quarks, u and d, the charm
and strange quarks, c and s, and the top and bottom quarks, ¢ and b. Their interactions are
mediated by four vector bosons, the gauge bosons, which act as force carriers. There are three
types of gauge bosons for the electroweak interaction, the massive Z and W bosons and the
massless photon, y. The W boson comes in two variations, W* and W ~, with electric charges
+1 and —1. The gauge boson of the strong interaction is the massless gluon, g. Finally, there is
a scalar Higgs boson, H.

The Standard Model is a QFT collectively describing the electromagnetic, weak, and strong
interactions. The electromagnetic and weak interactions can be unified in an electroweak
theory in the form of a gauge theory with gauge group

SU2) x U(1), (2.1)

where the SU(2) part is related to weak isospin, and the U(1) part is related to weak hypercharge.
This gauge group is spontaneously broken to the electromagnetic U(1)g); gauge group via the
Higgs mechanism. This gives rise to the masses of the three massive gauge bosons, {W¥*, Z°},
and a massive scalar particle, the Higgs boson, H. Yukawa coupling to the Higgs field generates
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Figure 2.1: Overview of the elementary particles of the Standard Model with their masses,
electric charges and spins. The masses correspond to the status of 2019, as published by the
Particle Data Group [159]. Figure taken from [160] ©@®.

the fermion masses. With regard to their SU(2) charges, the fermions can be grouped into
left-handed doublets and right-handed singlets.
The strong sector is described by QCD, a non-abelian gauge theory with gauge group

SUQ3). (2.2)

QCD is a complicated theory with properties that make quantitative predictions a challenging
task. The quarks, which come in colour triplets, can change their colour by emitting gluons.
Furthermore, the gluons carry colour charge and can thus interact with themselves. As is
explained in section 2.1.4, perturbative calculations are only possible at high energy scales,
such that effects at lower scales are much more difficult to study. However, QCD is the most
relevant theory for this thesis. This is because we want to make predictions mainly for the LHC.
The LHC collides protons, since they can reach much higher energies than e.g. electrons in a
circular collider, due to less synchrotron radiation. Protons are made of quarks and gluons
and so they interact mainly via the strong interaction, as described by QCD. Furthermore, the
strong interaction dominates the radiation patterns at high-energy colliders, because of its
strong coupling strength.

2.1.2 Scattering experiments

Consider the case of two colliding beams made up of quantum-mechanical particles, one of
type 1 and the other of type 2, as sketched in fig. 2.2. The particles themselves do not have a
sharply defined diameter but if they come close there is some probability of interaction. In this
sense, a particle within the beam has an effective cross-sectional area, even if we may not be
able to find a physical equivalent of this area. This cross-section, o, is proportional to the event
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Figure 2.2: Two colliding beams.

rate

- xO, 2.

dr & (2.3)
where N is the total number of scattering events. The event rate is directly related to the
interaction probability. We define the proportionality constant belonging to eq. (2.3) as the
instantaneous luminosity £(t). By integration, we get the integrated luminosity,

T
sz £dt, (2.4)
0

which is a measure of the amount of data produced by a collider. The luminosity is defined
by the incoming beams, e.g. the density of particles. In contrast, the cross-section depends
exclusively on the properties of the incoming particles. While not necessarily easy to do in
either case, it is possible to experimentally measure as well as theoretically calculate scattering
cross-sections. The conventional unit for cross-sections is the barn, defined as

1b=10"2m?. (2.5)

It is common to encounter fractions of that, like femtobarn, 1fb = 10~ b, or picobarn,
1pb = 10712b. If there are several possible types of events, e.g. the production of different
final state particles, the total cross-section is the sum over all types,

o= Z ;. (2.6)

The cross-section provides us with a single number that contains information about the
number of events of a certain type occurring in a unit of time. More inclusive information can
be gained from the differential cross-section for some observable O:

do
—. 2.
do (2.7)
This gives us a distribution of events, which we can visualize and compare, for example with
the use of histograms. The most versatile option is to consider the cross-section differential in
all phase space variables. This object, the fully differential cross-section, can be boiled down to

a certain observable by integrating over the other variables.

Let us now consider how to calculate cross-sections in QFT. Skipping over a lot of details,
the basic approach is to construct wavepackets for the initial-state particles in the early past
and evolve them with the time evolution operator e 'H!, where H is the Hamiltonian. The
evolved state is then overlapped with wavepackets for the final-state particles in the distant
future, which we are interested in. This provides us with the probability amplitude for the type
of event defined by the desired particles. In a simplified notation, the overlap between the
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Figure 2.3: Two particles scattering and producing n — 2 particles.

initial and final states is described by the so-called S-matrix:

Sgi = (f1D). (2.8)

We now confine ourselves to the case of two colliding particles, with four-momenta p, and p,,
and n final-state particles, with momenta ps, py, ..., p,. This case is illustrated in fig. 2.3. The
S-matrix for it can be written as

n
Sfi = alf + l(27T)4 5(4)(131 + D2 — Z pk)M, (29)
k=3

where M is called the invariant matrix element, or scattering amplitude. The §; corresponds
to the case of no interaction, which is of no interest here. Four-momentum conservation is
ensured by the Dirac delta distribution, and it is implied that the external particles are on their
mass shell:

o=y and @10
p} = mff. (2.11)

Let us consider the actually interesting part, the matrix element M. It can, with quite general
arguments, be related to the cross-section. Skipping over the calculation, the result is

1 Pf 1
do = 2E1E2|V1 V2| (H (27T)3 2Ef>
2 n
x |M(p1, p2 = {py})| (2m)* 5(4)(131 +0- ), pk), (2.12)
k=3

where the first factor on the right-hand side is the flux factor, with |v; — v,| being the difference
of the beam velocities in the laboratory frame. To go from a probability amplitude to an
observable, the matrix element is squared. Finally, there is an integral over all final-state
momenta {py}, which is of the form

qu) (2m)* (H/ (2:)1; 2]15 ) (4)(P1 +P2—I{Z::3Pk)- (2.13)

This is called the Lorentz-invariant phase space and is needed to integrate the differential
cross-section to a total cross-section.

With eq. (2.12) at our hands, the remaining difficulty is to find a recipe for calculating |M|2.
It turns out that for the Standard Model this is possible using perturbation theory. A very
helpful tool for the calculation are Feynman diagrams. In section 2.1.3, an overview of the
approach is given.

20



2.1 Particle physics basics

Figure 2.4: An example of a Feynman diagram: Two fermions scatter, producing an intermedi-
ate boson that decays to two fermions again.

2.1.3 Perturbation theory and Feynman diagrams

The idea of using perturbation theory for QCD can be broken down to expanding an observable
f in orders of the strong coupling parameter o, which is defined as

2
8

oAy = 7- (2.14)

where g is the coupling appearing in the QCD Lagrangian. In schematic form, this expansion

looks like

= has + fog + a3 + - (2.15)

Assuming a small coupling, oy < 1, the series converges and the first few terms can deliver
an acceptable approximation. However, even a divergent series can provide a reasonable
approximation with appropriate truncation. We call the lowest order contributing to a given
observable the leading-order (LO), the next higher one next-to-leading order (NLO) and so on.
NLO calculations can be regarded the current standard as they are available largely automatized
for almost arbitrary processes. Many processes are also available at next-to-next-to-leading
order (NNLO) by now. Since the electromagnetic coupling is so small, the leading-order in
quantum electrodynamics (QED) is often sufficient.

A widely used tool for perturbative calculations of scattering amplitudes are Feynman
diagrams. They are visual representations of scattering processes as spacetime diagrams,
whereby many different diagrams can contribute to a single amplitude. Feynman diagrams
simplify the calculation by reducing it to a set of rules. The building blocks of a diagram
are different types of external lines corresponding to real (on-shell) particles, internal lines
corresponding to virtual (off-shell) particles, and vertices, where these lines connect. An
example of a Feynman diagram is shown in fig. 2.4. In the calculation, the external lines are
associated with spinors and polarization vectors, whereas the internal lines are associated
with propagators. The vertices are related to couplings between particles. That means that the
perturbative order of a diagram can be determined by counting the number of vertices. Note
that vertices can differ in order and this is in fact the case for QCD, where a 4-gluon vertex
exists that is of order g2 while the 3-particle vertices are of order g;.

2.1.4 Running coupling

An issue arises in the calculation of loop diagrams. There, virtual particles with high energy or
momentum lead to ultraviolet divergences. Consequently, the Feynman diagrams evaluate to
infinity. These divergences can be regularized by introducing a cutoff scale that implements
our ignorance about high energy scales, much above the collider energy. This leads to a
renormalized definition of the fields, and their masses and couplings. The renormalized
masses and couplings depend on a reference scale, the renormalization scale up. Their values
can be measured by experiment at a specific scale. To determine their values at other scales,
they can be evolved with a renormalization group equation (known as the beta function), which
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can be derived from perturbation theory. A consequence is that the values of the renormalized
coupling constants in the Standard Model depend on the energy scale, a fact known as running
coupling. For QCD, unlike QED, the coupling, o, decreases with energy, as can be seen in fig. 2.5.
At high energies, the coupling between quarks is small, and they behave like free particles. This
is called asymptotic freedom. However, at small energies we can never observe free quarks.
Due to the strong coupling, they are always confined in hadrons, which are composite particles
made of quarks and bound together by the strong interaction. The same running behaviour
is true for the quark masses. However, in practice we often only consider running masses
of the heaviest quarks, ¢ and b, and assume the light quarks to be massless. This simplifies
calculations while at high energies the approximation has negligible consequences.

Perturbation theory works well for QCD processes at high energies, where the strong coupling
is small. Therefore, it allows us to describe scattering processes between hadrons at colliders
like the LHC. If the hadrons are accelerated to high energies, their interaction is dominated by
the scattering of individual quarks and gluons. The high energy scale suppresses softer effects
that happen at a longer timescale than the hard interaction.

2.1.5 Hadron collisions

Equation (2.12) gives the differential cross-section for the scattering of two fundamental
particles. However, the LHC collides protons, which are composite particles made of quarks
and gluons. It is common to refer to quarks and gluons collectively as partons, and we adopt
this convention here. To describe the scattering of two protons, it is not enough to calculate
the cross-section of two partons, since we cannot observe which of the components interacted
and what fraction of the momentum they carried. So we need to expand our toolbox. We
assume that at high collision energies, the partons within the proton are almost collinear with
its momentum. Furthermore, we suppose that due to their asymptotic freedom, individual
partons collide mostly independently from the proton remnants. This situation is visualized in
fig. 2.6, where an up-quark and a gluon leave their respective fast-moving protons to undergo a
partonic interaction.
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Figure 2.6: Exemplary sketch of a hadronic collision at high energy.

Let us denote the momenta of the colliding partons by
pi = xR, (2.16)

where P, are the momenta of the two colliding protons, and x; are the momentum fractions
carried by the partons p;. Necessarily, the fractions are restricted to 0 < x; < 1. With this
notation, we can conceptually write down the total cross-section of a hadronic collision:

1 1
o= [ ax fo 05 06 52 G- (217)

i,j Jo

The sum runs over all possible partons, i.e. quarks, antiquarks, and gluons. The partonic
cross-section between partons i and j, as determined by eq. (2.12), is denoted as Spipj—~1p )
Moreover, the parton distribution functions (PDFs) f(x;) and fj(x,) have been introduced.
These capture the probability to find the partons of types i and j with momentum fractions
X; and x, inside the protons 1 and 2, respectively. Since they comprise low-scale physics, the
PDFs cannot be calculated in perturbation theory. Instead, they have to be determined from
measured data.

There is a further complication due to the fact that partonic cross-sections can suffer from
infrared divergences, which are triggered by soft and/or collinear emissions. To deal with this,
we assume that we can factorize the cross-section into a perturbative and a non-perturbative
contribution. There is good reason to believe that this is a sensible ansatz and some more
specific factorization properties have been proven [162]. This factorization allows us to move
the infrared divergences out of the partonic cross-section and into the definition of the PDFs.
Thereby, we introduce another scale parameter, the factorization scale ug. This scale separates
the short-distance, perturbatively calculable physics from the long-distance, non-perturbative
physics. As a consequence, we have partonic cross-sections that can be calculated in some
order of perturbation theory, and PDFs that can be determined from measured data at a specific
scale ur. Similarly to the renormalized masses and couplings, the PDFs can be evolved to other
energy scales using perturbation theory. The equations describing this evolution are known as
Dokshitzer—Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [163-165]. Assuming factoriz-
ation, the hadronic cross-section can be written as

1 1
B N Y CT Y CHE L W) (218)
i,j Jo 0
where the dependence on the factorization scale has been made explicit.

2.1.6 Jets

The result of simulating a high energy hadronic scattering event can be thousands of particles,
with many of them being hadrons. Experimental data tells us that the hadrons are typically
found in condensed cone-shaped arrangements, so-called jets. Consider as an example fig. 2.7,
which shows an event with two jets of high transverse momentum, p,, recorded by the ATLAS
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Figure 2.7: Event display of a dijet event recorded by ATLAS in 2010. Figure taken from [166]
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collaboration. The left plot shows a cross-section through the detector, perpendicular to the
beam axis. The tracks of the charged particles are projected onto the image layer. It can be
seen that the two jets with the highest p, with tracks coloured in green and red, deposit a
large amount of energy in the hadronic calorimeter (red annulus). In addition, the right plots
show a cross-section through the detector along the beam axis and a histogram of measured
transverse Energy (ET) in the pseudorapidity-azimuth (1-¢) plane. Clearly, the energy deposits
are very localized, indicating that the particles are collimated.

From the theory perspective, jets form when highly energetic partons from the hard in-
teraction dress themselves with soft and/or collinear emissions, so-called parton showers.
At sufficiently low energy scales the partons form hadrons, whose energy deposits can be
measured in a calorimeter. Jets are abundant in LHC data and almost all analyses rely on
reconstructed jets.

To be able to compare experimental and simulated data, it is important to use a precise
definition of jets, which can be applied to both simulated and measured events. Such a
definition is available through a jet algorithm, which is a procedure for clustering a set of
hadrons into jets. A useful property of a jet algorithm is infrared and collinear safety, meaning
that the result of clustering is not sensitive to additional soft or collinear emissions. This is
important for reliable comparisons between theory and data. The most important jet algorithm
for the LHC, and the only one considered in this thesis, is the anti-kt algorithm [167]. As a
type of sequential recombination algorithm, it is infrared and collinear safe. These algorithms
work by defining a distance measure d;; between any two particles and clustering the particles
based on their distance. For the anti-k algorithm, the distance measure is defined as

ARfj
R2

— in(n=2 n=2
dij = mln(pl,i’ DP1,j

(2.19)

where AR}; = Ay® + Ap?* = (i — 3))> + (i — ¢,)>, and p ;, y; and ¢; are respectively the
transverse momentum, the rapidity and the azimuth of the i-th particle. The parameter R
is called the jet radius and has to be set manually. The clustering proceeds as described in
algorithm 1.
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Algorithm 1: The anti-k; jet clustering algorithm.

define a list of entities containing all final state particles;
repeat

"

N

3 compute the distance measure d;; for each pair (i, j) of entities;

4 compute the distance measure d;g between each entity i and the beam B;

s | determine the minimum min({d;;},{d;s}) of the set of all distance variables;

6 if minimum is a d;; then

7 ‘ combine entities i and j by adding their four-momenta;

8 end

9 else
10 ‘ declare entity i to be a final state jet, and remove it from the list of entities;
11 end

12 until list of entities is empty;

The algorithm can also be stopped prematurely when a termination criterion has been
reached. For example, one can choose to only consider jets with p, ; > p, o and d;j > dey-

2.2 The sampling problem in high energy physics

After the essential background has been introduced, the problem of sampling the phase space
is explained in more detail in this section. To this end, some specific aspects are discussed in
section 2.2.1. Then, in section 2.2.2, MC event generators are introduced as an important tool
for tackling the sampling problem.

2.2.1 Sampling the differential cross-section

Combining egs. (2.12) and (2.18), we can write down the fully differential cross-section of a
2 — n parton level scattering process:

1
d0p, p,—{ps} = GV, =V, fiGer, up) (g, p) | |det Jg |

X dx; dx, d<I>p1p2_,{pf} . (2.20)

This gives only one partonic contribution. To arrive at a hadronic cross-section, one needs
to sum over all possible partonic initial and final states. The Jacobian determinant, |det]q,|,
has been introduced to account for a possible change of variables that increases the sampling
efficiency. For details, see section 2.3.

The main objective in this thesis is the sampling of eq. (2.20), i.e. the production of momenta
D1> P2, 1Py} with a distribution that follows the differential cross-section. This is in fact a
challenging task. Since the parton momenta are given by four-momenta, we have to deal with
4n dimensions. However, four-momentum conservation and on-shell conditions reduce this
number to

d=3n-4. (2.21)

At high final state multiplicity, the number of dimensions can thus become quite large. Thereby,
the costs of evaluating the matrix elements, |M|?, scale badly with the multiplicity. Further-
more, the matrix elements can be multimodal, and their peaks can be extremely narrow due
to intermediate resonances with small decay widths and quantum-mechanical interference.
Large samples, containing millions of events, are typically needed for experimental analyses.
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In addition, it can be necessary to repeat the generation many times with different values of
the renormalization and factorization scales, and for variations of the PDFs. This is useful for
an uncertainty estimation. The variation of the scales, typically between u/2 and 2u of the
nominal value, hints at contributions from higher orders. A strong dependency on the scales
is a sign that large corrections from higher orders can be expected. It is possible, though, to
reduce the number of repeated runs by using on-the-fly reweighting techniques [168]. Another
complication arises from the fact that the differential cross-section can be formally divergent.
This necessitates regularization by using kinematic cuts, which leads to regions in PS with zero
probability and vertical edges at the locations of the cuts. There can be further cuts to select
specific regions of PS. At NLO, which is only touched on in passing here, we also have to deal
with negative weight contributions.

As a first step, the sampling of valid PS configurations is required. In the simplest case, this is
done uniformly. This task was solved long ago by the RAMBO algorithm [169]. The algorithm
uniformly populates the volume of the n-body PS, eq. (2.13), which is known to be

(2.22)

(7 n—1 (QZ)n—Z
Vo = (5) CENICED

where Q is the total momentum. Versions for massless and massive particles are available,
but the massive version is not exactly uniform. Due to its simplicity, the algorithm can be
easily applied to arbitrary PS sampling problems. However, the uniform sampling can be very
inefficient. Therefore, realistic applications are restricted to simple processes. Furthermore,
the algorithm can serve as a cross-check for more elaborate ones. A disadvantage of RAMBO
is that it uses 4n instead of the necessary 3n — 4 random variables. This problem is solved by
the RAMBO on diet approach [170]. The idea is based on factorizing the PS by separating it
into a sequence of 1 — 2 decays. Due to using the minimal number of random variables, the
algorithm provides an invertible mapping from uniform random numbers to particle momenta.

The factorized approach of ref. [170] was also used in earlier, non-uniform approaches to
PS generation [171-173]. Later, more specialized algorithms became available. These often
focused on multi-parton QCD processes. An example is SARGE [174], which generates the
antenna pole structure that provides the leading contribution to the structure of singularities
in QCD amplitudes. It is given by the permutations of

1
(p1-P2)(P2 - P3) -+ (Pn=1 - P)(Pn - P1)

(2.23)

For QCD amplitudes, SARGE is much more efficient than RAMBO. An even more efficient
approach to antenna generation is given by HAAG, which uses a hierarchical strategy and a
multichannel (see section 2.3.3) procedure. More recent PS generators are often integrated
into ME generators and use the same strategies that are employed to evaluate the MEs. These
can be based on Feynman diagrams [175], like in AMEGIC [176] and MADGRAPH [177], or
recursion relations [178], like in COMIX [179]. As part of full-featured MC event generators,
they efficiently generate PS configurations for almost arbitrary processes.

2.2.2 Monte Carlo event generators

MC event generators are general purpose tools that can be used to calculate decay widths,
total cross-sections, and exclusively simulate individual scattering events. See refs. [8, 180] for
extensive reviews of modern MC event generators. They are based on first principles, models for
non-perturbative phenomena, and parameters tuned with measured data. At the core of event
generation lies the partonic hard scattering event, which is the part that is almost exclusively
considered in this thesis. A key assumption in event generators is that the hard process is
factorized from parton showers and non-perturbative phenomena. This allows to simulate
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Figure 2.8: Sketch of a tfH event produced from two hadrons colliding at high energy as
generated by an event generator. The two hadrons (green) enter from left and right. After
initial state radiation (blue), a hard interaction between two gluons takes place (big red blob
in the centre). The final state particles undergo final state radiation (red), and the top quarks
and the Higgs boson decay (small red blobs). A secondary partonic interaction is shown in
purple. At sufficiently low scales, the produced partons hadronize (light green blobs) and
eventually the hadrons decay (dark green blobs). Electroweak radiation also occurs (yellow).
Figure taken from [192] @®.

these parts separately. For hadronic collisions, PDFs are used to determine the contributions
of the partonic channels. To calculate the scattering matrix elements of the hard process, an
event generator interfaces specialized ME generators. These tools are largely automated and
can be used for almost arbitrary scattering processes. Examples for tree-level ME generators are
ALPGEN [181], AMEGIC [176], COMIX [179], MADGRAPH [182], and WHIZARD [183]. The
set of QCD and electroweak one-loop generators includes MADLOOP [184, 185], MCFM [186,
187], NJET [188], OPENLOOPS [189, 190], POWHEG BOX [191], and RECOLA [189, 190]. In
combination with an efficient Ps generator, which provides the kinematic configurations as
inputs, these tools can be used to generate inclusive fixed-order events at the parton level.
General-purpose event generators are able to extend these into fully differential and exclusive
simulations by adding a parton shower simulation, particle decays, hadronization models,
and multiple interactions per collision. With all these ingredients, an event can look like the
example shown in fig. 2.8. Thereby, perturbative and non-perturbative effects are integrated
into a single simulation.

Although automated approaches exist by now, the combination of fixed order MEs and
parton showers is a non-trivial task. They aim to describe different regions of ps, with fixed
order MEs most accurate for well-separated, hard partons, while partons showers are designed
for the soft and collinear parton emissions. Furthermore, with parton showers it is possible to
generate many more partons than with the computationally demanding MEs. A problem for
the combination of the two is that MEs deliver an inclusive description, while parton showers
are exclusive in the number of final state partons. In addition, one needs to be careful to
avoid double counting, i.e. that regions of PS are generated by both, MEs and showers. These
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problems are addressed through matching [193-201] and merging [202-223] techniques.

2.3 Established methods and their shortcomings

Monte Carlo (MC) event generators make use of various algorithms and techniques for sampling.
The common basis for them is the MC method. In this section, the established methods used
in MC event generators are introduced, and their limitations are discussed. This provides
the basis for the approaches to improvement that are presented in the following chapters.
The crude MC method and its use for numerical integration are explained in section 2.3.1.
In addition, importance sampling is introduced as a technique to reduce the variance of the
integral estimate. In section 2.3.2, the adaptive importance sampling algorithm VEGAS is
presented. In this context, problems with non-factorizable functions and cuts in phase space
are discussed. Following that, the multichannel method is introduced in section 2.3.3 as an
efficient approach to multimodal target functions. It is furthermore shown how to combine
a multichannel sampler with adaptive remappings based on the VEGAS algorithm. Since all
approaches based on importance sampling require the efficient generation of non-uniform
random variables, this topic is covered in section 2.3.4. To this end, the inverse transform
method and the rejection sampling algorithm are introduced. Finally, the relevance of rejection
sampling for unweighted event generation in the context of experimental analyses is explained
in section 2.3.5.

2.3.1 Monte Carlo sampling

For integration problems with more than a few dimensions the MC method is typically the tool
of choice since its scaling behaviour is superior to deterministic methods such as quadrature.
The idea is simple. Let f: Q c R% — [0, o) be a function defined over the d-dimensional
unit hypercube Q = [0,1]¢. Its integral is given by

Izj(;f(u)du. (2.24)

According to the MC method we sample points u; uniformly from Q and by taking the mean
over the corresponding function values we get an estimate of the integral:

1 N
i=1

From the law of large numbers it follows that Ex converges to I for N — oo. For finite N there
is an error which can be estimated by the standard error of the mean:

SEny = | —En| ~ 5/157\, = \7—%, (2.26)

where oy is the sample standard deviation given by

N
oN = \J ﬁ le(f(ui) - EN)Z : (2.27)

We call 5/]57\, the Mc error. Note that it is a statistical property that has meaning only for a large
number of independent runs. For a single run the estimate can be completely wrong.

An example for uniform Mc sampling is shown in fig. 2.9. The target is a truncated Gaussian
distribution with mean u = 0.5 and variance o = 0.05 on the interval [0, 1]. A sample of 5000
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Figure 2.9: Uniform sampling of a one-dimensional target function.

points drawn from a uniform proposal is shown as a histogram. The histogram approximates
the uniform distribution. However, if the points are filled into a weighted histogram, with
their weight given by the value of the target function, f(u;), the histogram approximates the
target function instead. In essence, fig. 2.9 is a visual illustration of the basic principle of the
MC method.

Equation (2.26) represents the famous I/W scaling of MC integration. It is independent of
the number of dimensions but at high dimensionality one might need an undesirably large
number of points to get an integral estimate with an acceptable MC error. A way out is offered
by variance reduction methods, which aim at reducing oy. These can be very effective because
halving the variance has the same effect on the Mc error as quadrupling the number of points.
Arguably the most important method for HEP is importance sampling. The idea is to sample
from a non-uniform probability density function (PDF)* g: Q — [0, o). As a consequence,
the integral in eq. (2.24) becomes

L{;E ) ff( u) dG(u), (2.28)

where G denotes the cumulative distribution function (CDF) corresponding to g. The MC
estimate of the integral is now given by

f&) _1<h
By = NZg(Xl) Z;w (2.29)

where the x; are sampled from the distribution g. To make clear that they are drawn from a
non-uniform distribution, we switched the notation for the random points to x;. We refer to
the w; as MC weights. The sample standard deviation becomes

1 al 2
on = mi:1(wl~ —ExN). (2.30)

It follows that the Mc error can be reduced by reducing the variance of the weights w;. This

*I use the acronym PDF for both probability density functions and parton distribution functions. It should be
clear from the context, which of the two is meant.
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Figure 2.10: Importance sampling applied to a one-dimensional target function.

means that one should choose a g(x) that is as similar as possible to the shape of the integrand
f(x). However, there is a restriction, namely that we need to be able to efficiently sample from
g. Ideally, its quantile function, i.e. the inverse of the CDF, is known analytically such that
inverse transform sampling (cf. section 2.3.4) can be applied.

In fig. 2.10 the importance sampling method is illustrated. The target is the same as in
fig. 2.9. Another truncated Gaussian is used as the proposal. It has a larger variance than the
target, o> = 0.08 compared to o2 = 0.05. Again it can be seen that by weighting the points
according to their weight, w;, the sample distribution can be shifted from the proposal to the
target. However, compared to uniform sampling, the distance between the proposal and the
target is much shorter. Thus, the spread of the weights is smaller.

2.3.2 Adaptive importance sampling—the Vegas algorithm

VEGAS is an adaptive importance sampling algorithm that is widely used in HEP. It is based
on a piecewise constant density defined over the unit hypercube [0, 1)¢. In d dimensions the
density function is factorized into d functions:

d
qx) = [ a:(x)- (2.31)
i=1

Each function q;(x;) is divided into N; bins which are defined by their N; + 1 boundaries
0 =xj9 <Xj; < <Xx;n; = 1. Given the bin boundaries, the function can be evaluated at
any point x; using

1

v with x <x<xy. (2.32)
Ni(xi; = Xi1-1) b b

qi(x;) =
In the VEGAS algorithm, each bin is sampled with equal probability and the bin widths are
adapted to minimize the variance of the integral estimate. As a consequence, narrow peaks lead
to many thin bins while flat, low probability regions are covered by few wide bins. Sampling
from q(x) is easy through the inverse transform method (cf. section 2.3.4). In each dimension, a
bin is randomly chosen, and a point is sampled from it uniformly. Since the x; are independent
of each other, they can be sampled one after the other or in parallel. The actual algorithm for
adjusting the bin widths is not relevant here. Details can be found in ref. [32].
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Figure 2.11: Sampling with VEGAS applied to a one-dimensional multimodal target.

In fig. 2.11 the result of applying VEGAS to a one-dimensional target function is shown.
The target is a mixture of two Gaussians with peaks at u; = 1/3 and u, = 2/3. A VEGAS
density with 30 bins has been trained on batches of 1000 points for 10 iterations. The adapted
bin boundaries are shown in the figure. It can be seen that the bins concentrate around the
peaks while there are fewer bins in regions where the target function has smaller values. The
widest bins are located at the domain boundaries. A histogram of a sample from the VEGAS
density is also shown. At the outermost bins, it can be seen quite clearly that VEGAS uses a
uniform distribution within each of its bins. Therefore, within each bin, the target function is
approximated by a constant function. Depending on the width of the bin and the gradient of
the target function, this can lead to large deviations. In the example, VEGAS overestimates the
target function at the domain boundaries due to the wide bins and underestimates the peaks
as a consequence. Using more bins would reduce the deviations in this example.

As stated above, it is straightforward to sample a VEGAS density. Accordingly, there is a
simple transformation from a uniform distribution to the VEGAS one. On the one hand, this
allows to use the inverse transform method for sampling. On the other hand, this means that
VEGAS can be used more generally as a mapping ¢ : Q — Q to transform one distribution into
another. Consider for example fig. 2.12, where the mapping u — x is shown for the VEGAS
density trained on the multimodal target shown in fig. 2.11. The bin boundaries are indicated
in the background, and it can be seen that the mapping function is linear between the bin
boundaries. At the points where the linear parts connect, the function is non-differentiable.
Such an adaptive mapping can be very effective in situations where we have some but not
full knowledge about the target distribution in the form of a sampling density. Consider, for
example, the matrix element squared of a scattering process with an intermediate resonance,
where the shape is dominated by a relativistic Breit-Wigner distribution, which can be sampled
with the inverse transform method. This models the denominator of the propagator of an
unstable particle. However, it neglects the numerator and other contributions. To reduce the
mismatch between the target and the sampling distribution, one can train a VEGAS mapping
on the function that remains after mapping out the resonance with a Breit-Wigner distribution.
This approach is more efficient than using VEGAS standalone because the sharp resonance is
already flattened out. It would otherwise require many bins to model. Thus, there are more
bins available to adapt to other features.

The factorized definition of the VEGAS density, eq. (2.31), is a big advantage with regard to
the efficiency of the adaptation. The computational costs for the optimization scale linearly
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Figure 2.12: VEGAS as a mapping u — x for a one-dimensional multimodal target.
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(a) The target density. (b) The VEGAS grid. (c) The VEGAS density.

Figure 2.13: Two-dimensional example for VEGAS.

with the number of dimensions. It is, however, also a big restriction with regard to flexibility.
Inevitably, VEGAS struggles to adapt to distributions that are not factorizable. An example can
be seen in fig. 2.13. The target, shown in fig. 2.13a, has been chosen to be a two-dimensional
mixture of two Gaussians with peaks at u; = (1/3,1/3) and u, = (2/3,2/3). An optimized
VEGAS grid is shown in fig. 2.13b and the corresponding density is shown in fig. 2.13c as
a two-dimensional histogram. The density features two additional peaks, at (2/3,1/3) and
(1/3,2/3), which have no counterpart in the target. This is because the factorized ansatz only
allows VEGAS to adapt to the marginal distributions. As a consequence, there are performance
losses for unsuitable targets. In the example shown here, the problem can be solved by rotating
the target function such that the peaks are aligned with one of the coordinate axes. When
this is not possible, a multichannel approach, as discussed in section 2.3.3, can help. Both
approaches require detailed knowledge about the target function.

Phase space cuts

Especially for unweighted event generation (cf. section 2.3.4), where large weights lead to low
efficiencies, the behaviour of VEGAS in the presence of phase space cuts can be crucial. The
following examples are used to analyse this behaviour. First, a quite trivial one-dimensional
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function defined over [0, 1] is considered, whose PDF is constant except for the range x < 0.3,
for which it is zero. The function has been plotted in fig. 2.14a. A VEGAS grid has been adapted
to the target density using 10 iterations with 1000 function evaluations each. The grid has 500
bins. In fig. 2.14b the resulting VEGAS density is shown next to the target density in a region
around the cut at x = 0.3. It can be seen that the boundary of the leftmost bin is not aligned
with the cut edge. The explanation for this is simple: VEGAS starts from a uniform grid. In
the first iteration, the bin boundaries are adapted based on a uniformly distributed sample of
points. Since there are no non-zero points below x = 0.3, the leftmost bin is stretched up to
the smallest point above the cut. In the subsequent iterations the boundary can move closer to
the cut if a point between the boundary and the cut is sampled. However, this rarely happens
because the corresponding bin is very wide. Even with more training data or more bins a gap
between the bin boundary and the cut would remain. While the VEGAS density would still be
well suited for integration, the large weights for points just above the cut would pose a problem
for unweighting. In this example, the weights reach values of 215 next to the cut while they
are close to one in the remaining phase space.

The one-dimensional problem allows for several ways out which can also be applied to
the situation where a multidimensional target features a cut that is aligned with one of the
coordinate axes. If the cut is known in the sampling coordinates, the sampling space can
simply be reduced to the uncut region. Otherwise, one could change the algorithm to align the
boundaries of empty bins with the points closest to the cut for which f(x) = 0 instead of the
non-zero ones. This way, the cut edge would be contained in a non-empty bin, alleviating the
undersampling next to the cut. Another solution would be to use a more inclusive cut during
the adaptation of the VEGAS grid and to use the desired value of the cut only afterwards. This
would allow VEGAS to properly adapt to the target values next to the cut. The requirement is
that the target function can be evaluated and is not singular for the more inclusive cut.

To determine the consequences of a cut that is not aligned with the coordinate axes we
consider the two-dimensional example shown in fig. 2.15a. The target density is constant
except for the region x + y < 0.3, where it is zero. A VEGAS grid is adapted to it using the same
parameters as above. In fig. 2.15b the resulting density is shown. It can be seen that where
X > 0.3 and y > 0.3 VEGAS reproduces the target well. However, since it only adapts to the
marginal distributions, it fails to converge to the target in the remaining phase space. From
x =0.3to x = 0and from y = 0.3 to y = 0 the density falls off approximately linearly.

A close-up view of the region 0 < x < 0.08, 0.23 < y < 0.31 is shown in fig. 2.16. The
individual bins of the VEGAS grid can be clearly distinguished. The location of the cut is
indicated, and it can be seen how it cuts the rectangular bins at an angle. Obviously the bin
boundaries are not aligned with the edge of the cut, and it can be concluded that the density
close to the cut is not a good approximation of the target. More quantitative statements are
facilitated by the illustration in fig. 2.17. Here we consider the two line segments x + y = 0.3
and x + y = 0.9 in the region —0.3 < x — y < 0.3. For the case x + y = 0.9, far away from the
cut, the VEGAS density is a good approximation of the target density, fluctuating around it with
a slight offset. However, for the case x + y = 0.3, at the very edge of the cut, VEGAS severely
underestimates the density. The lowest density is given by pyeg.s = 0.84 leading to a maximum
weight of w,,,, = 1.25. Admittedly, this is less dramatic than in the one-dimensional example.
The essential insight, though, is that the maximum weight is found next to the cut boundary.
Its value is highly specific to the problem at hand since it depends on the shape of the target
function, its dimensionality and the definition of the cut.

If, like in the last example, the cut is not aligned with the coordinate axes, there is no simple
cure to the undersampling problem. In some cases, it may be possible to change to another
coordinate system, where the cut is aligned with one of the axes. Alternatively, one can try to
substitute, for the time the VEGAS grid is adapted, the target value in the cut region using some
kind of inter- or extrapolation. In our examples, VEGAS would be perfectly able to learn the
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Figure 2.14: One-dimensional example for VEGAS encountering a phase space cut.

target densities if we would assume a constant value in the cut region. In many cases, however,
no countermeasures will be taken for the sake of simplicity. Nevertheless, it makes sense to be
aware of these characteristics.

2.3.3 Multichannel sampling

It is difficult to find proposal distributions that are well-suited for multimodal target functions,
i.e. functions with multiple peaks. The difficult part is not to come up with a multimodal
proposal, but to find one that we know how to produce samples from efficiently. In differential
cross-sections we often find multiple peaks scattered over phase space due to e.g. intermediate
resonances or quantum interference effects. While the overall distribution is complicated,
we have rather good knowledge about individual terms. For example, resonances can be
described by a Breit-Wigner distribution. A common trick in these situations is therefore to
use a multichannel, or mixture, density with N, channels,

Ne
gx) =) o g(x), (2.33)
j=1

where the mixture weights, o; > 0, sum to one:

Ne¢
Z o=1. (2.34)
j=1

The channels, gj(x), are densities which we can sample easily, e.g. using inverse transform
sampling (cf. section 2.3.4). Due to the normalization of the mixture weights, the multichannel
distribution is a PDF. Provided the individual channels are chosen wisely, it is easy to sample
the multichannel distribution: One chooses one of the channels at random, according to
their mixture weights, and samples that channel. The mixture weights can be set manually
or adapted automatically. A common strategy in HEP is to adapt the weights based on their
influence on the variance of the integral [224]. Many other optimization algorithms, readily
available in modern ML libraries, can be used as well. If a multichannel density is used for
importance sampling, one should note that, according to eq. (2.33), for each point every single
channel has to be evaluated. Therefore, it can be problematic if the number of channels
becomes too large. It can be beneficial to monitor the contribution to the integral of each
channel and deactivate the least important ones by setting their weight to zero.

A fruitful interaction results from the combination of a multichannel density with mappings
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Figure 2.15: Two-dimensional example for VEGAS encountering a phase space cut that is not
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y-axis is shown in the vertical direction. The colourbars below the plots indicate the values
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based on Vegas. As seen in section 2.3.2, the VEGAS algorithm can be used to automatically
construct a sampling distribution for a given target. This works well as long as the target
function is factorizable, i.e. there are no correlations between the dimensions. The factoriz-
ability depends on the coordinate system, hence a coordinate transform can help VEGAS to
properly adapt to a target. However, as noted in ref. [225], there are functions that can not be
factorized in a single coordinate system. In these cases, the multichannel technique provides an
attractive solution: One identifies parts of the target function that are factorizable individually
and constructs a channel in a suitable coordinate system for each of these. To further optimize
the multichannel density, one can use VEGAS as a mapping for each channel, as described in
section 2.3.2. By doing this, VEGAS only has to deal with factorized functions, while it is still
possible to encode prior knowledge in the channel mappings. Under this approach, the Mmc
integral estimate becomes

Ne¢

En= Z a; <%>gi , (2.35)

where the average is evaluated for points sampled from the channel distribution g;, and where
¢ . Q — Qs the VEGAS map associated with the channel i. Put into words, eq. (2.35) means
that for each sampled point we choose a channel at random, according to the weights «;, and
draw a uniform random number, u;. Using the channel’s VEGAS map, we map ; to a point
U; € Q. This point is the input for the channel g;, which maps it to another point, x;. Finally,
we evaluate the weight w; = f(x;)/g(x;).

If the target function features phase space cuts, e.g. due to regularized singularities, it is
possible to include knowledge about the cuts in the channels of the sampling distribution.
This can increase the sampling efficiency with regard to the cuts, i.e. fewer points have to
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be rejected because of cut constraints. A complication arises from the fact that the cuts are
typically defined in coordinates that are motivated by physics, like transverse momentum or
rapidity, and not in the ones that are used for sampling. To be considerate of the cuts in the
channel definitions, they have to be translated to the respective coordinate system, which is not
always possible in a factorized way. Therefore, it is often not possible to fully respect the cuts
within the channel definitions. In addition, non-factorizable cuts can generally be problematic
for VEGAS, cf. section 2.3.2.

For complicated scattering processes there can be numerous subprocesses contributing.
This implies many channels in the multichannel density, which can be prohibitive since we
need to generate a number of events from each channel in order to have training data to
adapt to. To reduce the number of channels, one can use permutation invariance or group
together subprocesses with similar kinematics. However, the latter can also lead to significant
performance losses if not chosen carefully and is therefore a delicate balancing act.

2.3.4 Non-uniform random variables

We have seen above that our problems can require non-uniformly distributed random variables,
for example if we want to apply importance sampling. However, we have not yet discussed
how to generate these. Since uniform (pseudo-) random numbers are always easily available,
the standard method is to use a mapping to transform these into non-uniform ones. Such a
mapping can be found by inverting the CDF of the desired distribution. This can be a difficult
task, but for many typical distributions the solutions are known and often implemented in
standard software libraries. While the inverse transform method can be regarded as the gold
standard, rejection sampling provides an alternative that can always be used, regardless of the
desired distribution. However, it is inefficient because it is based on discarding points that have
already been generated. Often, many trial points have to be generated for a single accepted
point. Below, both methods are introduced.

Inverse transform sampling

To see how the inverse transform method works, let us consider a continuous real-valued
random variable X with CDF

F(x)=Pr(X < x) = f ) f()de, (2.36)

where f(t)is the PDF. The CDF F(x) is a monotone and continuous function, and has an inverse
F~!, the quantile function. If we now generate a uniform random variable U and map it to
X = F~1(U), we get the cumulated probability

Pr(X < x) = Pr(F~1(U) < x) = Pr(F(F—l(U)) < F(x)) =Pr(U < F(x)) = F(x). (2.37)

Therefore, X has the desired distribution.
As an example, consider the Cauchy distribution, whose PDF is given by

oG]

where x specifies the location of the peak and y is a scale parameter. By integrating, the CDF

f) = (2:38)

_ 1 X — Xq 1
F(x) = — arctan( y )+ 3 (2.39)
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can be found. Its inverse is
F~Y(u) = xo + ytan[n(u - %)] ) (2.40)

Therefore, taking X = x, + ytan[z(U — 0.5)] for a uniform U generates Cauchy random
variables.

The Cauchy distribution is handy for HEP applications because it is related to the relativistic
Breit-Wigner distribution, which can be used to model intermediate resonances. It is defined
as

k

f@s) = (s — M22 + M2T2’ (2.41)

where s is the centre-of-mass energy squared, and M and I'" are the mass and the width of the
resonance, respectively. The constant k ensures proper normalization. By substituting the
corresponding parameters, eq. (2.40) can also be used to generate the Breit-Wigner distribution.

Sometimes we want to generate only part of a distribution, restricted to an intervala < X < b.
For example, we may be interested only in the region around its peak. This can be achieved by
truncating the distribution. The truncated PDF is given by

f(x) .
f(xla <X < b) =4 F(b)—F(a) fa<x<b (2.42)

0 else,

and is a density itself. For the CDF, the simple relation is

F(x)— F(a)

F(xla<X<b)= o) —Fla)

(2.43)
That means the inverse transform method can be easily adapted for truncated distributions.
We can use the inverse CDF of the distribution before truncation, but transform the uniform
random variable before putting it into the mapping. The transformation simply shifts and
scales the variable according to

U — (F(b) — F(a)) U + F(a). (2.44)

Rejection sampling

The rejection sampling algorithm is simple. Consider the situation shown in fig. 2.18, where a
target function f(x) and a proposal density g(x) are given. It is necessary to find a scaling factor
c that ensures that ¢ X g(x) > f(x), i.e. the scaled proposal lies above the target everywhere. If
the maximum of the ratio between f(x) and g(x) is known, this can be achieved by taking

c= max(%) = Wpax » (2.45)

that is the maximum weight of all possible events. For a weighted trial event x;,;, we define
the acceptance probability

Wil _ 1 [ (Xigiar)
paccept(wtrial) =—== —= <1

— <1. 2.46
¢ Cg(xtrial) ( 4 )

To decide whether a trial event is accepted as an unweighted event, a uniform random number,
R, is drawn between o and 1. If R < p,.epi> the event gets accepted, otherwise it gets rejected.
From eq. (2.46) it is clear that events with large weights have a higher probability of being
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Figure 2.18: Rejection sampling applied to a one-dimensional target function.

accepted than events with small weights. In the end, all accepted events form an unweighted
event sample, where all events contribute equally. The underlying distribution is equal to the
target distribution.

Rejection sampling can lead to many events getting rejected and their information being
lost. Nevertheless, the rejected events have to be generated and consume computational
resources. This is exactly the problem highlighted by fig. 1.5 in the introduction, where for
high-multiplicity processes many generated events have to be rejected. As a measure for the
effectiveness of unweighted event generation, we define the unweighting efficiency as the
average acceptance probability,

n= <paccept> = @ . (2.47)
It tells us the average ratio between the number of accepted events and the number of trial
events. Note that this definition is not robust, especially for small event samples. If phase space
regions with large weights, and hence small acceptance probabilities, have not been probed,
adding more events can decrease the unweighting efficiency dramatically. However, similar
arguments apply to other statistical estimates, like cross-section integrals and variances. As
the number of events increases, the unweighting efficiency becomes increasingly reliable. In
many cases, it is certainly useful as a performance indicator and to compare the efficiency for
different scattering processes or sampling algorithms. A more robust efficiency estimator can

be defined for partial unweighting, discussed in section 4.1.

Typically, variance reduction techniques, e.g. importance sampling, imply an increase of the
unweighting efficiency. This is clear, since reducing the variance of the event weights should
often bring the mean closer to the maximum. However, the two goals, variance reduction and
increasing the unweighting efficiency, do not align. In general, a reduction of the variance is
easier to achieve than an increase of the unweighting efficiency, since the latter is sensitive to
individual large-weight events. An example that aims at directly increasing the unweighting
efficiency is FOAM [33], an adaptive algorithm that provides an alternative to VEGAS. However,
FOAM has a less favourable scaling behaviour than VEGAS, which hinders its application to
high-dimensional problems.
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2 Phase space sampling in high energy physics

2.3.5 Rejection sampling for unweighted event generation

If an event sample is to be processed by a more time-consuming calculation (on a per-event
basis), e.g. a detector simulation, it can be beneficial to unweight the events. That means
to apply rejection sampling in order to generate a unit-weight sample. In this process, part
of the events (and often the vast majority) is discarded. As a consequence, there is a loss of
information which can be quantified in a reduction of the effective sample size given by

N 2
(Zi=1 wi)

~ .
Zi=1 w12

To see why it can still pay off to generate unweighted events, a back-of-the-envelope calculation
is helpful. Let us assume that generating one weighted event takes fyeighiea = 1073 s and
the unweighting efficiency is 7 = 1073, such that generating one unweighted event takes
Lunweighted = 1 S ON average. Suppose that N = 1M weighted events have been generated and
the effective sample size of the weighted sample is N = 500k. After unweighting, the sample
size and the effective sample size would be Nypyeighea = 1K. Let the detector simulation take
tietector = 100s per event. The full simulation of one effective event using weighted events
would then take

N = (2.48)

t =(t +t ) N
full, weighted = ighted T Ld N
ull, weighte weighte etector Neff
1 x 10° (2.49)
=(1073s+1008) - ———
( + ) 5% 103
= 200.002s.
Using unweighted events it would take
tfull, unweighted = tunweighted + Ldetector
=1s+100s (2.50)

=101s,

which is almost twice as fast. Regardless of how realistic these figures are, it is clear that the use
of unweighted events in appropriate situations can save a lot of resources. In addition, there
are other advantages, such as lower memory requirements and easier downstream processing
when weights do not have to be taken into account. The latter can even be a major argument
in experimental analyses, since unweighted simulated events can be treated in the same way
as events reconstructed from measured data.
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improvements

In this chapter, two new methods for efficient PS sampling are presented. The first is the use of
normalizing flows (NFs) as expressive, trainable mappings. Basically, the idea is to use them as
a replacement for VEGAS in existing multichannel samplers, whereby some of the limitations
of VEGAS can be avoided. As a preparation, section 3.1 begins with an introduction to neural
networks (NNs) in general and NFs in particular. Afterwards, ref. [9] is reprinted in its original
form. In this publication, the idea of NF-based sampling is presented, and its performance is
studied on representative examples. It is followed by a discussion and the presentation of some
more recent developments.

The second new approach is the use of nested sampling. This idea is introduced in section 3.2.
After introducing the nested sampling algorithm and discussing some of its properties, the
original article, ref. [10], is presented. In the article, it is shown how to apply the nested
sampling algorithm to the sampling and integration of partonic scattering cross-sections. This
idea is then applied to gluon scattering processes as physics-motivated examples. A comparison
between NFs and nested sampling follows. It is also shown which possibilities there are for
combining the two techniques.

3.1 Neural Importance Sampling

We begin this section with a brief introduction to artificial NNs in section 3.1.1. Subsequently,
in section 3.1.2, it is shown how to construct NFs and use them as a generative model. In
addition, their properties are discussed and some variants are presented. This provides the
basis for section 3.1.3, where an article is presented that applies NFs to PS sampling in HEP. The
article is followed by a discussion in section 3.1.4. In section 3.1.5, an interesting observation
regarding the combination of NFs and phase space cuts is illustrated. Finally, some more recent
developments are discussed in section 3.1.6. These include the idea of local multichannel
weights that can be learned by a NN, and mixtures of NFs.

3.1.1 Artificial neural networks

Before explaining the structure of an NN, let us begin with its building block, the artificial
neuron. An artificial neuron has k inputs and one output. The neuron takes a linear combina-
tion of the inputs, with weights w;, and adds a bias b. Finally, a non-linear activation function
@ is applied to the sum. The output of the neuron is therefore given by

go(é{:1 w;Xx; + b) . (3.1)

A visualization of an artificial neuron is shown in fig. 3.1. The power of NNs comes from
combining many of these neurons in an interconnected network, which can be done in many
ways. The most popular structure is the fully-connected feedforward NN, or multilayer per-
ceptron. This structure is shown in fig. 3.2. The neurons are arranged in layers, and each
neuron in a layer gets inputs from all the neurons in the previous layer. There are one input
layer, one output layer, and a number of hidden layers. The number of neurons for the input
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Figure 3.1: An artificial neuron.
input layer hidden layers output layer

Figure 3.2: A feedforward neural network.

and output layers is defined by the application, while the hidden layers can be of arbitrary size.
The information flows from the input layer through the hidden layers to the output layer.

There are many different choices for activation functions and the different layers in an NN
need not use the same activation functions. Popular choices are the sigmoid function,

o(x) = H% (3:2)
the hyperbolic tangent
X _ X
tanh(x) = S (3.3)
and the rectified linear unit (ReLU),
ReLU(x) = {x >0 (3.4)
0 otherwise .

Although it is not differentiable at x = 0, the ReLU activation function has proven to be
particularly useful in many applications, allowing fast and effective training [226].

To apply an NN to a problem, one chooses a loss function that quantifies the quality of the
output of the network with respect to some given input. After initializing the weights and
biases, the NN can be trained by adjusting their values in a way that optimizes the loss function
for some training data. This can be done via stochastic gradient descent, using backpropagation
for an efficient determination of the gradients. A popular optimization algorithm for this task
is ADAM [227]. Such a training procedure allows NN to efficiently approximate continuous

42



3.1 Neural Importance Sampling

functions in a flexible way.

3.1.2 Normalizing flows

NNs are undoubtedly expressive and flexible tools, and can be used to approximate almost
arbitrary functions. It is in principle also possible to directly use them as generative models.
We can train an NN to learn a transformation from a simple base distribution, e.g. a Gaussian,
to a more complex distribution. The model can then be sampled by generating points from the
base distribution and transforming them with the NN. For the points generated in this way, we
can even calculate the probability by backpropagating through the network. However, there
are two major problems with this approach. First, a generic NN is not invertible and therefore
the density function is not tractable for arbitrary points from the feature space. This prohibits,
among other things, the use in mixture models (i.e. multichannel densities). Second, it is not
guaranteed that the model covers the full support of the distribution we want to model, since
the NN is not necessarily surjective. This is hard to excuse in phase space sampling, where the
part not covered may contain the interesting feature.

An alternative approach that seems more suited to our needs is provided by normalizing flows.
Put simply, NFs are generative models based on NNs, where some expressivity is sacrificed in
order to obtain some useful guarantees for modelling probability densities. We can think of
NFs as a sequence of invertible and differentiable mappings that realize a transformation from
a simple distribution to a more complex one. In this regard, they share many similarities with
VEGAS and the two can be used interchangeably or in combination, taking into account their
respective advantages and disadvantages.

Before moving on to more specific properties and applications, the basics of normalizing
flows shall be laid out here. The presentation is partly based on ref. [228]. Letu € R¢ be a
random vector sampled from a base distribution p,(u):

u -~ py(u). (3-5)

Note that, despite its name, u is not necessarily a uniform variable. In principle, p,(u) can
be any PDF, but due to their simplicity, the most common choices are uniform and Gaussian
distributions. We now construct a transformation T that maps u to another real random vector
X:

x=T(u). (3.6)

Let us assume that T'is a diffeomorphism, i.e. it is bijective and both T and T~! are differentiable.
Then we can define the density of x by the change of variables formula:

Px(X) = pu(u) |[detJr(w)[™!, where u=T"'(x). (3.7)

The Jacobian, Jy(u), quantifies the change of volume due to the transformation 7. Since T is
invertible, it is equivalent to consider the inverse direction and write

px(%) = pu(T7'(x)) |detJp-1(x)| . (3.8)

This allows us to change between the two distributions at will. In the forward, or generative,
direction we can move samples from a simple base distribution to a more complex one. In the
inverse, or normalizing, direction we can ‘normalize’ samples from a complicated distribution
by mapping them to the base distribution. The transformation T can be thought of as warping
the input space, as is exemplified in fig. 3.3 for a rectangular grid on a square.

A useful property of diffeomorphisms is that they can be composed. If T} and T, are dif-
feomorphisms, their composition T, o T; is also a diffeomorphism. Its inverse is given by

43



3 New sampling methods for efficiency improvements

III///IIIIIIJ’II’

l!f!l,////lii!l!!

Figure 3.3: Illustration of a diffeomorphism from a square to a square. It is shown how a
rectangular grid gets distorted under the diffeomorphism. Figure taken from [229] @©®.

(GoT) ' =T e Ty, (3.9)
and the chain rule implies that the Jacobian determinant is given by
detJr,.r, (W) = detJr,(Ty(w)) detJy, (u). (3.10)

This is used in the construction of NFs, where multiple simpler transformations are chained
together to define one complex transformation T = Tj, o --- o Ty. In this way, highly expressive
transformations can be composed by stacking much simpler building blocks. All computations
can be done on the individual blocks T}, and the transformation properties of the composition
can be found by egs. (3.9) and (3.10). In the simplest case, all 7; have the same structure.

The efficiency of NFs depends on the definition of the transformations 7;. Increasing the
number of blocks the flow is composed of only comes with a cost of O(L). The most demanding
part of the calculation comes from the Jacobian determinant. For an arbitrary matrix, using
lower-upper decomposition, the computational costs for calculating the determinant grow as
the cube of the number of dimensions. For practical applications, it is therefore desirable to
find transformations for which the Jacobian has a simpler structure, such that its determinant
can be efficiently evaluated. Here we consider coupling layers [38] as one possible solution.
Another popular choice is given by masked autoregressive flows [48, 49]. For coupling layers,
evaluation and inversion are equally fast, while for masked autoregressive flows one of them is
always slower by a factor depending on the number of dimensions.

To consider individual coupling layers T}, let us introduce another variable z,;, defined as
z) = T)(z-1), (3.11)

with z, = uand z; = x. A coupling layer splits its input z;_; into two parts and transforms
only the second part elementwise using a function that depends on the first part, while the
other part is not transformed at all. This can be denoted as follows: The input is split into two
partitions A and B that do not need to be in sequence or even of the same size:

21 = (211,21 ). (3.12)
The transformation of the coupling layer is then given by

z =z, (3.13)

zf = Q2 smi(z)). (3.14)
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where C; is called the coupling transform and m; is an arbitrary function. The coupling
transform is applied elementwise and needs to be invertible. It can be followed from egs. (3.13)
and (3.14) that the Jacobian of the transformation is lower triangular, with an identity block
from the derivative of eq. (3.13). The determinant therefore depends only on the derivative of

eq. (3.14):

(3.15)

det 0z, _ﬁdCl(zl’il;ml(zﬁl))
0z)_, )

i=1 6(le_1)T

where ng is the number of elements in B. This implies that the computational costs scale
linearly. Furthermore, we see that the Jacobian determinant does not involve derivatives of
the function m;. It is therefore obvious to represent it by an NN. Except for the training, we do
not have to calculate its gradient. Its bijectivity renders the training of an NF very convenient,
e.g. via maximum likelihood. Depending on what is considered suitable for the application,
we can use samples from the target distribution as training data and evaluate the density of the
NF, or we use samples from the base distribution and transform them with the NF, which then
requires us to evaluate the target function.

Obviously, a single coupling layer is not very expressive, as it transforms only some compon-
ents of its input. To obtain a useful transformation, several coupling layers have to be chained
in a way, such that every component has the chance to influence the transformation of every
other component in order to capture all correlations. This can be achieved by permuting the
components between the coupling layers. In consequence, the attribution of the components
to the parts A and B changes. It can be shown that the number of coupling layers required is

2[log,d] ford > 5,and

.16
d ford <=5 , (3.16)

where d denotes the number of dimensions [230].

There are various implementations of coupling layers that differ in complexity and expressiv-
ity. The simplest choices are affine functions [38, 231]. More flexible coupling layers can be
constructed with monotonic splines in the form of quadratic splines [232], cubic splines [233],
linear-rational splines [234], and rational-quadratic splines [51].

As an example, we come back to the two-dimensional density of section 2.3.2, where it is
demonstrated that VEGAS has difficulties adapting to non-factorizable target functions. The
example density is shown again in fig. 3.4a. An NF has been trained to find a transformation
from a uniform distribution to the target density of the example. The flow features two
coupling layers based on rational-quadratic splines, with 16 spline knots in each layer. The
splines are parameterized by NNs, but the network architecture is not important here. The
ADAM optimizer has been used to train the flow for 500 epochs using batches of size 50000.
In fig. 3.4b, the resulting density is shown. Clearly, the NF has been able to learn this simple
distribution very well, even though it has two separated peaks that are not present in the base
distribution. In contrast to VEGAS (cf. fig. 2.13c), the NF got the correlation right and produced
no phantom peaks.

For an interesting deeper insight, the splines of the coupling layers are shown in fig. 3.5. On
the left side of the figure, the transformation u, — X, is shown, which happens in the first
coupling layer. For comparison, the marginal distribution of the target is shown as a shade
in the background. It can be seen how the splines transform the input variable depending on
the value of the untransformed variable, zlA = u;. This dependence is what makes NFs so
flexible. For VEGAS, on the other hand, we would see only a single curve here, like for the
one-dimensional example shown in fig. 2.12. The shape of the spline in the coupling layer,
by contrast, can vary greatly depending on the untransformed variable. We see that the NN
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(a) The target density. (b) The NF density.

Figure 3.4: Two-dimensional example for density estimation with an NF.

learned to separate the peaks in this way. For u; < 0.5, probability mass is moved towards
the peak at x, = 1/3, while for u; > 0.5 it is moved towards the other peak at x, = 2/3. In
between, for u; = 0.5, the marginal distribution is more or less reproduced. On the right side
of the figure, the transformation u; — x; is shown, which happens in the second coupling
layer. Interestingly, the splines look quite different. They are much closer together and for all
values of the untransformed variable there are approximately equal contributions to both peaks.
The reason for this striking difference is that in the second coupling layer the untransformed
variable is zj* = x,, which is not uniform. By separating the peaks in the first coupling
transform, much of the correlation in the target distribution has been accomplished already.
Therefore, the dependence on the untransformed variable is less pronounced in the second
coupling transform. The symmetry of the target grants the model a certain freedom. In this
case, the splines cross at a point in the centre of the peak at x; = 2/3, while they run alongside
each other at the other peak around x; = 1/3. This could look different if the training was
repeated with new data or a different initialization of the NNs.

3.1.3 Publication: Exploring phase space with Neural Importance Sampling

In this section, the article ‘Exploring phase space with Neural Importance Sampling’ is presen-
ted. It is the first application of NFs to phase space sampling in HEP. A similar study, ref. [47],
discussed in section 3.1.4, appeared shortly after. The idea for this article was motivated by
ref. [232], in which the authors use NFs for sampling in light-transport simulation and intro-
duce the piecewise quadratic coupling layers. A lot of similarities between their application
and the ones considered in this thesis can be identified, e.g. the usage of random inputs from a
hypercube and multichannel mappings. Therefore, the proposed method seems well suited to
be transferred to the sampling of cross-sections.

Within the article, the work is embedded in the context of the literature current at the time
of publication. Limitations of existing approaches are pointed out and the advantages of the
proposed method are explained. The performance is studied for top quark decays, leptonic
top quark pair production and gluon scattering to multi-gluon final states. It is shown that
significant gains can be achieved. Finally, problems with scalability are discussed and possible
further developments are suggested.

The article was first published as a preprint on ARX1V in January 2020. Subsequently it
was submitted to the journal SciPost Physics. After the referees’ comments were addressed, it
was finally published in April 2020. The version published in the journal is reprinted below.
Copyright and license notices as well as a link to the material are provided on the first page of
the article.
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Figure 3.5: The one-dimensional coupling transforms of the NF for the two-dimensional
example. Left: first coupling transform, uy — x,. The untransformed variable is u;. Right:
second coupling transform, u; +— X;. The untransformed variable is x,, which is the
output of the first coupling transform. The legend at the bottom shows the value of the
untransformed variable, z{*. In the backgrounds of the plots, the marginal distributions of
the target are shown as a greyscale gradient, with black corresponding to low values and
white corresponding to high values.
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Author contributions

While dealing with new sampling methods for applications in HEP as part of my master’s
thesis [235], the idea for this article arose in the collaboration with Steffen Schumann. Sub-
sequently, I did first studies on sampling with normalizing flows. For my master’s thesis, I
studied the use of an importance sampling method based on REAL NVP [231] on toy examples
and validated the method for the physics process ete™ — qgg. Thereupon, we extended the
method with the ideas of ref. [232]. Max Knobbe implemented, trained, and evaluated the
normalizing flow models based on piecewise quadratic coupling layers, whereas all results
not involving NNs were generated by me. While the top quark examples were standalone
and implemented by Max Knobbe, I implemented the interface to use matrix elements from
SHERPA in PYTHON for the gluon scattering examples. Furthermore, I implemented the
HAAG phase space mapping used therein, provided the RIVET analyses, and contributed to
the evaluation of the results. Tobias Schmale worked on the Ps coverage studies presented in
sec. 2.3. All authors contributed significantly to the writing of the article.*

*It is common practice in our community that the names of authors are sorted strictly alphabetically. Accordingly,
the order says nothing about the respective contribution to the work.
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Abstract

We present a novel approach for the integration of scattering cross sections and the
generation of partonic event samples in high-energy physics. We propose an importance
sampling technique capable of overcoming typical deficiencies of existing approaches
by incorporating neural networks. The method guarantees full phase space coverage
and the exact reproduction of the desired target distribution, in our case given by the
squared transition matrix element. We study the performance of the algorithm for a few
representative examples, including top-quark pair production and gluon scattering into
three- and four-gluon final states.
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1 Introduction

An important deliverable in high-energy particle physics are quantitative predictions for the
outcome of collider experiments. This includes total and differential production rates in the
framework of the Standard Model or hypothetical New Physics scenarios. To allow for a di-
rect comparison with experimental data, multi-purpose event generators such as PYTHIA [1],
HERWIG [2] or SHERPA [3,4] proved to be vital tools. Starting from the evaluation of partonic
hard-scattering cross sections they accomplish a fully differential and exclusive simulation of
individual scattering events by invoking parton shower simulations, particle decays, models
for the parton-to-hadron transition and, in case of composite colliding entities such as protons,
multiple interactions per collision. See [5] for a recent review of Monte Carlo event generators.

In contemporary Standard Model analyses as well as searches for New Physics, hard-
scattering processes featuring a rather high multiplicity of final-state particles are of enor-
mous phenomenological relevance. This includes in particular signatures with multiple hard
jets or a number of intermediate resonances that decay further on. Illustrative examples are
the production of V + jets final states or top-quark pair production in association with a boson
V = v,H,Z% W* in proton-proton collisions at the LHC. Such cutting-edge channels require
the efficient evaluation of the corresponding partonic scattering matrix elements, featuring up
to 8 final-state particles, with easily thousands of Feynman diagrams contributing. This clearly
goes well beyond the traditional realm of multi-purpose generators, such that specialised tools
for this computationally very intense task have emerged over time, known as matrix element
generators or parton-level event generators. These tools largely automate the generation and
evaluation of almost arbitrary scattering matrix elements. At tree-level this includes tools such
as AMEGIC [6], CoMiX [7], MADGRAPH [8, 9] or WHIZARD [10]. For one-loop matrix elements
widely-used examples are MADGRAPHS5 AMC@NLO [9], OPENLOOPS [11], POWHEGBOX [12] or
RECOLA [13, 14]. Equipped with a phase space generator these tools can be used to compile
partonic cross section evaluations, to calculate decay widths and to probabilistically gener-
ate partonic events. When incorporated into or interfaced to a multi-purpose event generator
they provide the momentum-space partonic scattering events that seed the evolution to fully
exclusive particle-level final states.

State-of-the-art matrix element generators use adaptive Monte Carlo techniques for gen-
erating phase space points with a distribution that reasonably approximates the target distri-
bution, such that event weight fluctuations are reduced. Samples of unit-weight events can
then be generated with a distribution given by the actual target function by applying a simple
hit-or-miss algorithm. However, nowadays matrix element generators are often limited by the
performance of their phase space sampler. An insufficient mapping of the target distribution
results in significant fluctuations of the event weights and correspondingly a large number of
target-function evaluations are needed when generating unit-weight events.

Typically the sampling performance deteriorates significantly with the phase space dimen-
sionality, i.e. particle multiplicity [15], and the complexity of the integrand. In particular the
appearance of intermediate resonances, regularised singularities or quantum-interference ef-
fects complicate the situation. Further limitations arise from non-trivial kinematical cuts that
the integrator can not address, i.e. adapt to.

Compared to the efforts that went into the development of improved scattering-amplitude
construction algorithms, the field of phase space sampling has seen rather little conceptual
developments. For some recent works see [16-21]. Besides the matrix element generator
implementations, there are public libraries like CuBa [22] (implementing the VEGAS, DIVONNE,
SUAVE, CUHRE algorithms) or FoAM [23,24] that are widely used. There have been some efforts
to employ Markov Chain techniques for phase space sampling, cf. [25,26]. However, very
recently there has been significant interest to employ modern machine-learning techniques
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to the problem of phase space sampling in particle physics, cf. [27-31]. The tremendous
advances in the field of machine learning, driven from very different applications such as
image generation or light-transport simulation, also fuel the work we present here.

The paper is organised as follows. In Sec. 2 we review the basics of Monte Carlo integration
and phase space sampling techniques as used in high-energy event generators, and discuss
potential pitfalls when extending or replacing these methods using neural networks. In Sec. 3
we present our novel sampler that inherits all the properties of an importance sampler, but with
the phase space mapping optimised through bijective maps, so-called coupling layers [32].
These are adjusted by training neural networks, which has originally been proposed in [32].
Our work is in principle an application of ‘Neural Importance Sampling’ [33] as we employ
the ‘polynomial coupling layers’ introduced therein, although we want to point out that the
usage of coupling layers for importance sampling has also been studied in [34]. In Sec. 4 we
discuss benchmark applications of our method from high-energy physics, including top-quark
pair production and gluon scattering into three- and four-gluon final states. Conclusions and
a brief outlook are presented in Sec. 5.

An independent study of applying Neural Importance Sampling to high-dimensional in-
tegration problems is simultaneously presented in [35], and a follow-up application of this
approach to HEP processes appeared in [36].

2 Phase space sampling: existing approaches

To set the scene we start out with a brief review of the basics of Monte Carlo integration and
event sampling. For ease of having a clean nomenclature we consider a simple positive-definite
target distribution f : Q ¢ RY — [0, 00) defined over the unit hypercube, i.e. 2 =[0,1]%. In
our use case hypercube points u; € 2 are mapped onto a set of final-state four-momenta {p;},
the corresponding Jacobian is considered part of the integrand f (i;). The phase space dimen-
sionality d is set by the number of final-state particles n, i.e. d = 3n—4. We thereby implement
on-shell constraints for all external particles and total four-momentum conservation. There
are two standard tasks that we wish to address in what follows, the probabilistic generation of
phase space points according to the target distribution f and the evaluation of integrals over
f.

The Monte Carlo estimate of the integral over the unit hypercube

I =J f@)du’ (D
Q
is given by
1 &
IwEN:NZf(ui)z(f), 2)
i=1

where we assumed uniformly distributed random variables u; € Q. The corresponding stan-
dard deviation, when assuming large N, is given by

on(f) = Q W) _ \J G )

with Vyy the corresponding variance.

Interpreting the random points u; as individual events, we call f(u;) the corresponding
event weight w;, such that the integral is estimated by the average event weight (w)y. When
asked to generate N unit-weight events according to the distribution f (u), a simple hit-or-miss

51


https://scipost.org
https://scipost.org/SciPostPhys.8.4.069

3 New sampling methods for efficiency improvements

Sci|Pos SciPost Phys. 8, 069 (2020)

algorithm can be employed to convert a sample of weighted events into a set of unweighted
events. The corresponding unweighting efficiency is given by

€uw += <W>N 5 4

Wmax

with w,,., the (numerically pre-determined) maximal event weight in the integration region.
An efficient integrator, i.e. sampler, foremost aims for a reduction of the variance Vy that will
typically result in an increased unweighting efficiency €,,,. Even though these two figures of
merit are interrelated, they provide complementary means for the optimisation of a sampler,
i.e. reducing the variance does not necessarily yield an improved unweighting efficiency. In
the next section we will discuss established methods that achieve a variance reduction.

We close this introductory section by specifying requirements we impose on our improved
cross section integration and parton-level event generation algorithm:

(i) The samples produced by the algorithm should converge to the true target distribution
everywhere in phase space.!

(i) We demand that the full physical phase space is to be covered for the limit N — oo. This
should be guaranteed, even if potential training samples only feature finite statistics and
thus provide no full coverage of the available phase space volume.

(iii) The method should be general, lending itself to automation. By that we wish the algo-
rithm to be self-adaptive to new integrands, without the need of manual intervention.

(iv) The method should be capable of producing samples of uncorrelated events.>

As discussed in the following, these conditions are naturally fulfilled by traditional sam-
pling algorithms used in high-energy physics, such as importance and stratified sampling.
However, this is not necessarily true for some of the recently proposed samplers based on
neural networks as discussed in Sec. 2.3. In Sec. 3 we will present our novel algorithm em-
ploying neural-network techniques, that indeed fulfils all the above criteria.

2.1 Importance Sampling

As can be seen from Eq. (3) the standard deviation of a Monte Carlo integral estimate scales as
1/+/N, independent of the dimensionality of the problem. However, besides the sample size,
the variance of the integrand over the integration region determines the quality of the integral
estimate and in turn the unweighting efficiency €,,. In particular for strongly structured,
possibly multi-modal target distributions it is therefore vital to introduce specific variance-
reduction techniques to obtain more accurate integral estimates for a given sample size.

To this end a suitable variable transformation can be utilised, i.e. producing phase space
points with a positive definite non-uniform distribution function G(u) : Q — Q, such that

1= | L9 wyaw = J £ d6y = <£> , 5)
o 8W) Q&) g

with g(u) : © — R. The relevant variance is thus V(f/g). Hence it can be significantly
reduced by picking g(u) similar in shape to f(u). Obviously, the optimal choice would be

G(w) = J f@Hdu', ie. g)=f(). (6)
Q

10On the same basis, in [37] it has been cautioned against the usage of Generative Adversarial Networks to
extrapolate from finite-statistics training data to large-scale event samples for physics analyses.
2This limits the use of algorithms based on Markov Chain samplers, cf. [26].
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However, this presupposes the solution of the actual integration problem.

We often have to deal with multimodal targets. In that case it can be very hard to find
a density that allows for efficient importance sampling. To simplify the task, we can use a
mixture distribution

N
g(x) = > a;g;(x), @

=1

where the g; are distributions and > o1 A= 1. Using a mixture distribution for importance
sampling is known as multi-channel importance sampling. The corresponding integral estimate
is given by

N N
INE zlzf(xi)_l f(x;) 8)
where the x; are non-uniform random numbers drawn from g(x).

It is easy to sample from the multi-channel distribution: for each point one channel is
chosen at random according to the a; and then sampled from using the inverse-transform
method. It is possible to approximate a multimodal target function by using one channel per
peak. The channel weights a; can be optimised automatically [38].

The performance of the multi-channel method is intimately connected with the choice of
channels. In practice, information about the physics problem at hand is used to choose a
suitable distribution g. When integrating squared transition matrix elements in high-energy
physics, the propagator and spin structures of a given process are known and this knowledge
can be used to construct appropriate channels [39], a procedure that is fully automated in
matrix-element generators.

2.2 VEGAS algorithm

It can be very time consuming to find a sampling distribution that results in an efficient sam-
pler for a given target. Because of this, adaptive importance sampling algorithms have been
developed. These are able to adapt automatically to a target distribution. In the following we
describe the VEGAS algorithm [40]. It uses a product density

d
q) =] Ja;xp, ©)

j=1

where each g; is a piecewise-constant function. The idea is to split the range [0, 1) into N;
bins I;; = [xj;-1,%;;), where we have defined the break points between the constant pieces
as 0= Xjo <Xj; < <Xy = 1. The corresponding bin widths are A;; = x;; — x;;_; for
1 <[ < N;. The functions g; are then defined by

qj(x) = for xj; 1 <x<xj;. (10)

NjAj
The width of the bins can vary but per component j they all have the same probability content
1/N;. This means that if we approximate a function with VEGAS we use many thin bins for
narrow peaks and few wide bins for flat regions.

Sampling and evaluating the Jacobian for the density q is straightforward. The important
part is the update of the bin widths. This happens through an iterative procedure, where
in each iteration we sample a number of points with the current g, calculate the importance
weights with respect to the target f and determine the new bin widths by minimising the
variance for this sample. More details can be found in [40].
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VEGAS is very effective for unimodal targets but has difficulties with multimodal functions
if the peaks are not aligned with the coordinate axes. The density then features ‘ghost peaks’
which are not present in the target distribution and which can decrease the efficiency signifi-
cantly.

In the simplest case, we use VEGAS to approximate a target directly in order to use the
resulting density in an importance sampling scheme. However, it can be even more effective
if we use it to remap the input variables (i.e. uniform random numbers) of another density,
e.g. a single channel of a multi-channel distribution [41]. This amounts to adding variable
transforms ¢; : 2 — Q to Eq. (7) (corresponding to the VEGAS densities q;) as follows:

S a(gos | "
g_j:1ajgj°¢j )W’ (11)
with densities g; : 2 — [0, 00) and hence g : Q — [0, 00). As above we assume that the a;
sum to 1. To sample a point from this distribution we

1. randomly choose a channel according to the channel weights a;,

2. generate a uniform random number u € (),

3. use the channel-specific map ¢; to map u to a non-uniform number v and

4. use the inverse transform method to transform v to a point x according to the distribution
8j-

o¢pt
The Monte Carlo estimate of the integral is then still given by Eq. (8) but the Jacobians | :91)1]1 |
of the different channels have to be taken into account.

2.3 Existing proposals for neural-network based sampling and possible pitfalls

A multi-layer feedforward fully connected artificial neural network (NN in the following) con-
sists of artificial neurons arranged in several layers which are stacked on top of each other.
Every neuron in a layer is connected to every neuron in the preceding layer. We distinguish
the input layer, the output layer and the hidden layers in between. A single artificial neuron
produces the weighted sum of its inputs and optionally adds a scalar bias. The output of the
neuron is then transformed by a non-linear activation function. This means that the output
zl.m of the i-th neuron in the [-th layer is given by
A0 = g7 g11] g 0, 12)
where vT/El] denotes the vector of input weights of the neuron, blm the respective bias and
@'~ the output of the activation function of the preceding layer. After applying the activation
function o) the output is given by
alm =gl (zl.[l]) . (13)
We assume that all hidden layers use the same activation function. The choice of output
activation function is limited by the particular application. In our case it has to be a function
that maps to the unit hypercube. The input layer does not use an activation function as it only
passes the input variables to the neurons of the first hidden layer.
Two previous studies use this kind of NN to improve phase space sampling [27,28]. The
number of input and output neurons is there chosen equal to the number of phase space
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dimensions d. Hence the neural network gives effectively an importance sampling mapping g
in the language of Sec. 2.1. The output value of the ith output layer neuron then gives the ith
component of g(u). Both studies described in [27,28] use output functions that map R into
(0,1), such that g(u) € (0,1)?. As the hidden-layer activation function, either the hyperbolic
sine, the exponential linear unit (ELU) [28] or a hyperbolic tangent [27] is used. Note that
ELUs map R into (—1, o0) and tanh maps R into (—1, 1), whereas sinh maps R into itself.
The input space is R? (sampled from a Gaussian distribution) in [27], and (0,1)¢ in [28].
Both studies then set up different training procedures for the NN based on minimising the
Kullback-Leibler (KL) divergence [42] between the NN output and the real target distribution.
The details of these procedures are not important here.

What we want to point out in regards of the requirements set up in Sec. 2 is that restricting
the input space to a subspace of R with an upper and/or lower bound will in general have the
consequence that the NN map g is not guaranteed to be surjective any more. The same is true
if an activation function of the hidden layer maps onto a subspace of R with an upper and/or
lower bound, such as the ELU or the tanh function. In both cases, such finite boundaries will
be transformed several times, but in the end this will yield finite boundaries for the target-
space coordinates, such that the support of the target distribution will be a proper subspace
of the desired target space (0,1)¢. Although a sufficiently long training will guarantee that
the bulk of the target distribution will be within this subspace (the NN will adapt its weights
to extend this subspace as required), the phase space coverage might never reach 100%. A
sample generated with such a NN will hence suffer from artificial phase space boundaries
far away from the peaks of the distribution and will thus not be distributed according to the
desired target distribution. Instead, it will be suppressed in the tails and enhanced in the peaks.
Moreover, the artificial phase space boundaries will also yield wrong integration results. The
NN structure in [28] is affected by this problem, whereas the structure in [27] is not, since it
uses surjective functions throughout and the input points are given by a Gaussian distribution
without a cut-off, such that the input space is given by RY.

To illustrate this issue, we study a simple distribution given by a 2d Gaussian centred in
(0,1)?, i.e. at (x,y) = (0.5,0.5). The width of the Gaussian is set to 1/10 of the length of
the phase space edges, hence, close to the phase space boundaries the target-function values
are much smaller than around the peak. We test different combinations of activation and
input functions for a fully-connected NN architecture with 5 hidden layers and 64 nodes per
hidden layer, always with a bounded input space of (0,1)?, as in [28]. We train the networks
using the ADAM optimiser [43] with the learning rate set to 10~2. With a training data set of
Niain = 500k events, this setup yields a very poor phase space coverage for the NN regardless
of the activation/output functions, namely around 25 % only:

Input space Activation function Output function Coverage (asymptote)

(0,1)? Sinh Sigmoid 0.235 + 0.027
(0,1)? ELU Soft Clipping 0.269 + 0.037
(0,1)? Sigmoid Sigmoid 0.234 + 0.050

The coverage is estimated by the convex hull of the respective event samples, as introduced
in [44]. Note that the first two rows follow the two choices discussed in [28]. The error of the
asymptotic coverage is given by an average over 10 independently trained NN with different
random initial weights. In Fig. 1a, we show the obtained phase space coverage as a function
of the sample size N for such a NN with sigmoid activation and output functions. This is
compared to unweighted event samples generated from a uniform distribution and through
VEGAS. In addition, the phase space coverage is also shown for a NN with surjective functions
only, and with input points given by an unbounded Gaussian distribution, as in [27]. This
surjective NN is guaranteed to sample the entire phase space and indeed its coverage increases
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with the sample size N in the same way as the uniform and VEGAS samples do, whereas the
non-surjective NN shows an asymptotic behaviour in terms of the coverage. We illustrate
this with three non-surjective NN setups, which are trained using N, = 250k, 1M and 5M
events, respectively. We choose these N,,;, to have similar successive ratios between them, to
illustrate that increasing the size of the training data successively leads to a diminishing return
of investment in terms of the achieved asymptotic phase space coverage.

We study the consequence of an incomplete phase space coverage in Fig. 1b. The target
distribution is averaged over bins with x4+ y = const. (resulting in one-dimensional Gaussians)
and compared with the distributions averaged in the same way given by the NN (here with
Nirain = 500Kk), by an unweighted uniform sample, by an unweighted VEGAS sample and by
the averaged distribution given by the strictly surjective NN. The uniform and VEGAS samples
and the one from the strictly surjective NN agree very well with the target, whereas the non-
surjective NN undershoots the tails and puts too many events in the peak. We have also studied
the distribution of phase space points in the two-dimensional plane, where we find that the
NN is mapping the input space (0,1)? to a slightly deformed rectangular region around the
peak, which is strictly smaller than the target space.

3 Neural-Network assisted Importance Sampling

With the requirements stated in Sec. 2 in mind, we present our NN based approach to impor-
tance sampling. In order to be usable for multi-channel sampling, our adaptive model needs to
be invertible. For this reason, we adopt the “Neural Importance Sampling” algorithm of [33].
The method of using a trainable mapping to redistribute the random numbers going into the
generation of a sample is similar to how VEGAS is often used in practice. We begin this section
by discussing this remapping of a distribution.

Consider a mapping h : X — Y, x — y, where x is distributed as px(x). If we know px(x)
and the Jacobian determinant of h(x), we can compute the PDF of y using the change of

variable formula:
Jh(x)
d
et( LS )

Using lower-upper decomposition, the cost of computing the determinant for arbitrary matri-
ces grows as the cube of the number of dimensions and can therefore be obstructive. However,
it is possible to design mappings for which the computation of the Jacobian determinant is
cheap.

In [32], Dinh et al. introduce coupling layers which have a triangular Jacobian. As the de-
terminant of a triangular matrix is given by the product of its diagonal terms, the computation
scales linearly with the number of dimensions only. In the following, we describe the basic
idea of coupling layers.

-1

py(¥) = px(x) (14)

3.1 Coupling Layers

A coupling layer takes a d-dimensional input x € R%. It uses a partition {A, B} of the input
dimensions x; such that x = (x#, xB). The output y = (y*, y®) of the coupling layer is defined
as

A_ LA
y—X,

15
Y8 = P m(xY), (15)
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(a) The phase space coverage for different sampling methods as a function of the number of unweighted
events N. The error bars indicate the spread over 10 statistically independent samples. For the NN,
also the training has been independently repeated, each time with a new set of randomly initialised
weights. For the non-surjective NN setup, the effect of using different number of training points Ny,
is illustrated.
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(b) The two-dimensional distribution of sampling points averaged over bins with x + y = const., com-
pared to the corresponding average of the target distribution.

Figure 1: The phase space coverage and the distribution averaged over diagonals of
the two-dimensional plane for different sampling techniques, with the target distri-
bution being a two-dimensional Gaussian centred in (0,1)?. The Gaussian width is
o = 0.1. Besides the Uniform and the VEGAS samples we also show NN-generated
samples. The NN architecture is described in the main text, it uses sigmoids as acti-
vation and output functions, and N,,,;, = 500k. The input space is given by (0, 1)2.
The “surjective” NN on the other hand only uses surjective functions and the input
space is unbounded.
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where the coupling transform C is a map that is invertible and separable, where the latter
means that

CeP; () = (€1 (s m(x)), ..., G (s (1)) (16)

By |B| we denote the cardinality of the set B.
According to Eq. (15) only the subset B is transformed by the coupling layer, while the
subset A is left unchanged. Because of this, 3 y*/3(x®)T = 0 and the Jacobian determinant

simplifies to 5
B B.
det(ay(x)) B § EElCRLED) an

IxT i d(xB)T

To see this, we assume that without loss of generality we split the input dimensions in two
consecutive blocks A=[1,n] and B =[n+ 1,d]. In this case, the Jacobian matrix is of block

form

dy(x) I 0

ST | acu? mG)  90GEmA) | » (18)
X AT BT

with the determinant given by Eq. (17). As the determinant does not involve the derivative
a’giﬁA), the function m can be arbitrarily complex. Following [33], we represent m through a
NN.

A single coupling layer transforms only part of the input. To ensure that all components
can be transformed, we use a layered mapping h = h; o---oh,ohy, where each h; is a coupling
layer. Between two layers, we exchange the roles of A and B. For the functions m;, we use one
NN per layer. If d > 3, we need at least 3 coupling layers if we want each input component to
be able to influence every output component.

Different choices for the coupling transform C are possible. Additive coupling layers re-
sult in a NICE model [32], while affine coupling layers result in a Real NVP model [45]. In
the following, we restrict ourselves to piecewise quadratic coupling layers, which have been
proposed in [33].

3.2 Piecewise Quadratic Coupling Layers

We assume that our variables live in a unit hypercube: x,y € Q =[0,1]¢. This allows us to
interpret each component C; of the coupling transform as a cumulative distribution function
(CDF) in a straightforward manner. The idea is to use the output of a NN to construct un-
normalised distributions ¢; and get C; by integration. We normalise the distributions to get
the PDF ¢q; and model them with piecewise linear functions which have K bins and K + 1 ver-
tices (bin edges) each. The parameters of these functions can be stored in two matrices: The
|B| x (K + 1) matrix V contains the height (vertical coordinate) of the functions at each vertex
and the |B| x K matrix W contains the bin widths (which are adaptive).

A NN outputs the unnormalised matrices V and W. The bin widths should sum to 1, so we
normalise the rows of the matrix W using the softmax function o and define

We want the piecewise linear function g; to be a PDE and therefore normalise the rows of V
according to:

exp(\A/»,-)
Vii= % - (20)
> 3(exp(Vi ) + exp(V; jp1))Wik
k=1
10
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Finally, we use linear interpolation to define our PDFs as

qi(x?)=Vip +a(Vipi1—Vip), (21)

where b is the bin that contains the point x; and a = (xP — Z;i W, x)/W;p is the relative

position within that bin. By integration we get the piecewise quadratic coupling transform:

XB 2 b—
' a k1

Ci(xP) = f qi(0)dt = - (Vip1 = Vip)Wip + Vi p W+ Z Ty, @)

0 -1

The corresponding Jacobian determinant is given by
]
3 C(xB;m(xY)) B

det(W —gqi(xi ) (23)

3.3 Importance Sampling with Coupling Layers

Having defined the coupling layers, their application for importance sampling is straightfor-
ward as they can be used in the same way VEGAS is already applied in existing event generators.
The algorithm for a single phase space map, i.e. channel, proceeds as follows.

For each event, we generate a suitable number of uniformly distributed random numbers
x € Q. These get mapped to non-uniform numbers y € Q using a layered mapping consisting
of several coupling layers, as described above. These numbers then serve as input variables
for a channel mapping that generates a point z in the target domain. The weight w associated
with an event depends on the value of the target function and the Jacobians involved, namely
the ones from the coupling layers and the channel mapping itself:

o 22 222

dxT oyT
Note that we do not use the NN model to generate points in the target domain directly as
this could be highly inefficient. For example, if we wanted to generate four-momenta the NN
would have to learn four-momentum conservation and on-shell conditions exactly. Using a
channel mapping we can implement four-momentum conservation and mass shell conditions
directly, lowering the dimensionality of the problem significantly, and also map out known
peak structures that might be difficult to infer otherwise.

As for VEGAS we need a mechanism to train our model in order to actually improve the
efficiency of the sampler. For this purpose, we define a loss function which gets minimised it-
eratively using gradient descent. As a loss function we use the Pearson y 2-divergence between
the target function f and the sample distribution g in a minibatch that consists of n sampling
points:

f(=). 24

_ _Z (f (z) — g ()
Pt 8(z)
with points z; in the target domain, generated from a uniform distribution and transformed
by a channel mapping.

Minimising D, will minimise the variance of a Monte Carlo estimator, as recognised in
[33]. Empirically we find that for our applications the mean squared error distance performs
better in terms of variance reduction and unweighting-efficiency increase than the Kullback-
Leibler divergence.

Our method can be used in a multi-channel approach in the same way as described for
VEGAS in Sec. 2.2. It has the additional advantage that we are able to train all mappings for
the different channels simultaneously. The channel mappings are aware of each other and do
not try to adapt to the same features.

, (25)
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4 Results

We have implemented the NN architecture described in the previous section using
TENSORFLOW [46]. The NN training is guided using the ADAM optimiser [43]. The default
learning rate we use is 107%, and gradients calculated for the training are clipped at a value
of 100 to avoid instabilities in the training.

We apply our NN-assisted sampling to three standard applications in high-energy physics:
the three-body decay of a top quark which features a single importance sampling channel mod-
elling the Breit-Wigner distribution of the intermediate W boson; top-quark pair production in
ete” annihilation with the subsequent decay of both top quarks (which also can be modelled
by a single importance sampling channel by using the same mapping for both decays); and
finally QCD multi-gluon production, with two gluons in the initial state colliding at a fixed
centre-of-mass energy and 3 or 4 final-state gluons. For the latter, a multi-channel algorithm
as described in the previous section is used, with one NN per independent channel.> The re-
quired multi-gluon tree-level matrix elements are obtained from SHERPA through its dedicated
PYTHON interface [47].

In all cases we compare the performance of the novel NN-assisted importance sampling
algorithm with the VEGAs-assisted one which serves as benchmark. We checked that the per-
formance of the VEGAS grids used were not limited by the number of bins or by the number of
optimisation steps used.

4.1 Top quarks

Top quarks decay predominantly to a W boson and a bottom quark. In turn, the W decays either
leptonically or hadronically. This induces an s-channel resonance for the W propagator, which
is usually described in a phase space sampler by a strongly-peaked Breit—-Wigner channel, i.e.

1
(s(u) — M\%\,)2 +MTa

glw) = , with  s(u) = My Ly tan(u) + M\%,. (26)

This channel captures the behaviour of the denominator of the corresponding squared matrix
element, but assumes a constant numerator, which renders the channel imperfect for the actual
integrand. In the following we study for single top-quark decays and top-quark pair production
with subsequent decays how our NN optimisation compares with VEGAS optimisation to remedy
such imperfections.

The NN architecture for both top-quark examples consists of 6 piecewise-quadratic cou-
pling layers and 150 bins. The trainings conclude after 6000 optimisation steps, where each
step uses a minibatch of 200 phase space points to guide the optimisation.

Top-quark decays: We simulate the decay sequence of a top quark, i.e. t > Wb — e*v,b.
With three on-shell final-state particles we have 5 dimensions for the kinematics (the top quark
is considered at rest and on-shell). However, we integrate out all dimensions except for the
invariant mass of the W-boson decay products and the angle between them. The number
of phase space dimensions is therefore d = 2. The s-channel propagator of the W boson is
modelled by a Breit-Wigner distribution in the importance sampling, reducing the variance
caused by sampling the strongly-peaked invariant-mass distribution of the lepton-neutrino
pair.

The results of a run with N = 10° events are compared in Tab. 1 with an unoptimised
(“Uniform”) sampling and a VEGAs-optimised sampling. The Monte Carlo integration result,

3Here and in the following, “one NN” refers to a connected set of coupling layers, not to the “sub-NN” used
within each single coupling layer.
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Table 1: Results for sampling the partial top-quark decay width and the total cross
section of top-pair production, i.e. the Monte Carlo integral Ey is an estimator for
Timpety, and o for efe™ — y — t[be*v,Jt[be"V.] at +/s = 500GeV, respectively.
Besides Ey and its MC error, we also show the unweighting efficiency €, of the
sample, comparing VEGAS optimisation, NN-based optimisation and an unoptimised
(“Uniform”) distribution. All samples consist of N = 10° (weighted) points.

top decays top-pair production

Sample €, Ey [GeV] €ww  En [fD]

Uniform 59% 0.1679(2) 35% 1.5254(8)
VEGAS 50% 0.16782(4) 40% 1.5251(1)
NN 84% 0.167865(5) 78% 1.52531(2)

i.e. the partial decay width Ey given by the estimator for I;_,+,,, is given as a consistency
check and to compare its statistical deviation when generating the same number of points
N with the alternative sampling methods. The standard deviation obtained with VEGAS is 5
times smaller than for the Uniform sample. Improving on that, the NN sampling has a stan-
dard deviation which is 8 times smaller than the VEGAS one. As another figure of merit the
unweighting efficiencies €, are compared. Again, the NN has the best (i.e. largest) efficiency,
with a value of 0.84 compared to 0.50 for the VEGAS and 0.59 for the Uniform sampling. So
while for VEGAS the integral variance is indeed reduced, the unweighting efficiency is some-
what reduced in comparison to the Uniform sampling. This originates from rare outliers in the
event weight distribution.

This is illustrated in Fig. 2a, where the distributions of event weights, cf. Eq. (24), for the
three samples are shown. The optimal sampler would result in events with identical weights,
what leads to a vanishing variance of the integral estimate and an unweighting efficiency of
one, cf. Eq. (4). The NN sample features the sharpest peak here and a steeply falling tail to-
wards larger weights, which corresponds to the significantly improved unweighting efficiency.
Although the VEGAS sample is also more peaked than the Uniform one, it features large-weight
outliers causing the reduced unweighting efficiency.

Leptonic top-quark pair production: As a second application, we study the leptonic pro-
duction of a top—anti-top pair via a virtual photon, and their subsequent leptonic decay, i.e.
ete™ — y — t[be™v,]f[be ¥, ], at +/s = 500GeV. This gives us effectively two copies of the
top-quark decay chain considered in the previous example, plus the scattering angle between
the incoming lepton and the outgoing top quark. This yields a phase space dimensionality of
d =5.

Both s-channel propagators of the W bosons are modelled by Breit-Wigner distributions,
using a single importance sampling channel. Again, a NN sample with N = 10° points is
generated. It is compared in Tab. 1 with an unoptimised and a VEGAS sample of same sizes.
The standard deviation of the VEGAS sample is 8 times smaller than the one of the unoptimised
sample. The NN sample has the smallest standard deviation, being yet 5 times smaller than the
one of the VEGAS sample. The unoptimised and the VEGAS sample have a similar unweighting
efficiency of 35 % and 40 %, respectively. The NN one’s is about two times better, at 78 %.

Figure 2b depicts the event weight distributions of the three samples. As for the top-decay
samples, the NN-optimised sample for top—anti-top production is most strongly peaked, which
is in accordance with the small standard deviation and the good unweighting efficiency. The
other two samples are significantly broader and have long tails towards large weights.

Overall, the results for top decays and top—anti-top production are similar, which is ex-
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Figure 2: Event weight distributions for sampling the partial decay width [_pe++,
and the total cross section o for efe™ — y — t[be™v,Ji[be ¥,] at 4/5 = 500GeV,
each with N = 10 points, comparing VEGAS optimisation, NN-based optimisation
and an unoptimised (“Uniform”) distribution.

pected because the main difference is that the Breit-Wigner peak appears in one additional
dimension for the top—anti-top production, with all other dimensions in phase space not featur-
ing any (strongly) peaked structures. Hence we see a similar shape in the weight distributions,
only the unoptimised sample is significantly broader now due to yet another peak it can not
adapt to. Compared to the single top decay setup, there is a moderate degradation of the
Monte Carlo integration/sampling. The unweighting efficiency is reduced by 7 (20) % for the
NN (VEGAS) samples. The unoptimised sample’s efficiency is reduced by 40 %.

Finally, we want to study for the case of top—anti-top production how the overall reduction
in the width of the weight distributions shown in Fig. 2b translates to more differential observ-
ables. We show in Fig. 3 the differential cross section for two observables, the invariant mass of
the electron-positron pair m.. and the angle between the electron and the anti-bottom quark
0.-5- Note that the invariant mass m., depends on the lepton momenta of both top-quark
decay sequences, whereas the angle 6. is an observable that depends on the momenta of
only the anti-top quark decay sequence. Comparing the results for VEGAS and NN optimisation
(again using the samples with equal sizes, N = 10°), we find that both distributions agree and
feature nearly equal MC errors across the whole range of the observable. However, the two
samples behave differently when we consider the mean weights per bin in the lower panels.
With the weights given by the ratio between the integrand and the sampling distribution, cf.
Eq. (8), the plots illustrate how close the sampling distribution approximates the actual target.
In the perfect case a constant line at 1 would be seen. Any distortion away from 1 directly
translates into a broader global weight distribution. For m.., we find that VEGAS samples both
tails too often to the expense of the intermediate region between 100 and 250 GeV, whereas
the NN sample is nearly constant in comparison. Both samples feature distortions for low 6,,
although in different directions. As for both VEGAS and the NN most of the weights are very
close to 1, which is also reflected in the weight distribution shown in Fig. 2b, the distortions
only have a minor impact on the relative MC errors shown in the middle panels.
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Figure 3: The invariant mass of the electron-positron pair (left) and the angle be-
tween the electron and the anti-bottom quark in top-pair production (right). For
each observable, we compare the nominal distributions for a VEGAS-optimised and
a NN-optimised phase space sampling (upper panes). In the middle panes, Monte
Carlo errors for both samples are compared. The lower panes show the mean event
weights per bin, highlighting regions of the observables where the sampling distri-
butions over- or undershoot the target.

4.2 Gluon-induced multi-jet production

Finally, we test our approach for gg — n gluons with n = 3 and n = 4, at a fixed centre-of-
mass energy /s = 1TeV. For this application, the basic importance sampling density follows
the QCD antenna radiation pattern realised by the HAAG algorithm [48,49], with a number of
channels that depends on the number of final-state particles. For n = 3, HAAG constructs 24
channels, but after mapping channels that differ in the permutation of the momenta only, this
boils down to 2 independent channels. For n = 4, there are 120 HAAG channels that can be
mapped onto 3 independent channels. Therefore, in contrast to the top-quark applications,
a multi-channel algorithm is employed, with one independent NN (or VEGAS) per channel.
During the training, the NN are all optimised simultaneously, cf. Sec. 3.3.

Another difference with respect to the top-quark examples is the presence of phase space
cuts, used to regularise the n-gluon cross sections. Hence, the optimisation has to deal with
“dead” regions in phase space and therefore with non-continuous integrands.

For regularisation, HAAG uses a cut-off parameter which we set to s, = 900 GeV2. On the
final state we employ a cut on the invariant masses of all parton pairs, i.e. m;; > 30 GeV, and
on the transverse momenta of all particles, p, ; > 30 GeV. To select the jets, we use the anti-k,
algorithm [50] with R = 0.4. The renormalisation scale is given by ug = 4/s. Each NN consists
of 5 coupling layers and 32 bins. The trainings conclude after a maximum of 10* optimisation
steps, where at each step we train the NN on a minibatch of at least 2048 non-zero phase space
points.

In Tab. 2, we show the results of sampling the cross section without optimisation (“Uni-
form”), with VEGAS optimisation and with our NN optimisation. The unweighting efficiencies
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Table 2: Results for sampling the total cross section for gluonic jet production at
Vs =1TeV, i.e. the Monte Carlo integral Ey is an estimator for 0 4,_,je(s- Besides Ey
and its MC error, we also show the unweighting efficiency €, of the sample, com-
paring VEGAS optimisation, NN-based optimisation and an unoptimised (“Uniform”)
distribution. All samples consist of N = 10° points with non-zero weights. The table
also lists the acceptance rate P,..

3 jets 4 jets

Sample €uw EN [pb] P acc €uw EN [pb] P acc

Uniform 3.0%  24806(55) 89% 2.7%  9869(20) 57%
VEGAS 27.7% 24813(23) 32% 31.8% 9868(10) 17%
NN 64.3% 24847(21) 34% 33.6% 9859(10) 16%

€. for n = 3,4 are about 3% for the unoptimised sampling, and increase to about 30 % by
VEGAS optimisation. The NN optimisation achieves to surpass VEGAS for n = 3 by a factor of
two, whereas for n = 4 we find no significant improvement over VEGAS. Both VEGAS and NN
optimisation gives similar improvements for the estimate of the standard deviation for n = 3
and n = 4. We also quote in Tab. 2 the acceptance rate P,.. = N /Ny, i-€. the probability that
a proposed point passes the phase space cuts and hence provides a finite contribution to the
integral result. In our gluon production setup, the cuts regularise the matrix elements, and
therefore the matrix element value is expected to be larger close to these cuts than elsewhere.
It is therefore unsurprising that both VEGAS and NN optimisation lead to a decrease in P,, as
they enhance the sampling rate close to the cuts, with the side effect of proposing points also
outside of the cuts (since the bin edges of both methods will not perfectly coincide with the
cuts).

The event weight distributions for the samples are compared with each other in Fig. 4.
For 3-jet production, we find that the NN optimisation gives the most strongly peaked weight
distribution. The situation is more ambiguous for 4-jet production. Both the VEGAS and NN
optimisation significantly sharpen the weight distribution, in fact providing quite similar out-
comes. However, while the NN optimisation results in a slightly more pronounced peak com-
pared to VEGAS and a slightly faster fall-off towards large weights, it depletes less quickly
towards small weights. In particular for the 3-jet case it might be surprising that we find a
comparable estimate for the standard deviation for NN and VEGAS optimisation, although the
weight distribution is narrower in the NN case. This apparent discrepancy originates from the
higher fraction of zero-weight events for the optimised samples, i.e. events that fall outside
the physical phase space volume and are thus not accepted. The standard deviation of the
integral estimate is in such a case largely determined by the corresponding acceptance rate,
since the weight distribution will then actually contain two peaks: the one at a finite value
and one at w = 0. A further improvement in the sampling accuracy would therefore require a
modification of the optimisation to reduce the number of discarded phase space points. The
unweighting efficiency is not affected by P,.. < 1, since it takes into account non-zero weights
only.

In Fig. 5 we depict the transverse momentum distributions for the jet with the smallest
transverse momentum p, in three- and four-jet production, i.e. the third and the fourth jet,
respectively, again comparing the NN-optimised sample with a VEGAS-optimised one. In the
comparisons of the mean weight per bin distributions (lower panels) we find a different be-
haviour for the two optimisation methods. For three-jet production, Fig. 5a, the NN weights
stay very close to one for p; < 240 GeV, whereas VEGAS samples the lower-most two p,| bins
with weights smaller than unity, which is compensated by weights larger than unity already
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Figure 4: Event weight distributions for sampling the total cross section for gg —n
jets for 4/s = 1TeV with N = 10° points, comparing VEGAS optimisation, NN-based
optimisation and an unoptimised (“Uniform”) distribution. Note that we now use a
logarithmic scale for the x axis. The inset plot in (b) shows the peak region in more

detail and using a linear scale.
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Figure 5: The transverse momentum of the smallest-p | jet in three-gluon production
(left) and in four-gluon production (right). For both observables, we compare the
nominal distributions for a VEGAS-optimised and a NN-optimised phase space sam-
pling (upper panes). In the middle panes, Monte Carlo errors for both samples are
compared. The lower panes show the mean event weights per bin.
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above 50 GeV. For four-jet production, Fig. 5b, the NN sample differs from unity for p, values
larger than 80 GeV. Then the weights become increasingly smaller, which corresponds to the
long tail of the weight distribution towards smaller weights in Fig. 4b. For VEGAS, weights
again begin to differ from unity above 50 GeV. However, there is a turning point and therefore
the weights remain closer to unity compared to the ones of the NN sample above 100 GeV.
Hence, judging the sample quality is less straightforward in the four-jet case, whereas the NN
sample is clearly better in the three-jet case. This is in agreement with the very similar global
sample performance given in Tab. 2.

Considering the relative MC errors in the middle panel of Fig. 5b we observe that although
the NN distribution differs from the integrand more than the VEGAS distribution in the high-
p, bins, it still leads to smaller relative errors. This is, however, just a consequence of the
statistics: the NN sample features smaller weights in this region as it oversamples the target.
Therefore, it generates more events per bin than VEGAS which results in a smaller variance.

5 Conclusions

We have conducted a proof-of-principle study for applying Neural Importance Sampling with
piecewise-quadratic coupling layers to optimise phase space sampling in Monte Carlo inte-
gration problems in high-energy physics. The approach fulfils the requirements needed to
guarantee a faithful sampling of the target distribution. In particular, full phase space cover-
age is guaranteed. We have investigated the performance of the approach by employing it as a
drop-in replacement of the widely used VEGAS optimiser, which we use for comparison bench-
marks. Specifically, we have studied the efficiency of the approach both for the integration
result and for the generation of weighted and unweighted event samples for the decay width
of a top quark, for the cross section of leptonic production of a top-quark pair with subsequent
decays; and for the cross sections of gluonic 3-jet and 4-jet production.

We find a significantly improved sampling performance for the simpler examples with a
phase space dimensionality up to d = 5, namely top decays, top pair production and 3-jet
production. For the more complex example of 4-jet production with d = 8 and an increased
number of importance sampling channels, we have not been able to outperform VEGAS, e.g. the
gain factor in the unweighting efficiency dropped from 2.3 for 3-jet production to 1.1 for 4-jet
production. Since the complexity of the NN architecture and the number of events per training
batch was limited by our computing resources, we expect that the result for the 4-jet case can be
improved by using more powerful hardware and/or optimising the implementation. Though,
even then the computational challenge would emerge again for 5-jet production, and it is left
to further studies to improve the scaling behaviour of the ansatz. Our findings are consistent
with those in another study [36], where increasing the final-state multiplicity (and hence the
number of channels) in V + jets production also leads to a rapid reduction in the gain factor.

However, the results for the top quarks and the 3-jet production are promising and indi-
cate that conventional optimisers such as VEGAS can potentially be outperformed by NN-based
approaches also for more complex problems in the future. To this end the computational
challenges outlined above need to be addressed. In future research we will therefore aim
to extend the range in final-state multiplicity while keeping the training costs at an accept-
able level, and—if successful—to implement the new sampling techniques within the SHERPA
general-purpose event generator framework. A starting point should be the further study and
comparison of alternative ways to integrate our NN approach within multi-channel sampling,
beginning with our ansatz and the one proposed in [36], to find out if the scaling behaviour
can be optimised. On the purely NN side, the exploration of possible extensions or alternatives
to piecewise-quadratic coupling layers is promising, such as [51]. Also adversarial training has
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the potential to reduce training times significantly. The limitation of the statistical accuracy by
a large number of zero-weight events found in the jet-production examples furthermore sug-
gests that it is worthwhile to investigate the construction of optimised importance sampling
maps that better respect common phase space cuts, or alternatively to modify the optimisation
procedure to further reduce the generation of points outside the fiducial phase space volume.
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A Auxiliary jet p, distributions in multi-jet production

In this appendix we compile additional plots of the jet p, distributions in 3- and 4-gluon
production from gluon annihilation at 4/s = 1TeV. Details on the calculational setup are

given in Sec. 4.2.

The leading and second-leading jet p, distribution in 3-gluon production are depicted in
Fig. 6a. The leading, second- and third-leading jet p, distributions in 4-gluon production are

shown in Fig. 6b.
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Figure 6: Distributions of the transverse momentum p of the leading and second-
leading jets in three-gluon production (a) and for the leading, second- and third-
leading jets in four-gluon production (b). For each observable, we compare the nom-
inal distributions for a VEGAS-optimised and a NN-optimised phase space sampling
(upper panes). In the middle panes of each plot, Monte Carlo errors for both samples

(b) 4-jet production

are compared. The lower panes show the mean event weights per bin.
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3.1.4 Impact

3.1.4 Impact

Together with an almost simultanesously published study [47, 230], our article presents the
first application of NFs to HEP PS sampling. It shows that NFs are a promising tool that is able
to improve the efficiency of current tools. The paper was well received by the community. As
of 2 June 2023, according to SciPost there are 46 citations in peer-reviewed journals [236], and
there are several later works with direct relation to our ideas. These include discussions about
bijectivity [35, 237], sampling with autoregressive flows instead of coupling layers [50], neural
importance sampling applied to neutrino-nucleus cross-section models [238], a discussion
about the topological issues of NFs [92], and the usage of NFs in refs. [53, 60, 239].

The work was presented by Enrico Bothmann at ‘The Eighth Annual Conference on Large
Hadron Collider Physics’ (LHCP 2020) in May 2020. This contribution was published as part
of the proceedings in ref. [240]. Another presentation of the work was given by me as part of a
talk at the ‘2oth International Workshop on Advanced Computing and Analysis Techniques in
Physics Research’ (ACAT 2021). A conference paper was subsequently published in ref. [241].
Therein are also new results which were obtained after the publication of the original article.
The new results are based on a reimplementation in PYTORCH done by me. It uses rational-
quadratic splines [51] and residual NNs [242] in the coupling layers, but otherwise resembles
the original model. Using this setup, an unweighting efficiency of 49 % could be achieved for
the 4 jets gluon scattering example. This is significantly better than the value of 34 % printed in
tab. 2 of the original article. As a consequence, the model outperforms the VEGAS mapping.
Two figures from the conference paper, showing the improvements for the 4 jets example,
are reproduced in fig. 3.6. The first one, fig. 3.6a, shows the weight distributions using the
unoptimized (‘uniform’), VEGAS-optimized, and NF-optimized samplers. Compared to fig. 4b
of the original article, it can be seen that the weight distribution from the NF-based sampler is
significantly improved. The width of the distribution is clearly reduced and it features a smaller
maximum. In addition, the distribution of the transverse momentum of the smallest p, -jet is
shown in fig. 3.6b. A clear improvement is visible in this figure, too. Compared to fig. 5b of the
original article, the mean weights per bin are now much closer to one for the NF-optimized
sampler. Obviously, the sampling distribution approximates the target distribution much better
over a wide range of p,. In the original article, there was considerable oversampling of the
high-p, region, as is visible in the lower pane showing the mean weights. With increasing p,
the mean weights drift away from one towards lower values. At the highest p,, the values are
below 0.5, meaning the sampling distribution oversamples the target by more than a factor of
two. As a result of this, the relative MC errors, shown in the middle pane, are smaller than with
VEGAS, for which the oversampling is less pronounced. With the updated results in fig. 3.6b,
this effect is not visible anymore. For both VEGAS and NF, the relative MC errors are similar,
since the distance between the two sampling distributions has decreased.

3.1.5 Normalization during training

There is an interesting detail that was realized only after the publication of ref. [9]. Specific loss
functions like the mean squared error (MSE) allow to choose a normalization of the concerned
distributions. In the presence of phase space cuts, this normalization can have a big influence
on the result of training. In this section, the observation is illustrated by a toy example. We
consider a function f: [0,1]> - Rxq, (x,y) — f(x,y). Let us first define coordinates that
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Figure 3.6: Sample results for the process gg — gggg. Figures taken from [241]. @®.

allow us to write the target function in a compact form:

o= (+=3) oo 3) - (3-1) n(Z) + 1] 6
b(x,y)=[(x—%)-sin(%) + (y—%)-cos(%) + %] (3.18)
r(x,) =\/ =17+ (y-3) (319)

The coordinates a and b are shifted and rotated such that they correspond to the diagonals of
the square [0, 1]%, while r is a radial coordinate centred at (1, 0.5). Using these coordinates, the
target function is defined as

1 _ 1 1
ewa . = g5 w2 + =>r3 ifa>0.1andr> 0.3,
f(a,b,r) = 2702 P (3.20)

0 else.

It features a Gaussian distribution in the b direction with mean u and standard deviation o and
an exponential distribution in the a direction. Added to this is an =3 term centred at r = 0.
The parameters are set toa = 7, 8 = 30, 0 = 0.1 and u = 0.5. While the definition of this
toy function looks complicated, it is in the end a combination of simple functions in different
coordinate systems. The motivation for this is that similar complications can be expected to
appear in squared amplitudes. There are multiple peaks of different shape and large regions
of low probability. In our example, the regions with a < 0.1 or r < 0.3 are deliberately cut
off to imitate PS cuts used in HEP. Due to these cuts there are two modes with vertical flanks.
This is also a typical situation in the sampling of differential cross-sections, where regularized
divergences lead to functions that peak towards the edge of Ps. Being defined in terms of
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f. The horizontal axis shows the x co- from samples of size 1M produced by the
ordinate and the vertical axis shows the NFs trained with different normalization
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physics-motivated variables, the cuts are not necessarily aligned with the sampling coordinates.
In fig. 3.7, the distribution of the toy example in the x-y plane is shown. The function can be
expected to be a difficult target for VEGAS, since neither the modes nor the cuts are aligned
with the coordinate axes. For this example, we deliberately refrain from using a multi-channel
sampler in suitable coordinates.

An NF has been trained on the target function using a batch size of 5000. It uses two coupling
blocks with rational-quadratic splines that have 24 knots each. The parameters of the coupling
transforms have been determined by residual NNs with three hidden layers and 32 nodes. For
optimization, the ADAM optimizer with a learning rate of 0.001 has been used. The learning
rate has been reduced on plateaus and the training has been stopped when the validation
loss, based on a sample of 1M points, did not increase for 150 consecutive epochs. In each
epoch, the training data has been produced anew by sampling from a uniform distribution and
transforming the points with the NF. An MSE loss function has been used. The target function is
normalized such that it integrates to one. The NF is normalized to one by construction but here
we introduce a normalization factor Z that increases the normalization by Z € {1.0, 1.5, 3.0}.
The training has been repeated for each value of Z. In fig. 3.8 the resulting distributions of
the MC weights are shown for the models with the best validation loss. It can be seen that the
normalization has a major impact. The larger normalization factors result in much narrower
distributions with a steeper decline towards large weights and lower maximum values.

To understand how the narrowing of the weight distribution is achieved, we can look at
the distributions defined by the three NFs as shown in fig. 3.9. For Z = 1.0, the distribution
looks very similar to the target function and the density is low where f(x,y) = 0. Due to its
surjectivity, the NF’s density cannot be zero anywhere and therefore it ‘spills over’ into the cut
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Figure 3.9: Densities defined by the NFs using three different values of the normalization
factor Z. The colourmaps are normalized to the same values, such that the plots can be easily
compared. Note that the ‘turbo’ colourmap is not perceptually uniform.

region. However, it tries to reproduce the sharp edge at the cut. For Z = 1.5, there is much
more ‘spillover’ since the NF is allowed to put %3 of the points into the cut regions. Especially
around r = 0.3 it can be seen that the vertical edge of the circular cut is smoothed out. Finally,
for Z = 3.0, most of the points land in the target’s cut regions such that the NF produces peaks
there. It is no longer apparent from the plot where the cuts actually are.

We can investigate the behaviour around the cuts in more detail by looking at the coordinates
in which the cuts are defined. In figs. 3.10a and 3.10b, the distributions of a and r are shown,
respectively. For Z = 1.0, the distribution is close to the target. Some points are generated
below the cuts at a < 0.1 and r < 0.3, and accordingly other regions are slightly undersampled.
However, for the larger normalization factors the distributions significantly differ from the
target. Especially for Z = 3.0, it can be seen that the peaks are displaced from their target
positions and there are no more indications of the vertical edges.

In figs. 3.10c and 3.10d, a close-up view around the cuts is shown. For these plots, the
points outside of the cuts have been ignored, such that only points with a > 0.1 and r > 0.3
enter the histograms. In an event generation setting, this would correspond to the situation
where we have applied all phase space cuts and look at the events entering the unweighting
procedure. Clearly, in the cases with Z > 1.0 the distributions are much closer to the target,
and we see the best approximation for the largest value, Z = 3.0. With unit normalization, the
NF underestimates the peak, since it has trouble to smoothly fit the sharp edge.

Finally, the performance of the NFs is quantified in table 3.1. As expected, the acceptance
probability P, is close to one for Z = 1.0, %/ for Z = 1.5 and V3 for Z = 3.0. The relative MC
uncertainty is smallest for unit normalization and grows for increasing normalization factor,
being almost five times as large for Z = 3.0. This can be explained by the fact that the variance
of the Mc estimator depends strongly on P,.. If P, is low, the weight distribution has a high
peak at zero, and thus a high variance. For the unweighting efficiency, however, the behaviour
is vice versa. An increase of efficiency can be observed from 71 % to over 90 % by using Z > 1.0.
While the unweighting efficiency is independent of the number of zero weights, it benefits
from the improved approximation near the cuts as shown in fig. 3.10. It leads to smaller weight
maxima as confirmed by fig. 3.8.

In summary, in the presence of cuts, the unweighting efficiency can be positively influenced
by normalizing the NF during training. The ‘spillover’ into the cut-off regions allows the NF
to better model the behaviour at the cut edges. This advantage comes at the price of a lower
acceptance probability with regard to the cuts. In the relevant applications, however, the
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Figure 3.10: Distributions of 1M points sampled from the NFs using three different values of
the normalization factor Z. The diagonal coordinate a (a, c) and the radial coordinate r (b, d)
are shown. For comparison, the target distribution is shown. In the bottom row, (c, d) the
regions around the cuts are shown without including the points lying outside of the cuts.
All histograms have been normalized to unit area after applying the cuts.

Table 3.1: The acceptance probability P,.., the relative MC uncertainty AI/I and the unweight-
ing efficiency 7 for the three normalization factors Z, using samples of 1M points. For the
determination of 7, a reduced weight maximum as described in section 4.1 has been used.

Z Py AI/T 7
1.0 .92 0.00029 .71
1.5 .67 0.00071 .91
3.0 .33 0.00141 .92
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evaluation of the target function is likely to be many times more expensive than the generation
of a phase space point. The optimal value of Z must be found specifically for the application.

Interestingly, the behaviour of NFs in the presence of phase space cuts is strikingly different
from VEGAS’, which is examined in section 2.3.2. For Z = 1.0, the NF behaves similar to VEGAS
in that it struggles to properly sample the target function close to the cut. Larger values of Z,
however, allow it to inter- and extrapolate in the cut region. This is something that VEGAS is
not able to achieve. Furthermore, for the NF it does not matter whether the cuts or any other
features are aligned with the coordinate axes.

3.1.6 Recent developments

In this section, two more recent developments are presented. The first is the idea to make the
weights of a multichannel density phase-space dependent by defining them in a local way.
These local multichannel weights lend themselves to automatic optimization with NNs. The
second is a discussion about mixtures of NFs. An interesting idea is the combination of the
two approaches.

Phase space dependent multichannel weights

In section 2.3.3, it is explained how the channel weights of a multichannel density can be
automatically adapted. An obvious idea is to make the channel weights phase space dependent.
This amounts to changing eq. (2.33) into

Ne¢

g(x) = Y () g(x). (3.21)

Jj=1
Of course the a;(u) still need to sum to one, so we require

Ne¢

Z aj(w) =1. (3.22)

j=1

It seems sensible to let an NN learn the o;(u). A standard feedforward NN should certainly
be able to do so provided that the output layer uses a softmax activation function to ensure
that eq. (3.22) is satisfied. However, applying this naively can lead to non-optimal results, as is
shown below. The problem is related to the fact that we have taken the channel weights to be
dependent on the input variable u ~ p,(u), since when we want to sample g(x) we need to
choose a channel based on u. Each channel then maps a given input point, u;, to a different
output point, x;, leading to some counter-intuitive behaviour. This shall be illustrated by an
example to become more clear.
Consider the one-dimensional target function

4x if x < 0.5,

) = {4(1 —x) else, (3.23)

defined over the unit interval x € [0, 1). The function has two linear parts, one with positive
slope for x < 0.5 and one with negative slope for x > 0.5. The graph of the function is shown
in fig. 3.11. To sample the target function, we define two channels that can be combined in a
multichannel density:

g1(x) = 2x, (3.24)
&(x)=2(1-x). (3.25)
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Figure 3.13: The transformations used to sample the channels by mapping the input variable u
to the output variable x. For the dotted versions, the channels have been scaled and shifted.

These are simply two linear functions, which are visualized in fig. 3.12 (solid lines). To sample
the channels, we use the inverse transform method, which provides us with mappings to
transform a uniform input variable u into a linearly distributed output variable x as defined by
g1(x) and g,(x). The transformations are given by square root functions:

Ti:ue x=+u, (3.26)

T:u-x=1-\1-u. (3-27)

These are shown in fig. 3.13 (solid lines). In the conventional multichannel approach, the
channels can be mixed with constant weights. An equal mixture, a; = a, = 0.5, leads to
uniform sampling and an unweighting efficiency of # = 0.5.

In order to try to improve upon this, we make the multichannel weights phase space depend-
ent. Our naive first attempt is to exclusively sample g, in the left half, u < 0.5, and g, in the
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right half. This choice corresponds to the weight functions

1 ifu<0.5,

a(u) = (3.28)
0 else,

W) =1-o(u). (3-29)

However, by looking at fig. 3.13 it is easy to see that this choice does not lead to perfect sampling.
We have split up the u-space between the channels, but there is significant overlap in x-space.
The transformation T; maps [0, 0.5) to [0, 1/\/5 ), and T, maps [0.5,1) to [1 - 1/\/5, 1). It follows
that within [1 - 1/\/5, 1/ \/E ) the sampling is effectively uniform, while for x < 1 — 1/\/5 and
for x > 1/\/5 the target is undersampled by a factor of two. Consequently, the unweighting
efficiency is again = 0.5, which means there is no improvement compared to before.

A small change opens up a way out for us. We slightly modify the definition of our channels
to allow shift and scale transformations:

’ /. u-
g1(x) = 20x, Tf:u-x= =P , (3.30)

g5(x) = 205(1 — x), L:urx=1—,/1—-—= (3.31)
If we choose to keep the mixing weight functions, egs. (3.28) and (3.29), the optimal choices
for the shift and scale parameters are o, = 0, = 2, p; =0, and p, = —1. In figs. 3.12 and 3.13
(dotted lines), the resulting PDFs, gj(x) and g5(x), and the transformations, Ty and T, are
shown, respectively. Note that T} and T, are non-surjective, which means that an individual
channel is not able to generate all values of x. This is, however, not an issue here, since our
choice of mixing weights ensures that in the combination as a multichannel any x can be
reached. With the given parameters, an optimal sampler for the target function has been found,
such that the unweighting efficiency reaches n = 1.

The conclusion of the above example is that phase space dependent multichannel weights
are only effective if they are combined with parameterized channels, which can be optimized in
conjunction with the channel weights. It should be sufficient to let the parameters correspond
to simple shift and scale transformations, which allow moving probability mass to where it is
needed. In the ML literature, the combination of a parameterized mixture model with a NN
that learns the mixture weights and the parameters is known as mixture density networks [243].
They are typically used with Gaussian mixtures for regression and uncertainty estimation.
Deep Gaussian mixture models [244, 245] provide an alternative, where Gaussian mixtures are
stacked in layers.

At this point it is appropriate to point out that the event generator MADGRAPH also allows
a multichannel sampler with phase space dependent weights [53, 246]. However, it uses
a different definition of multichannel, which is based on single diagram enhancement. It
assumes that the integrand can be written in terms of a basis of n functions,

f@) =3} fi(w, with fi(w)>0, (3.32)
i=1

such that each f; can be efficiently mapped by a single mapping g;. Accordingly, we introduce
a multichannel density

gw) =Y gi(w). (3-33)
i=1
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In the same way as in eq. (2.28), the integral over f can then be written as

R NG SR Sl 5 (CO
fQ fadu=D, | sy eydu=2, | oy G- (3:34)

The integral has been rewritten as a sum of potentially simpler integrals. Note that in contrast
to the conventional multichannel approach, as introduced in section 2.3.3, we do not have to
evaluate the sum over all channels for every sampled point. Instead, we only have to determine
the cheaper ratio f,(u)/g;(u). In MADGRAPH, the proposed basis for eq. (3.32) is

A2

i Awl?> (3.35)
n
ZJ':llAjlz

fi=

where A; is the amplitude corresponding to a single Feynman diagram and A, = Z'.q_ A;is
j=1"1
the total amplitude. Naturally, the g; are then chosen to be approximations of the squared
amplitudes.
We can identify a quantity that is somewhat similar to our multichannel weights:

i(u
aw) = B (336)
ijl gj(u)
These sum to unity by definition, which can be used to write
f)=> aqf(w). (3.37)
i=1
For the integral it follows that
n
f fwydu=>" [ a(u)fdu. (3.38)
Q i=1J0

Note that the a; depend on the same variable as the function f unlike above, for the conventional
multichannel, where the channel weights are defined in the input space, u, while all other
functions are evaluated in the mapped space, x. Therefore, they are now defined in the same
space as the target function and the channel densities, such that the difficulties described above
do not apply here.

From eq. (3.34) it is not obvious how to generate samples from the multichannel distribution,
specifically how to choose the probabilities for selecting the channels. Ideally, the channels
would be selected by their respective contributions to the integral. This would correspond to
the selection weights

5 _ @0/ dx
T s

In practice, these can be estimated from a finite sample of points.

The single diagram enhanced multichannel has the advantage that the weight in one channel
can be evaluated independently of the others. Remember that the conventional multichannel
always requires evaluating the sum over all channels. It follows that a large number of channels
can be prohibitive in the conventional case and less so in the single diagram enhanced case.
The main disadvantage of the method is that its performance depends entirely on the validity
of the assumption eq. (3.32). Usually, the channel mappings model single Feynman diagrams
squared, whose peak structures can be derived from the involved propagators. If there are
large interference terms, however, this is not a good approximation of the full amplitude. As
noted in ref. [247], this can for example happen for vector boson fusion-type processes, where

(3-39)
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a conventional multichannel can be much faster. The authors propose an alternative definition
of the channel weights to alleviate this problem for that type of process.

Mixtures of normalizing flows

There are known limitations of NFs with regard to the shapes of the targeted functions. These
are related to functions with discrete structure, for example disconnected modes, holes where
the function is zero, or discrete symmetries. When the base distribution, which is usually
normal or uniform, does not have a compatible topology, it is impossible to perfectly learn the
target with an NF, and good approximations require very deep NFs with prohibitively high
training costs [248]. To address this, in ref. [249] the authors propose to use a mixture of several
NFs, where the individual components are restricted to disjoint subsets of the target space.
This results in a piecewise invertible model. As noted in [250], though, the discontinuity at the
transitions between the subsets leads to training difficulties. Instead of mixing several NFs,
it is also possible to use a base distribution that has the desired topology built-in. If we lack
the knowledge to manually construct such a distribution, it can be found automatically by
resampling a simpler distribution, e.g. a Gaussian. In ref. [251], the authors introduce a method
based on learned accept/reject sampling [252], where the base distribution is resampled using
rejection sampling with an acceptance probability learned by an NN. The drawback is that
the resampled base distribution is intractable, since the normalization constant can only be
estimated. Moreover, sampling becomes less efficient due to the rejected proposals. Another
approach, which we will not pursue further in this thesis, is to sacrifice the invertibility of the
flows [248], which, however, makes it impossible to compute the probability density exactly. A
proposal better suited to our needs is a mixture of NFs with learnable mixture weights [250,
253]. This corresponds to a multichannel sampler, where the channels are given by NFs, and
the channel weights are learned by an NN with a softmax output layer. When the channel
weights and the channel mappings are optimized at the same time, such a model fulfils the
requirement introduced above, i.e. the phase space dependent channel weights are combined
with parameterized channels.

While in ref. [9] we only considered static channel weights, it can be expected that phase space
dependent weights are able to further boost the performance. However, although mixtures
of NFs are very powerful models, accurately learning a complex target distribution from the
ground up can require extensive training on large datasets. As for other sampling techniques it
should be beneficial to include prior knowledge.

For the sampling of differential cross-sections, several applications can be imagined. As
an extension of ref. [9], one could use NFs to remap and fine-tune physics-inspired channels
and extend this approach with phase space dependent channel weights. It can be expected
that the variable weights allow the model to yield better approximations in the presence of
non-factorizable structures and phase space cuts. Instead of remapping given channels, one
could also try to use NFs pretrained on normalized versions of typical channels. These could
then be further optimized during the training on the target. In both cases, after an initial
warm-up phase, one can reduce the number of channels by using only those contributing
significantly to the total integral. This can reduce the training costs considerably, while the
model should still be flexible enough, as long as an appropriate number of channels is kept.
Finally, one can also use NFs as additional channels next to physics-inspired ones to learn the
residual structures. In this case, one should optimize the parameters of the physics-inspired
channels together with the channel weights in order to benefit from the latter in the most
effective way. It remains for future work to find out which of the proposed approaches turns
out to be the most promising.
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3.2 Nested Sampling

Markov Chain Monte Carlo (McMC) methods like the Metropolis-Hastings algorithm [254,
255], and variants thereof, are popular tools for sampling with numerous applications. For
example, they are a standard choice in lattice field theory [256]. While there have been attempts
towards using MCMC for phase space sampling in HEP [257, 258], it never came to large-scale
use. The main reason for this, besides conservatism, can be assumed to be the autocorrelation
intrinsic to MCMC samples. Especially when the McMCc chain does not converge well, there
can be high autocorrelation and even many identical samples. Typical HEP analyses cannot
cope with this since they are designed for conventional MC methods where the samples are
statistically independent. The autocorrelation can be reduced by thinning the chain, but this
in turn decreases the efficiency.

Nested sampling [28, 259] is not an MCMC algorithm per se, but in implementations MCMC
can be used for a crucial step of the algorithm, as is shown below. However, unlike pure MCMC
algorithms, nested sampling then produces many short Markov chains instead of a single long
one. Therefore, one expects only low autocorrelation and the algorithm does not get stuck at
points or small regions of phase space. This makes nested sampling an interesting alternative
to MCMC in the HEP context, and it seems useful to look at what properties the algorithm has
and how it performs in representative problems.

This section is meant to provide some context around the article ‘Exploring phase space
with nested sampling’, which presents the first application of nested sampling to the sampling
of the high-dimensional phase space of particle collision events. Below, in section 3.2.1, the
algorithm is introduced in more detail than the restricted format of the article allows. The
publication itself is reprinted in section 3.2.2.

3.2.1 Basic idea and specifics of the implementation

The nested sampling algorithm was originally introduced in the context of Bayesian inference.
A detailed introduction to the topic of Bayesian inference, as well as a comparison of Bayesian
and frequentist statistics, would go beyond the scope of this thesis. Instead, a pragmatic
approach is appropriate: for our purposes, we consider nested sampling as a generic integration
algorithm that also generates samples from the integrand. Where necessary, terms from the
respective jargon can be translated into each other. These are in particular the following:

phase space mapping —  prior,
target function / integrand / differential cross-section — likelihood,
target integral / total cross-section — evidence.

This simple translation is already a big step towards applying nested sampling to HEP phase
space sampling.

Algorithm 2 gives on overview of the nested sampling meta algorithm as applied to the
calculation of scattering cross-sections. The algorithm maintains an ensemble of ny;,, live
points, which get updated until a preselected termination criterion, T, is reached. It proceeds
iteratively, and in every step the live point with the smallest value of the target function is
chosen for a replacement. In our case, the target function corresponds to the differential
cross-section, while in Bayesian inference it is the likelihood function. The replacement is the
crucial step of the algorithm. It is required that the new point is drawn uniformly from the
phase space volume under the condition that it has a higher value of do. The meta-algorithm
does not specify how this step is to be implemented. Below, several options are discussed. The
new live point is used to update the estimate of the total cross-section, o. It is based on the value
of the differential cross-section, do,;,, and an estimate of the change in phase space volume,
A®. The estimate of the change in volume is made on a statistical basis. It can be shown
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Algorithm 2: The nested sampling meta algorithm applied to the calculation of cross-
sections in particle physics phase space.

1 Choose a termination criterion, T € [0,1];
initialize the starting phase space volume, ® = 1, and the cross section integral, o = 0;

N

3 sample ny;,, points uniformly from the volume — the live point ensemble;
4 define an estimate of the volume compression per iteration, t = e~1/"ie;
5 while ® > T~ do
6 find the point in ny,, with the smallest value of do, do;,;
7 replace this point with a new sample in the volume defined by the boundary
do > dogin;
8 increment the estimate of the cross-section, 0 = o + do,;, A®, with A@ = (1 — t)0;
9 contract the remaining volume, ® = © — AO;
10 end

11 add an estimate of the contribution to the integral from the remaining live points,
o = 0 + (do)AO, where (do) is the average differential cross-section of the remaining
live points;

12 return o;

that the compression factor ¢ associated with discarding a live point follows a Beta(ny;ye, 1)
distribution [260]. Thus, the expectation value of log ¢ is

(logt) = — (3.40)
live
Based on this, the volume compression can be estimated to be
t = e Vv, (3-41)

The absolute change in volume is A® = (1 — t)®, where O is the volume before discarding the
live point. Note that this is an estimate based on probability and does not equal the true change
in volume. This fact should be taken into account where uncertainty estimates are concerned.

The output of the nested sampling algorithm consists of the final ensemble of live points and
an estimate of the total cross-section. Furthermore, we can keep track of the discarded points,
which form the ensemble of dead points. These can be used as samples from the distribution of
the integrand, or posterior distribution in Bayesian terms, by assigning weights to them. The
weights are given by

W; damin,i

R = - (3.42)

where the w; are defined as

1
w; = 5(91—1 +0;41). (3.43)

If desired, the weighted dead points can be unweighted using rejection sampling.

As stated above, there are various options how to do the compression step, i.e. how to sample
new live points under the likelihood constraint. Among them are variants of MCMC and rejec-
tion sampling. In the article reprinted in section 3.2.2, the POLYCHORD [261] implementation
of nested sampling is used. It realizes the compression step by slice sampling [262]. There-
fore, only this method is considered here. Slice sampling is a kind of Markov chain sampling.
Similar to the Metropolis-Hastings algorithm, it commonly uses a step size parameter. For
Metropolis-Hastings, this is a crucial parameter that needs to be tuned to find a balance between
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random walk behaviour and high rejection rates of proposals. In slice sampling, however, the
step size is adapted automatically in dependence of local properties of the target function.
Slice sampling is based on the observation that sampling from a distribution is equivalent to
uniformly sampling points from underneath its graph. Starting from a position x,, this can be
done in the univariate case by randomly selecting a point y between zero and f(x;), where
f(x) is the target function. We then need to sample a new position x; from the slice defined by
f(x) > y, which can consist of several line segments. This is the starting position for the next
iteration. The x; form a sample that, in the long run, converges to the target distribution. In
the multivariate case, we can use the same procedure with multidimensional slices.

The critical step is the sampling from the slice, since the boundaries are not easily available.
This is especially true in the multimodal case, where several disconnected segments can
appear. A possible method is to find boundaries that enclose all segments and to use rejection
sampling until a point within one of the segments has been found. POLYCHORD uses a
different procedure, which is informed by the set of live points and can be more efficient. At
each iteration, it chooses one of the live points as a starting point. It takes a step of initial width
w in a random direction 72 chosen from a probability distribution P(#), generating the next
starting point. This step is repeated R,epeqrs times, where n,peqs Should be chosen such that
the final point is sufficiently decorrelated from the starting point. The width can be expanded
during the procedure. Furthermore, POLYCHORD uses a cluster recognition algorithm to
identify modes of the target distribution, and tries to evolve points within the clusters.

The similarities between slice sampling and sampling from the iso-likelihood contours in
nested sampling are obvious. Therefore, the two seem to be a natural fit. In nested sampling,
additional knowledge about the target distribution is available in the form of the live point
ensemble. These points are used to define the distribution P(#1). The points from the first
Mrepeats— 1 Steps are called phantom points and are saved alongside the dead points. Although the
phantom points are significantly correlated, they contain valuable information. For example,
they can be used to further inform P(72). If we do not mind the correlation, we can even combine
the phantom points with the dead points to get a larger sample from the posterior distribution.
More details about slice sampling can be found in the original publication, ref. [262], and in
the description of the POLYCHORD algorithm, ref. [261].

So far we have assumed that the live points are drawn from a uniform distribution. However,
if prior knowledge about the target is available, it can be highly beneficial to use a non-uniform
prior distribution which encodes some of this knowledge. In that case, new live points get
drawn from the prior distribution, which is subject to evolving likelihood constraints. A prior
distribution can prevent that modes are missed, and can increase the sampling efficiency by
mimicking the shape of the target. Similar to the PS mappings used for importance sampling
and rejection sampling in HEP, prior distributions are implemented in the form of mappings
from the unit hypercube to the parameter space of the target.

Nested sampling has some properties that distinguish it from other sampling methods. In
contrast to importance sampling and rejection sampling, it is not possible to generate a fixed
number of events. Based on a few tunable parameters, essentially njj,e and Rpepeqs, the algorithm
runs until the termination criterion has been reached. A choice for this criterion could be, for
example, that the remaining live points are expected to contribute only some small fraction to
the total cross-section. Now if less events are needed than the algorithm generates, one still
has to wait for the run to finish before the chain of events can be thinned. This is because of
the hierarchy of the events, where events with small values of do are generated earlier than
events with larger values. If, on the other hand, more events are needed, one has to increase
the number of live points or combine several runs, which is equivalent. In comparison to
MCMC methods, it can be noted that they are primarily sampling algorithms and do, in general,
not provide good estimates of the integral. By contrast, for nested sampling the integral is the
prime target, and it aims at giving reliable integral estimates even in high dimensions.
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3.2.2 Publication: Exploring phase space with Nested Sampling

In this section, the article ‘Exploring phase space with Nested Sampling’ is presented. Like
the earlier publication by my co-authors and me, ref. [9], it deals in principle with improving
phase space sampling by trying to bring the distribution of drawn events closer to the target.
However, instead of enhancing the phase space mappings used for importance sampling, it is
proposed to replace the existing sampling approach, i.e. adaptive multichannel importance
sampling, by nested sampling. The main motivation of the article is the realization that there
are great similarities between sampling evidence integrals in Bayesian inference and sampling
cross-sections in HEP. Since nested sampling is widely and successfully used for Bayesian
inference, especially in cosmology [260], the question naturally arises to what extent this can
be transferred to other applications. In the article reprinted below, this is examined for the
integration of partonic cross-sections and the generation of corresponding distributions of
events, which to my knowledge is the first such application of nested sampling. The scattering
of high-energy gluons with 3- 4- and 5-gluon final states serves as an example. Although this
example is much less complex than, for example, hadronic collisions with more diverse final
states, it already contains many typical difficulties that arise in the structure of QCD matrix
elements. It is therefore a good testbed, while not oversimplifying, so that the results should be
qualitatively transferable to more realistic applications.

In the article, it is shown how nested sampling can be used for event generation. The implic-
ations and possibly necessary changes in established workflows are discussed. Furthermore, it
is shown how nested sampling can be compared quantitatively with current sampling methods,
also with regard to uncertainties. When applied to the physical example, it is shown that
competitive results can be achieved even without prior knowledge, and that the method scales
advantageously to higher dimensions. Based on this, various ideas for future developments are
presented.

The article was first published as a preprint on ARXIV in May 2022. Subsequently it was
submitted to the journal The European Physical Journal C. After the referees’ comments were
addressed, it was finally published in August 2022. The version published in the journal is
reprinted below. A copyright notice and a link to the material are provided on the first page of
the article. The article is licensed under a Creative Commons Attribution 4.0 International
License.

Author contributions

The idea of using nested sampling for HEP PS sampling is attributable to David Yallup. Will
Handley contributed his expertise on the nested sampling algorithm and the POLYCHORD
implementation of it. The examples considered in the article are based on the experience of
Steffen Schumann and me, especially through our earlier article, ref. [9]. We were able to
reuse my implementations of the RAMBO and HAAG phase space mappings as well as my
PYTHON interface to SHERPAs matrix elements for the gluon scattering processes. For use
with POLYCHORD, I provided an implementation of the RAMBO mapping and an interface
to the gluon scattering matrix elements in c++. All nested sampling calculations for the
physics example presented in sec. 3 were done by David Yallup. The equivalent importance
sampling and rejection sampling calculations were done by me. The evaluation and the
presentation of the results in figures and tables were a joint effort of both of us. I contributed
the implementation and evaluation of the toy example and its extension to non-uniform priors
as presented in secs. 2.1 and 4.2. David Yallup added the examination of the posterior mass
profile, which is shown in Fig. 3. The discussion of uncertainties for the nested sampling results
in the appendix is due to David Yallup and Will Handley. All authors contributed significantly
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to the writing of the article.*

*In this work, we collaborated with researchers from the astrophysics community. Therefore, in contrast to
the other publications presented in this thesis, the order of the authors is not alphabetical. The respective
contributions are as indicated above.
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Abstract We present the first application of a Nested Sam-
pling algorithm to explore the high-dimensional phase space
of particle collision events. We describe the adaptation of the
algorithm, designed to perform Bayesian inference computa-
tions, to the integration of partonic scattering cross sections
and the generation of individual events distributed according
to the corresponding squared matrix element. As a first con-
crete example we consider gluon scattering processes into 3-,
4- and 5-gluon final states and compare the performance with
established sampling techniques. Starting from a flat prior
distribution Nested Sampling outperforms the VEGAS algo-
rithm and achieves results comparable to a dedicated multi-
channel importance sampler. We outline possible approaches
to combine Nested Sampling with non-flat prior distributions
to further reduce the variance of integral estimates and to
increase unweighting efficiencies.

1 Introduction

Realistic simulations of scattering events at particle collider
experiments play an indispensable role in the analysis and
interpretation of actual measurement data for example at the
Large Hadron Collider (LHC) [1,2]. A central component of
such event simulations is the generation of hard scattering
configurations according to a density given by the squared
transition matrix element of the concrete process under con-
sideration. This is needed both for the evaluation of corre-
sponding cross sections, as well as the explicit generation
of individual events that potentially get further processed,
e.g. by attaching parton showers, invoking phenomenolog-
ical models to account for the parton-to-hadron transition,
and eventually, a detector simulation. To adequately address
the physics needs of the LHC experiments requires the eval-
uation of a wide range of high-multiplicity hard processes
that feature a highly non-trivial multimodal target density

2e-mail: dy297 @cam.ac.uk (corresponding author)

that is rather costly to evaluate. The structure of the target
is thereby affected by the appearance of intermediate reso-
nances, quantum interferences, the emission of soft and/or
collinear massless gauge bosons, or non-trivial phase space
constraints, due to kinematic cuts on the final state particles.
Dimensionality and complexity of the phase space sampling
problem make the usage of numerical methods, and in partic-
ular Monte Carlo techniques, for its solution indispensable.

The most widely used approach relies on adaptive multi-
channel importance sampling, see for example [3-7]. How-
ever, to achieve good performance detailed knowledge of
the target distribution, i.e. the squared matrix element, is
needed. To this end information about the topology of scat-
tering amplitudes contributing to the considered process is
employed in the construction of individual channels. Alter-
natively, and also used in combination with importance sam-
pling phase space maps, variants of the self-adaptive VEGAS
algorithm [8] are routinely applied [9-12].

An alternative approach for sampling according to a
desired probability density is offered by Markov Chain
Monte Carlo (MCMC) algorithms. However, in the con-
text of phase space sampling in high energy physics these
techniques attracted rather limited attention, see in particu-
lar [13,14]. More recently a mixed kernel method combin-
ing multi-channel sampling and MCMC, dubbed (MC)?, has
been presented [15]. A typical feature of such MCMC based
algorithms is the potential autocorrelation of events that can
affect their direct applicability in typical use case scenarios
of event generators.

To meet the computing challenges posed by the upcom-
ing and future LHC collider runs and the corresponding event
simulation campaigns, improvements of the existing phase
space sampling and event unweighting techniques will be
crucial [16,17]. This has sparked renewed interest in the sub-
ject, largely driven by applications of machine learning tech-
niques, see for instance [18-36].

In this article we explore an alternative direction. We here
study the application of Nested Sampling [37] as imple-
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mented in POLYCHORD [38] to phase space integration and
event generation for high energy particle collisions. We
here assume no prior knowledge about the target and inves-
tigate the ability of the algorithm to adapt to the prob-
lem. Nested Sampling has originally been proposed to per-
form Bayesian inference computations for high dimensional
parameter spaces, providing also the evidence integral, i.e.
the integral of the likelihood over the prior density. This
makes it ideally suited for our purpose. In Sect. 2 we will
introduce Nested Sampling as a method to perform cross
section integrals and event generation, including a reliable
uncertainty estimation. In Sect. 3 we will apply the method
to gluon scattering to 3-, 4-, and 5-gluon final states as a
benchmark for jet production at hadron colliders, thereby
comparing results for total cross sections and differential dis-
tributions with established standard techniques. Evaluation
of the important features of the algorithm when applied in
the particle physics context is also discussed in this section.
In Sect. 4 we illustrate several avenues for future research,
extending the work presented here. Finally, we present our
conclusions in Sect. 5.

2 Nested sampling for event generation

The central task when exploring the phase space of scat-
tering processes in particle physics is to compute the cross
section integral, o. This requires the evaluation of the transi-
tion squared matrix element, | M|?, integrated over the phase
space volume, §2, where £2 is composed of all possible kine-
matic configurations, @, of the external particles. Up to some
constant phase space factors this amounts to performing the
integral,

o= /d<D|M|2(CI>). (1)

2

In practice rather than sampling the physical phase space vari-
ables, i.e. the particles’ four-momenta, it is typical to integrate
over configurations, 6 € [0, 112, from the D-dimensional
unit hypercube. Some mapping, IT : [0, 11° — £, is then
employed to translate the sampled variables to the physical
momenta. The mapping is defined as, & = I1(#), and the
integral in Eq. (1) is written,

o= / s O / oLe. @

[0,112 [0,112

A Jacobian associated with the change of coordinates
between 6 and @ has been introduced, .7, and then absorbed
into the definition of £(0) = |M|*(I1(#))J (). With no
general analytic solution to the sorts of scatterings considered
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at the high energy frontier, this integral must be estimated
with numerical techniques. Numerical integration involves
sampling from the | M|? distribution in a manner that gives
a convergent estimate of the true integral when the samples
are summed. As a byproduct this set of samples can be used
to estimate integrals of arbitrary sub-selections of the inte-
grated phase space volume, decomposing the total cross sec-
tion into differential cross section elements, do . Additionally
these samples can be unweighted and used as pseudo-data to
emulate the experimental observations of the collisions. The
current state of the art techniques for performing these tasks
were briefly reviewed in Sect. 1.

Importance Sampling (IS) is aMonte Carlo technique used
extensively in particle physics when one needs to draw sam-
ples from a distribution with an unknown target probability
density function, P(®). Importance Sampling approaches
this problem by instead drawing from a known sampling dis-
tribution, Q(®) (A number of standard texts for inference
give more thorough exposition of the general sampling the-
ory used in this paper, see e.g. [39]). Samples drawn from
Q are assigned a weight, w = P(®)/Q(P), adjusting the
importance of each sampled point. The performance of IS
rests heavily on how well the sampling distribution can be
chosen to match the target, and adaptive schemes like VEGAS
are employed to refine initial proposals. It is well estab-
lished that as the dimensionality and complexity of the target
increase, the task of constructing a viable sampling distribu-
tion becomes increasingly challenging.

Markov Chain based approaches fundamentally differ in
that they employ a local sampling distribution and define an
acceptance probability with which to accept new samples.
Markov Chain Monte Carlo (MCMC) algorithms are widely
used in Bayesian inference. Numerical Bayesian methods
have to be able to iteratively refine the prior distribution to
the posterior, even in cases where the two distributions are
largely disparate, making stochastic MCMC refinement an
indispensable tool in many cases. This is an important con-
ceptual point; in the particle physics problems presented in
this work we are sampling from exact theoretically derived
distributions. The lack of noise and a priori well known struc-
ture make methods with deterministic proposal distributions
such as IS more initially appealing, however at some point
increasing the complexity and dimensionality of the prob-
lem forces one to use stochastic methods. Lattice QCD cal-
culations are a prominent example set of adjacent problems
sampling from theoretical distributions that make extensive
use of MCMC approaches [40]. MCMC algorithms intro-
duce an orthogonal set of challenges to IS; a local proposal
is inherently simpler to construct, however issues with explo-
ration of multimodal target distributions and autocorrelation
of samples become new challenges to address.

Nested Sampling (NS) is a well established algorithm for
numerical evaluation of high dimensional integrals [37]. NS
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differs from typical MCMC samplers as it is primarily an
integration algorithm, hence by definition has to overcome
a lot of the difficulties MCMC samplers face in multimodal
problems. A recent community review of its various applica-
tions in the physical sciences, and various implementations
of the algorithm has been presented in [41].

At its core NS operates by maintaining a number, njjye, Of
live point samples. This ensemble of live points is initially
uniformly sampled from 6 € [0, 1]° — distributed in the
physical volume §2 according to the shape of the mapping
I1. These live points are sorted in order of £(#) evaluated at
the phase space point, and the point with the lowest £, Luin,
in the population is identified. A replacement for this point is
found by sampling uniformly under a hard constraint requir-
ing, £ > Lpin. The volume enclosed by this next iteration
of live points has contracted and the procedure of identifying
the lowest £ point and replacing it is repeated. An illustra-
tion of three different stages of this iterative compression on
an example two-dimensional function are shown in Fig. 1.
The example function used in this case has four identical
local maxima to find, practical exploration and discovery of
the modes is achieved by having a sufficient (O (10)) initial
samples in the basis of attraction of each mode. This can
either be achieved by brute force sampling a large number of
initial samples, or by picking an initial mapping distribution
that better reflects the multi-modal structure. By continually
uniformly sampling from a steadily compressing volume,
NS can estimate the density of points which is necessary for
computing an integral as given by Eq. (1). Once the itera-
tive procedure reaches a point where the live point ensemble
occupies a predefined small fraction of the initial volume,
Tc, the algorithm terminates. The fraction 7¢ can be char-
acterised as the termination criterion. The discarded points
throughout the evolution are termed dead points which can
be joined with the remaining live points to form a represen-
tative sample of the function, that can be used to estimate the
integral or to provide a random sample of events.

To estimate the integral and generate (weighted) random
samples, Nested Sampling achieves this by probabilistically
estimating the volume of the shell between the two outermost
points as approximately -— of the current live volume. The
volume X ; within the contour L ; — defined by the point with
Lmin — at 1terat10n Jj may therefore be estimated as,

X; = [ 46
E(@)>£j

= Xo=1,

X’flive_l
PXi|Xi_ ) = —L——
s nliveX?IE/T

Fig. 1 Schematic of live point evolution (blue dots) in Nested Sam-
pling, over a two-dimensional function whose logarithm is the negative
Himmelblau function (contours). Points are initially drawn from the
unit hypercube (top panel). The points on the lowest contours are suc-
cessively deleted, causing the live points to contract around the peak(s)
of the function. After sufficient compression is achieved, the dead points
(orange) may be weighted to compute the volume under the surface and
samples from probability distributions derived from the function

@ Springer

91



3 New sampling methods for efficiency improvements

678 Page 4 of 19

Eur. Phys. J. C (2022) 82:678

The cross section and probability weights can therefore
be estimated as,

o= fd@ﬁ(@) Z/dXE(X)
N AX.,‘L:J'

o

~ Z‘CjAva w;j 3
J

Importantly, for all of the above the approximation signs indi-
cate errors in the procedure of probabilistic volume estima-
tion, which are fully quantifiable.

The method to sample new live points under a hard con-
straint can be realised in multiple ways, and this is one of the
key differences in the various implementations of NS. In this
work we employ the POLYCHORD implementation of Nested
Sampling [38], which uses slice sampling [42] MCMC steps
to evolve the live points. NS can be viewed as being an ensem-
ble of many short Markov Chains.

Much of the development and usage of NS has focused
on the problem of calculation of marginal likelihoods (or
evidences) in Bayesian inference, particularly within the field
of Cosmology [43—48]. We can define the Bayesian evidence,
Z, analogously to the particle physics cross section, o. NS
in this context evaluates the integral,

z— f d0LO)T(6) . @)

where the likelihood function, £, plays a similar role to | M |2.
In the Bayesian inference context, the phase space over which
we are integrating, 6, has a measure defined by the prior dis-
tribution, 77 (6), which without loss of generality under a suit-
able coordinate transformation can be taken to be uniform
over the unit hypercube. Making the analogy between the
evidence and the cross section explicit will allow us to apply
some of the information theoretic metrics commonly used
in Bayesian inference to the particle physics context [49],
and provide terminology used throughout this work. Among
a wide array of sampling methods for Bayesian inference,
NS possesses some unique properties that enable it to suc-
cessfully compute the high dimensional integral associated
with Eq. (4). These properties also bear a striking similar-
ity to the requirements one would like to have to explore
particle physics phase spaces. These are briefly qualitatively
described as follows:

— NS is primarily a numerical integration method that pro-
duces posterior samples as a by product. In this respect
it is comfortably similar to Importance Sampling as
the established tool in particle physics event generation.
It might initially be tempting to approach the particle
physics event generation task purely as a posterior sam-
pling problem. Standard Markov Chain based sampling
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tools cannot generically give good estimates of the inte-
gral, so are not suited to compute the cross section. Addi-
tionally issues with coverage of the full phase space from
the resulting event samples are accounted for by default
by obtaining a convergent estimate of the integral over
all of the phase space.

— NS naturally handles multimodal problems [45,46]. The
iterative compression can be augmented by inserting
steps that cluster the live points periodically throughout
the run. Defining subsets of live points and evolving them
separately allows NS to naturally tune itself to the modal-
ity of unseen problems.

— NS requires a construction that can handle sampling
under a hard likelihood constraint in order to perform
the compression of the volume throughout the run. Hard
boundaries in the physics problem, such as un-physical
or deliberately cut phase space regions, manifest them-
selves in the sampling space as a natural extension of
these constraints.

— NSislargely self tuning. Usage in Bayesian inference has
found that NS can be applied to a broad range of prob-
lems with little optimisation of hyper-parameters neces-
sary [50-52]. NS can adapt to different processes in parti-
cle physics without any prior knowledge of the underlying
process needed.

The challenge to present NS in this new context is to find
an even comparison of sampling performance between NS
and IS. It is typical in phase space sampling to compare the
difference between the target and the sampling distribution as
reducing the variation between these two distributions gives
a clear metric of performance for IS. For NS there is no such
global sampling distribution; the closest analogue being the
prior which is then iteratively refined with local proposals
to an estimate of the target. In Sect. 2.1 we attempt to com-
pare the sampling distribution between NS and IS using a
toy problem, however in the full physical gluon scattering
example presented in Sect. 3 we instead focus directly on the
properties of the estimated target distribution as this is the
most direct equitable point of comparison.

2.1 Illustrative example

To demonstrate the capabilities of NS we apply the algorithm
to an illustrative sampling problem in two dimensions. Fur-
ther examples validating POLYCHORD on a number of chal-
lenging sampling toy problems are included in the original
paper [38], here we present a modified version of the Gaus-
sian Shells scenario. An important distinction of the phase
space use case not present in typical examples is the empha-
sis on calculating finely binned differential histograms of the
total integral. As a comparison to NS, we sample the same
problem with a method that is well-known in high energy
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physics — adaptive Importance Sampling (IS), realised using
the VEGAS algorithm.

For our toy example we introduce a “stop sign” target
density, whose unnormalised distribution is defined by

1 Ar
x,)) = —
S (V&30P T 0302 — o)+ (ar2
1
V& —x0)2 + (v — y0)2

n 1 Ar
27ro ((y — yo) — (x — x0))? + (Ar)?

e (ro — a0+ - yo)2) : )

where ® (x) is the Heaviside function. It is the sum of a ring
and a line segment, both with a (truncated) Cauchy profile.
The ring is centred at (xg, yo) = (0.5, 0.5) and has a radius
of ro = 0.4. The line segment is located in the inner part
of the ring and runs through the entire diameter. We set the
width of the Cauchy profile to Ar = 0.002. This distribution
can be seen as an example of a target where it makes sense to
tackle the sampling problem with a multi-channel distribu-
tion. One channel could be chosen to sample the ring in polar
coordinates and one to sample the line segment in Cartesian
coordinates. However, here we deliberately use VEGAS as a
single channel in order to highlight the limitations of the algo-
rithm. From the perspective of a single channel, there is no
coordinate system to factorise the target distribution. That
poses a serious problem for VEGAS, as it uses a factorised
sampling distribution where the variables are sampled indi-
vidually. Both algorithms are given zero prior knowledge of
the target, thus starting with a uniform prior distribution.
Our VEGAS grid has 200 bins per dimension. We train it
over 10 iterations where we draw 30k points from the current
VEGAS mapping and adapt the grid to the data. The distribu-
tion defined by the resulting grid is then used for IS without
further adaptation. This corresponds to the typical use in an
event generator, where there is first an integration phase in
which, among other things, VEGAS is adapted, followed by
a non-adaptive event generation phase. We note that VEGAS
gets an advantage in this example comparison as we do not
include the target evaluations from the training into the count-
ing. However, it should be borne in mind that in a realistic
application with a large number of events to be generated,
the costs for training are comparatively low. For NS we use
POLYCHORD with a number of live points njye = 1000 and
a chain length nyepears = 4, more complete detail of POLY-
CHORD settings and their implication are given in Sect. 3.1.
Figure 2a shows the bivariate target distribution along with
the marginal x and y distributions of the target, VEGAS and
POLYCHORD. For this plot (as well as for Fig. 2c) we merged
70 independent runs of POLYCHORD to get a better visual
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Fig. 2 A two-dimensional toy example: a Histogram of the target
function along with the marginal sampling distributions of VEGAS and
POLYCHORD. b Ratio of the target function and the probability density
function of VEGAS. ¢ Ratio of the target density to the sampling density
of POLYCHORD

@ Springer

93



3 New sampling methods for efficiency improvements

678 Page 6 of 19

Eur. Phys. J. C (2022) 82:678

representation due to the larger sample size. It can be seen
that both algorithms reproduce the marginal distributions rea-
sonably well. There is some mismatch at the boundaries for
VEGAS. This can be explained by the fact that VEGAS, as a
variance-reduction method, focuses on the high-probability
regions, where it puts many bins, and uses only few bins for
the comparably flat low-probability regions. As a result, the
bins next to the boundaries are very wide and overestimate
the tails. POLYCHORD also oversamples the tails, reflecting
the fact that in this example the prior is drastically different
from the posterior, meaning the initial phase of prior sam-
pling in POLYCHORD is very inefficient. In addition it puts
too many points where the ring and the line segment join,
which is where we find the highest values of the target func-
tion. This is not a generic feature of NS at the termination
of the algorithm, rather it reflects the nature of having two
intersecting sweeping degenerate modes in the problem, a
rather unlikely scenario in any physical integral.

Figure 2b shows the ratio between the target distribution
and the sampling distribution of VEGAS, representing the IS
weights. It can be seen that the marginals of the ratio are
relatively flat, with values between 0.1 and 5.7. However,
in two dimensions the ratio reaches values up to 1 x 1072,
By comparing Fig. 2a and b, paying particular attention to
the very similar ranges of function values, it can be deduced
that VEGAS almost completely misses to learn the structure
of the target. It tries to represent the peak structure from the
ring and the line segment by an enclosing square with nearly
uniform probability distribution.

The same kind of plot is shown in Fig. 2¢c for the POLY-
CHORD data. NS does not strictly define a sampling distribu-
tion, however a proxy for this can be visualised by plotting
the density of posterior samples. Here the values of the ratio
are much smaller, between 1 x 10~2 and 7. POLYCHORD
produces a flatter ratio function than VEGAS while not intro-
ducing additional artifacts that are not present in the original
function. The smallest/largest values of the ratio are found in
the same regions as the smallest/largest values of the target
function, implying that POLYCHORD tends to overestimate
the tails and to underestimate the peaks. This can be most
clearly explained by examining the profile of where poste-
rior mass is distributed throughout a run, an important diag-
nostic tool for NS runs [53]. It is shown in Fig. 3, where the
algorithm runs from left to right; starting with the entire prior
volume remaining enclosed by the live points, log X = 0, and
running to termination, when the live points contain a van-
ishingly small remaining prior volume. The posterior mass
profile, shown in blue, is the analogue to the sampling density
in VEGAS. To contextualise this against the target function,
a profile of the log-likelihood of the lowest live point in the
live point ensemble is similarly shown as a function of the
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Fig. 3 Likelihood (log £) and posterior mass (£X) profiles for a run of
POLYCHORD on the example target density. The x-axis tracks the prior
volume remaining as the run progresses, with log X = 0 corresponding
to the start of the run, with the algorithm compressing the volume from
left to right, where the run terminates

remaining prior volume, X. Nested Sampling can be moti-
vated as a likelihood scanner, sampling from monotonically
increasing likelihood shells. These two profiles indicate some
features of this problem, firstly a phase transition is visible in
the posterior mass profile. This occurs when the degenerate
peak of the ring structure is reached, the likelihood profile
reaches a plateau where the iterations kill off the degenerate
points at the peak of the ring, before proceeding to scan up the
remaining line segment feature. An effective second plateau
is found when the peak of the line segment is reached, with
a final small detail being the superposition of the ring likeli-
hood on the line segment. Once the live points are all occu-
pying the extrema of the line segment, there is a sufficiently
small prior volume remaining that the algorithm terminates.
The majority of the posterior mass, and hence sampling den-
sity is distributed around the points where the two peaks are
ascended. This reflects the stark contrast between the prior
initial sampling density and the target, the samples are nat-
urally distributed where the most information is needed to
effectively compress the prior to the posterior.

We compare the efficiencies of the two algorithms for
the generation of equal-weight events in Table 1. It shows
that POLYCHORD achieves an overall efficiency of € =
0.0113(90) which is almost three times as high as the effi-
ciency of VEGAS. While for VEGAS the overall efficiency €
is identical to the unweighting efficiency €y, determined
by the ratio of the average event weight over the maximal
weight in the sample, for POLYCHORD we also have to take
the slice sampling efficiency €gs into account, which results
from the thinning of the Markov Chain in the slice sampling
step. Here, the total efficiency € = €g€yy is dominated by the
slice sampling efficiency. We point out that it is in the nature
of the NS algorithm that the sample size is not determinis-
tic. However, the variance is not very large and it is easily
possible to merge several NS runs to obtain a larger sample.
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Table 1 Comparison of VEGAS and NS for the toy example in terms of
size of event samples produced. N, gives the number of target evalua-
tions, Ny the number of weighted events and Nequar the derived number
of equal weight events. A MC slice sampling efficiency, €, is listed for

NS. A total, €, and unweighting, €,, efficiency are listed for both algo-
rithms. We report the mean and standard deviation of ten independent
runs of the respective algorithm

Algorithm N €ss Nw €uw Nequal €
VEGAS 300,000 300,000 0.004(2) 1267 (460) 0.004 (2)
NS 308,755 (17505) 0.041 (3) 12,669 (147) 0.273 (7) 3462 (96) 0.0113 (9)

Table 2 Comparison of integrals calculated in the toy example with
VEGAS and NS, along with the respective uncertainties

Algorithm I Aoiot Ay AmMc
VEGAS 1.71 0.02 0.02
NS 1.65 0.05 0.04 0.02

Table 2 shows the integral estimates along with the corre-
sponding uncertainty measures. While the pure Monte Carlo
errors are of the same size for both algorithms, there is an
additional uncertainty for NS. It carries an uncertainty on
the weights of the sampled points, listed as A,,. This arises
due to the nature of NS using the volume enclosed by the
live points at each iteration to estimate the volume of the
likelihood shell. The variance in this volume estimate can be
sampled, which is reflected as a sample of alternative weights
for each dead point in the sample. Summing up these alter-
native weight samples gives a spread of predictions for the
total integral estimate, and the standard deviation of these
is quoted as A,,. This additional uncertainty compounds the
familiar statistical uncertainty, listed as Apc for all calcu-
lations. In Appendix A, we present the procedure needed to
combine the two NS uncertainties to quote a total uncertainty,
Aoy, as naively adding in quadrature will overestimate the
true error.

3 Application to gluon scattering

As a first application and benchmark for the Nested Sam-
pling algorithm, we consider partonic gluon scattering pro-
cesses into three-, four- and five-gluon final states at fixed
centre-of-mass energies of /s = 1TeV. These channels
have a complicated phase space structure that is similar to
processes with quarks or jets, while the corresponding ampli-
tude expressions are rather straightforward to generate. The
fixed initial and final states allow us to focus on the under-
lying sampling problem. For regularisation we apply cuts
to the invariant masses of all pairs of final state gluons such
thatm;; > 30 GeV and on the transverse momenta of all final
state gluons such that pt; > 30 GeV. The renormalisation
scaleis fixed to g = /5. The matrix elements are calculated

using a custom interface between POLYCHORD and the matrix
element generator AMEGIC [5] within the SHERPA event gen-
erator framework [54]. Three established methods are used to
provide benchmarks to compare NS to. Principle comparison
is drawn to the HAAG sampler, optimised for QCD antenna
structures [55], illustrating the exploration of phase space
with the best a priori knowledge of the underlying physics
included. It uses a cut-off parameter of so = 900 GeV>.
Alongside this, two algorithms that will input no prior knowl-
edge of the phase space, i.e. the integrand, are used; adaptive
importance sampling as realised in the VEGAS algorithm [§]
and a flat uniform sampler realised using the RAMBO algo-
rithm [56,57]. VEGAS remaps the variables of the RAMBO
parametrisation using 50, 70, 200 bins per dimension for the
three-, four-, and five-gluon case, respectively. The grid is
trained in 10 iterations using 100k training points each. Note,
the dimensionality of the phase space for n-gluon production
is D = 3n—4, where total four-momentum conservation and
on-shell conditions for the external particles are implicit.

As a first attempt to establish NS in this context, we treat
the task of estimating the total and differential cross sections
of the three processes starting with no prior knowledge of
the underlying phase space distribution. For the purposes of
running POLYCHORD we provide the flat RAMBO sampler as
the prior, and the likelihood function provided is the squared
matrix element. In contrast to HAAG, POLYCHORD performs
the integration without any decomposition into channels,
removing the need for any multichannel mapping. NS is a
flexible procedure, and the objective of the algorithm can
be modified to perform a variety of tasks, a recent example
has presented NS for computation of small p-values in the
particle physics context [58]. To establish NS for the task
of phase space integration in this study, a standard usage of
POLYCHORD is employed, mostly following default values
used commonly in Bayesian inference problems.

The discussion of the application of NS to gluon-scattering
processes is split into four parts. Firstly, the hyperparam-
eters and general setup of POLYCHORD are explained in
Sect. 3.1. In Sect. 3.2 a first validation of NS performing
the core tasks of (differential) cross-section estimation from
weighted events — against the HAAG algorithm — is pre-
sented. In Sect. 3.3 further information is given to contex-
tualise the computational efficiency of NS against the alter-
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Table 3 POLYCHORD hyperparameters used for this analysis, parame-
ters not listed follow the POLYCHORD defaults

Parameter POLYCHORD Value Description
name
Number of Ndim [5,8,11] Dimension of sampling
dimensions space
Number of live  njjve 10,000 Resolution of the
points algorithm
Number of Trep ngim X 2 Length of Markov
repeats chains
Number of prior = 7prior Nlive Number of initial
samples samples from prior
Boost posterior Nrep Write out maximum
number of posterior
samples

native established tools for these tasks. Finally a considera-
tion of unweighted event generation with NS is presented in
Sect. 3.4.

3.1 POLYCHORD hyperparameters

The hyperparameters chosen to steer POLYCHORD are listed
in Table 3. These represent a typical set of choices for a high
resolution run with the objective of producing a large num-
ber of posterior samples. The number of live points is one
of the parameters that is most free to tune, being effectively
the resolution of the algorithm. Typically njjye larger than
O (1000) gives diminishing returns on accuracy, Bayesian
inference usage in particle physics has previously employed
nive = 4000 [59] to provide some context for the choice
made in this work. The particular event generation use case,
partitioning the integral into arbitrarily small divisions (dif-
ferential cross sections), logically favours a large njjye (res-
olution). The number of repeats is a parameter that controls
the length of the slice sampling chains, the value chosen
is the recommended default for reliable posterior sampling,
whereas nrep = ngim X 5 is recommended for evidence (total
integral) estimation. As this study aims to cover both differ-
ential and total cross sections, the smaller value is favoured
as there is a strong limit on the overall efficiency imposed
by how many samples are needed to decorrelate the Markov
Chains.

An important point to note is in how POLYCHORD treats
unphysical values of the phase space variables, e.g. if they
fall outside the fiducial phase space defined by cuts on the
particle momenta. This is not an explicit hyperparameter of
POLYCHORD, rather how the algorithm treats points with zero
likelihood. In both the established approaches and in POLY-
CHORD the sampling is performed in the unit hypercube,
which is then translated to the physical variables which can
be evaluated for consistency and rejected if they are not phys-
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ically valid. One of the strengths of NS is that the default
behavior is to consider points which return zero likelihood!
as being excluded at the prior level. During the initial prior
sampling phase, unphysical points are set to log-zero and the
sampling proceeds until 7o initial physical samples have
been obtained. Provided each connected physical region con-
tains some live points after this initial phase, the iterative
phase of MCMC sampling will explore up to the unphysi-
cal boundary. This effect necessitates a correction factor to
be applied to the integral, derived as the ratio of total initial
prior samples to the physically valid prior samples. In prac-
tice the correction factor is found in the prior_info file
written out by POLYCHORD. An uncertainty on this correc-
tion can be derived from order statistics [60], however it was
found to be negligibly small for the purposes of this study so
is not included.

Another standout choice of hyperparameter is the chosen
value of npror. The number of prior samples is an impor-
tant hyperparameter that would typically be set to some
larger multiple of nje in a Bayesian inference context,
Nprior = 10 X nj3ve would be considered sensible for a broad
range of tasks. For the purpose of generating weighted events,
using a larger value would generally be advantageous, how-
ever increasing nprior Will strongly decrease the efficiency
in generating unweighted events. As the goal is to construct
a generator taking an uninformed prior all the way through
to unweighted events, the default value listed is used. How-
ever it is notable that this is a particular feature of starting
from an uninformed prior, if more knowledge were to be
included in the prior then a longer phase of prior sampling
becomes advantageous. The final parameter noted, the factor
by which to boost posterior samples, has no effect on POLY-
CHORD at runtime. Setting this to be equal to the number
of repeats simply writes out the maximum number of dead
points, hence is needed in this scenario. All plots and tables
in the remainder of this section are composed of one single
run of POLYCHORD with these settings, with the additional
entries in Table 4 demonstrating a join of ten such runs.

3.2 Exploration and integrals

Before examining the performance of NS in detail, it is
first important to validate that the technique is capable of
fully exploring particle physics phase spaces in these cho-
sen examples. The key test to validate this is to compare
if various differential cross sections calculated with NS are
statistically consistent with the established techniques. To do
this, a single NS and HAAG sample of weighted events is pro-
duced, using approximately similar levels of computational

! Since POLYCHORD operates in log space, to avoid the infinity associ-
ated with log(0), log-zero is defined as a settable parameter. By default
this is chosen to —1 x 102>,
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Table 4 Comparison of integrals calculated for the three-, four- and five-gluon processes using RAMBO, VEGAS, NS and HAAG, along with the

respective uncertainties

Process Algorithm o Aoior Ay Amc
3-jet RAMBO 24.580 0.191 0.191
VEGAS 24.807 0.017 0.017
NS 24.669 0.467 0.484 0.100
NS (x10) 24.888 0.145 0.150 0.030
HAAG 24.840 0.017 0.017
4-jet RAMBO 9.876 0.107 0.107
VEGAS 9.849 0.009 0.009
NS 9.837 0.194 0.196 0.036
NS (x10) 9.778 0.064 0.066 0.011
HAAG 9.853 0.006 0.006
5-jet RAMBO 2.644 0.024 0.024
VEGAS 2.680 0.003 0.003
NS 2.612 0.051 0.048 0.009
NS (x10) 2.667 0.017 0.017 0.003
HAAG 2.685 0.001 0.001

overhead (more detail on this is given in Sect. 3.3). Both sets
of weighted events are analysed using the default MC_JETS
RIVET routine [61]. RIVET produces binned differential cross
sections as functions of various physical observables of the
outgoing gluons. For each process, the total cross section
for the NS sample is normalised to the HAAG sample, and a
range of fine grained differential cross sections is calculated
using both algorithms covering the following observables;
Ni> Yi> PT,i> A¢,‘j, mij, ARij, A)]ij, where i # j label the
final state jets, reconstructed using the anti-k7 algorithm [62]
with a radius parameter of R = 0.4 and pt > 30GeV. The
normalised difference between the NS and HAAG differential
cross section in each bin can be computed as,

_ doHAAG — doNs
> 2
V Atiaac T ARs

in effect this is the differences between the two algorithms
normalised by the combined standard deviation. By sum-
ming up this y deviation across all the available bins in each
process, a test to see if the two algorithms are convergent
within their quoted uncertainties can be performed. Since
over 500 bins are populated and considered in each process,
it is expected that the rate of these x deviations should be
approximately normally distributed. This indeed appears to
hold, and these summed density estimates across all observ-
ables are shown in Fig. 4, alongside an overlaid normal distri-
bution with mean zero and variance one, NV (0, 1), to illustrate
the expected outcome. Two example variables that were used
to build this global deviation are also shown; the leading jet

(6)

pr in Fig. 5a and A Rj;, the distance of the two leading jets
in the (7, ¢) plane, in Fig. 5b.

The composition of the quoted uncertainty for the two
algorithms differs, demonstrating an important feature of an
NS calculation. For HAAG, and IS in general, it is conven-
tional to quote the uncertainty as the standard error from the
effective number of fills in a bin. Nested Sampling on the
other hand introduces an uncertainty on the weights used
to fill the histograms themselves, effectively giving rise to
multiple weight histories that must be sampled to derive the
correct uncertainty on the NS calculation. Details on this cal-
culation are supplied in Appendix A. In summary the alter-
native weight histories give an overlapping measure of the
statistical uncertainty, so this effect must be accounted for
in situ alongside taking the standard deviation of the weight
histories. To contextualise this, the middle panels in Fig. 5
show the correct combined uncertainty (using the recipe from
Appendix A) as a grey band, against the bands derived from
the standard error of each individual algorithm (henceforth
Awmc) as dashed lines, and the complete NS error treatment
as a dotted line. The standard error (dashed) NS band in these
panels is a naive estimation of the full NS uncertainty (dot-
ted), however this illustrates an important point; at the level
of fine grained differential observables the NS uncertainty is
dominated by statistics and is hence reducible as one would
expect by repeated runs. Based on the example observables
we can initially conclude that whilst both algorithms appear
compatible, when using weighted events NS generally has a
larger uncertainty than HAAG across most of the range (given
aroughly equivalent computational overhead). However, fur-
ther inspection of the resulting unweighted event samples
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equivalent deviation rate is shown for comparison

derived from these weighted samples in the remaining sec-
tions reveals a more competitive picture between the two
algorithms.

The estimates of the total cross sections, derived from
the sum of weighted samples, provided in Table 4, give an
alternative validation that NS is sufficiently exploring the
phase space by ensuring that compatible estimates of the
cross sections are produced between all the methods reviewed
in this study. The central estimates of the total cross sections
are generally consistent within the established error sources
for all calculations considered. In this table the components
of the error calculation for NS are listed separately; A,, being
the standard deviation resulting from the alternative weight
histories and Apc being the standard error naively taken
from the mean of the alternative NS weights. In contrast to
the differential observables, the naive counting uncertainty
is small so has negligible effect at the level of total cross
sections. In summary, for a total cross section the spread of
alternative weight histories gives a rough estimate of the total
error, whereas for a fine grained differential cross section the
standard error dominates. The way to correctly account for
the effect of counting statistics within the weight histories is
given in Appendix A.

Repeated runs of NS will reduce these uncertainties. The
anesthetic package [63] is used to analyse the NS runs
throughout this paper, and contains a utility to join samples.
Once samples are joined consistently into a larger sample, the
uncertainties can be derived as already detailed. The result of
joining 10 equivalent NS runs with the previously motivated
hyperparameters is also listed in Table 4. Joining 10 runs
affects the Aoy for NS in two ways; reducing the spread
of weighted sums composing A,, (i.e. reducing Apic), and
reducing the variance of distribution for each weight itself
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(i.e. the part of A,, that does not overlap with Apic). The
former is reduced by simply having an increased size of sam-
ples produced, increasing the number of effective fills by a
factor of ~10 in this case, with the latter reduced due to the
increased effective number of live points used for the volume
estimation.

3.3 Efficiency of event generation

An example particle physics workflow on this gluon scat-
tering problem would be to take HAAG as an initial map-
ping of the phase space (effectively representing the best
prior knowledge of the problem), and using VEGAS to refine
the proposal distribution to optimally efficiently generate
weighted events. Of the three existing tools presented in this
study for comparison (HAAG, RAMBO, and VEGAS), NS bears
most similarity to VEGAS, in that both algorithms learn the
structure of the target integrand. To this end an atypical usage
of VEGAS is employed, testing how well VEGAS could learn
a proposal distribution from an uninformed starting point
(RAMBO). This is equivalent to how NS was employed, start-
ing from an uninformed prior (RAMBO) and generating pos-
terior samples via Nested Sampling. It was motivated so far
that roughly similar computational cost was used for the pre-
vious convergence checks, and that the hyperparameters of
POLYCHORD were chosen to emphasise efficient generation
of unweighted events. In what follows, we analyse more pre-
cisely this key issue of computational efficiency.

The statistics from a single run of the four algorithms for
the three selected processes is listed in Table 5. NS is non
deterministic in terms of number of matrix element evalua-
tions (N), instead terminating from a pre determined con-
vergence criterion of the integral. HAAG, VEGAS, RAMBO
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Table 5 Comparison of the four algorithms for the three processes
in terms of size of event samples produces. N, gives the number of
matrix element evaluations, Ny the number of weighted events, Ny cff
the effective number of weighted events and Negual the derived number

of equal-weight events. A MC slice sampling efficiency, €, is listed
for NS. A total, €, and an unweighting, €, efficiency are listed for all
algorithms

Process Algorithm N, (x10% €ss Nw (x10% Euw Nequal (x10% €

3-jet RAMBO 10.00 10.00 0.0001 0.001 0.0001
VEGAS 10.00 10.00 0.02 0.20 0.02
NS 6.43 0.03 0.17 0.37 0.06 0.01
HAAG 10.00 10.00 0.03 0.29 0.03

4-jet RAMBO 10.00 10.00 0.00003 0.0003 0.00003
VEGAS 10.00 10.00 0.005 0.049 0.005
NS 7.94 0.02 0.19 0.43 0.08 0.01
HAAG 10.00 10.00 0.02 0.23 0.02

5-jet RAMBO 10.00 10.00 0.00004 0.0004 0.00004
VEGAS 10.00 10.00 0.001 0.013 0.001
NS 9.17 0.02 0.19 0.44 0.08 0.01
HAAG 10.00 10.00 0.03 0.25 0.03

are all used to generate exactly 10M weighted events. The
chosen POLYCHORD hyperparameters roughly align the NS
method with the other three in terms of computational cost.
One striking difference comes from the Markov Chain nature
of NS. Default usage only retains a fraction of the total £
evaluations, inversely proportional to 7ep. This results in a
smaller number of retained weighted events, Ny, than the
number of £ evaluations, N, for NS. However the retained
weighted events by construction match the underlying dis-
tribution much closer than the other methods, resulting in
a higher unweighting efficiency, €,y, for the NS sample.
Exact equal-weight unweighting can be achieved by accept-
ing events with a probability proportional to the share of the
sample weight they carry, this operation is performed for
all samples of weighted events and the number of retained
events is quoted as Nequal- NS as an unweighted event gen-
erator has some additional complexity due to the uncertainty
in the weights themselves, this is given more attention in
Sect. 3.4.

Due to differences in Np between NS and the other
methods, it is most effective to compare the total effi-
ciency in producing unweighted events, € = Nequal/Nf.
RAMBO as the baseline illustrates the performance one would
expect, inputting no prior knowledge and not adapting to
any acquired knowledge. As such RAMBO yields a tiny €.
HAAG represents the performance using the best state of prior
knowledge but without any adaptation, in these tests this
represents the best attainable €. VEGAS and NS start from
a similar point, both using RAMBO as an uninformed state
of prior knowledge, but adapting to better approximate the
phase space distribution as information is acquired. VEGAS
starts with a higher efficiency than NS for the 3-gluon pro-
cess, but the VEGAS efficiency drops by approximately an
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order of magnitude as the dimensionality of phase space is
increased to the 5-gluon process. NS maintains a consistent
efficiency of approximately a percent, competitive with the
consistent approximately three percent efficiency obtained
by HAAG.

As the key point of comparison for this issue is the effi-
ciency, €, this is highlighted with an additional visualisation
in Fig. 6. The scaling behavior of the efficiency of each algo-
rithm as a function of the number of outgoing gluons (cor-
responding to an increase in phase space dimensionality) is
plotted for NS, HAAG and VEGAS. From the same starting
point, NS and VEGAS can both learn a representation of the
phase space, and do so in a way that yields a comparable effi-
ciency to the static best available prior knowledge in HAAG.
As the dimensionality of the space increases it appears that
VEGAS starts to suffer in how accurately it can learn the map-
ping, however NS is still able to learn the mapping in a con-
sistently efficient manner.

3.4 Unweighted event generation

The fact that NS leads to a set of alternative weight his-
tories poses a technical challenge in operating as a gener-
ator of unweighted events in the expected manner. Exact
unweighting, compressing the weighted sample to strictly
equally weighted events leads to a different set of events
being accepted for each weight history. Representative yields
of unweighted events can be calculated as shown in Table 5
using the mean weight for each event, but the resulting dif-
ferential distributions will underestimate the uncertainty if
this is quoted simply as the standard error in the bin, as
described in Appendix A. The correct uncertainty recipe
can be propagated through naively, by separately unweight-
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Fig. 6 Visualisation of the efficiencies listed in Table 5

ing each weight history, however this requires saving as
many event samples as required weight variations. Partial
unweighting is commonly used in HEP event generation to
allow a slight deviation from strict unit weights, to increase
efficiency in practical settings. A modification to the partial
unweighting procedure could be used to propagate the spread
of weights to variations around accepted, approximate unit
weight, events.

To conclude the exploration of the properties of NS as
a generator for particle physics, a representative physical
distribution calculated from a sample of exact unit-weight
events is shown in Fig. 7. This sample is derived from the
same weighted sample described in Table 5 and previously
presented as a weighted event sample in Fig. 5a. The full
set of NS variation weights is used to calculate the mean
weight for each event, which is used to unweight the sample,
for the chosen observable this is a very reasonable approx-
imation as the fine binning means the standard error is the
dominant uncertainty. The range of the leading jet transverse
momenta has been extended into the tail of this distribution
by modifying the default RIVET routine. This distribution
largely reflects the information about the total efficiency pre-
viously illustrated in Fig. 6, projected onto a familiar differ-
ential observable. The total efficiency, €, was noted as being
approximately one percent from NS, compared to approxi-
mately three percent from HAAG across all processes. If the
total number of matrix element evaluations, N, were to be
made equal across all algorithms and processes, the perfor-
mance would be further consistent.

4 Future research directions

Throughout Sect. 3, the performance of Nested Sampling
in the context of particle physics phase space sampling and
event generation was presented. A single choice of hyperpa-

rameters was made, effectively performing a single NS run
as an entire end-to-end event generator; starting from zero
knowledge of the phase space all the way through to gener-
ating unweighted events. Simplifying the potential options
of NS to a single version of the algorithm was a deliberate
choice to more clearly illustrate the performance of NS in
this new context, using the same settings for multiple tasks
gives multiple orthogonal views on how the algorithm per-
forms. However this was a limiting choice, NS has a number
of variants and applications that could more effectively be
tuned to a subset of the tasks presented. Some of the possi-
ble simple alterations — such as increasing nprior t0 improve
weighted event generation at the expense of unweighting effi-
ciency — were motivated already in this paper. In this section
we outline four broad topics that extend the workflow pre-
sented here, bringing together further ideas from the worlds
of Nested Sampling and phase space exploration.

4.1 Physics challenges in event generation

The physical processes studied in this work, up to 5-gluon
scattering problems, are representative of the complexity
of phase space calculation needed for the current precision
demands of the LHC experiment collaborations [64]. How-
ever part of the motivation for this work, and indeed the
broader increased interest in phase space integration meth-
ods, is due to the impending breaking point current pipelines
face under the increased precision challenges of the HL-LHC
programme. Firstly we observe that the phase space dimen-
sionality of the highest multiplicity process studied here is
11. In broader Bayesian inference terms this is rather small,
with NS being typically used for problems O (10) to O (100)
dimensions, where it is uniquely able to perform numerical
integration without approximation or strictly matching prior
knowledge. The POLYCHORD implementation is styled as
next-generation Nested Sampling, designed to have polyno-
mial scaling with dimensionality aiming for robust perfor-
mance as inference is extended to O (100) dimensions. Ear-
lier implementations of NS, such as MULTINEST [46], whilst
having worse dimensional scaling properties, may be a useful
avenue of investigation for the lower dimensional problems
considered in this paper.

This work validated NS in a context where current tools
still can perform the required tasks, albeit at times at immense
computational costs. Requirements from the HL-LHC strain
the existing LHC event generation pipeline in many ways
and pushing the sampling problem to higher dimensions is
no exception [2]. Importance Sampling becomes exponen-
tially more sensitive to how close the proposal distribution
matches the target in higher dimensions, a clear challenge for
particle physics in two directions; multileg processes rapidly
increasing the sampling dimension [65] and corresponding
radiative corrections (real and virtual) make it increasingly
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Fig. 7 The equivalent leading jet transverse momentum observable as calculated in Fig. 5a, using an exact unit weight compression of the same
samples. A modified version of the default MC_JETS routine has been used to extend the pt range shown

hard to provide an accurate proposal, e.g. through the sheer
number of phase space channels needed and by having to
probe deep into singular phase space regions [66]. We pro-
pose that NS is an excellent complement to further investiga-
tion on both these fronts. The robust dimensional scaling of
NS illustrated against VEGAS in Fig. 6 encapsulates both solid
performance with increasing dimension, and the adherence
to an uninformed prior whilst still attaining this scaling is
promising for scenarios where accurate proposals are harder
to construct.

4.2 Using prior knowledge

Perhaps the most obvious choice that makes the application
here stylised is in always starting from an uninformed prior
state of knowledge. Using Equations (2) and (4), the cross
section integral with a phase space mapping was motivated
as being exactly the Bayesian evidence integral with a choice
of prior. To that end there is no real distinction between tak-
ing the non-uniform HAAG distribution as the prior instead
of the flat RAMBO density that was used in this study. In this
respect NS could be styled as learning an additional compres-
sion to the posterior distribution, refining the static proposal
distributions typically employed to initiate the generation of
a phase space mapping (noting that this is precisely what
VEGAS aims to do in this context).
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Naively applying a non-flat mapping exposes the conflict-
ing aims at play in this set of problems however; efficiently
generating events from a strongly peaked distribution, and
generating high statistics estimates of the tails of the same
distribution. Taking a flat RAMBO prior is well suited to the
latter problem, whereas taking a HAAG prior is better suited
to the former. One particular hyperparameter of POLYCHORD
that was introduced can be tuned to this purpose; the num-
ber of prior samples, 7prior. If future work is to use a non flat,
partially informed starting point, increasing npyior well above
the minimum (equal to the number of live points required)
used in this study would be needed. A more complete direc-
tion for further work would be to investigate the possibility
of mixing multiple proposal distributions [67,68].

As ademonstration, we again apply NS to the toy example
of Sect. 2.1 but this time using a non-uniform prior distribu-
tion. While a good prior would be an approximation of the
target distribution, we choose to purposely miss an impor-
tant feature of the target, the straight line segment, that the
sampler still has to explore. Considering that in HEP appli-
cations the prior knowledge may be encoded in the mixture
distributions of a multi-channel importance sampler, this is
an extreme version of a realistic situation. As typically the
number of channels grows dramatically with increasing final-
state particle multiplicity, e.g. factorially when channels cor-
respond to the topologies of contributing Feynman diagrams,
one might choose to disable some sub-dominant channels in
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order to avoid a prohibitively large set of channels. However,
this would lead to a mis-modelling of the target in certain
phase-space regions.

Here we use only the ring part of the target, truncated on
a circle that covers the unit hypercube, as our prior. With-
out an additional coordinate transformation this prior would
not be of much use for VEGAS as the line part remains on
the diagonal. To sample from the prior, we first transform to
polar coordinates. Then we sample the angle uniformly and
the radial coordinate using a Cauchy distribution truncated to
the interval (0, 1/+/2]. In order to have good coverage of the
tails, despite the strongly peaked prior, we increase nprior to
50 x mjjve. This results in a total efficiency of € = 0.037(4),
more than three times the value obtained with a uniform
prior, cf. Table 1. While the unweighting efficiency reduces
to eyw = 0.17(2), the slice sampling efficiency increases to
€gs = 0.216(7). In Fig. 8 we show the ratio between the
target function and the POLYCHORD sampling distribution.
Compared to Fig. 2c, the ratio has a smaller range of values.
Along the peak of the ring part of the target function, the
ratio is approximately one. The largest values can be found
around the line segment with POLYCHORD generating up to
ten times less samples than required by the target distribution.
It can be concluded that even with an intentionally poor prior
distribution, POLYCHORD benefits from the prior knowledge
in terms of efficiency and still correctly samples the target
distribution including the features absent from the prior.

4.3 Dynamic nested sampling

In addition to using a more informed prior to initiate the
Nested Sampling process, a previous NS run can be used to
further tune the algorithm itself to a particular problem. This
is an existing idea in the literature known as dynamic Nested
Sampling [69]. Dynamic NS uses information acquired about
the likelihood shells in a previous NS run to varying the num-
ber of live points dynamically throughout the run. This results
in a more efficient allocation of the computation towards
the core aim of compressing the prior to the posterior. We
expect that this would only increase the efficiency of the
unweighting process, as the density of weighted events would
be trimmed to even more closely match the underlying phase
space density. Dynamic Nested Sampling naturally combines
with the proposal of using prior knowledge to make a more
familiar generator chain, however one that is driven primarily
by NS. This mirrors the current established usage of VEGAS
in this context; using VEGAS to refine the initial mapping
by a redistribution of the input variables, to more efficiently
generate from the acquired mapping.
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Fig. 8 The ratio of the target function of the two-dimensional toy
example and the probability density function of POLYCHORD using
a non-uniform prior distribution. Black histogram bins have not been
filled by any data due to limited sample size

4.4 Connection to modern machine learning techniques

There has been a great deal of recent activity coincident to
this work, approaching similar sets of problems in particle
physics event generation using modern Machine Learning
(ML) techniques [70]. Much of this work is still exploratory
in nature, and covers such a broad range of activity that com-
prehensively reviewing the potential for combining ML and
NS is beyond the scope of this work. It is however clear
that there is strong potential to include NS into a pipeline
that modern ML is already aiming to optimise. To that aim,
we identify a particular technique that has been studied pre-
viously in the particle physics context; using Normalising
Flows to train phase space mappings [29-31]. In spirit a flow
based approach, training an invertible probabilistic mapping
between prior and posterior, bears a great deal of similarity
to the core compression idea behind Nested Sampling. The
potential in dovetailing Nested Sampling with a flow based
approach has been noted in the NS literature [71], further
motivating the potential for synergy here.

The ability of NS to construct mappings of high dimen-
sional phase spaces without needing any strong prior knowl-
edge, can be motivated as being an ideal forward model with
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which to train a Normalising Flow. In effect this replaces the
generator part of the process with an importance sampler,
whilst still using NS to generate the mappings. This is par-
ticularly ideal in this context, as the computational overhead
required to decorrelate the Markov Chains imposes a harsh
limit on the efficiency of a pure NS based approach. Com-
bining these techniques in this way could retain the desirable
features of both and serve to mitigate the ever increasing
computational demands of energy frontier particle physics.

We close by noting that also in the area of lattice field
theory Normalising Flows have recently attracted attention,
see e.g. [72,73], to address the sampling of multimodal target
function. We envisage that also in these applications Nested
Sampling could be applied.

5 Conclusions

The establishing study presented here had two main aims.
Firstly to introduce the technique of Nested Sampling,
applied to a realistic problem, to researchers in the particle
physics community. Secondly to provide a translation back
to researchers working on Bayesian inference techniques,
presenting an important and active set of problems in parti-
cle physics that Nested Sampling could provide a valuable
contribution to. The physical example presented used POLY-
CHORD to perform an end-to-end generation of events with-
out any input prior knowledge. This is a stylised version of the
event generator problem, intended to validate Nested Sam-
pling in this new context and demonstrate some key features.
For the considered multi-gluon production processes Nested
Sampling was able to learn a mapping in an efficient manner
that exhibits promising scaling properties with phase space
dimension. We have outlined some potential future research
directions; highlighting where the strengths of this approach
could be most effective, and how to embed Nested Sam-
pling in a more complete event generator workflow. Along
these lines, we envisage an implementation of the Nested
Sampling technique for the SHERPA event generator frame-
work [54], possibly also supporting operation on GPUs [74].
This will provide additional means to address the computing
challenges for event generation posed by the upcoming LHC
runs.
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Appendix: Uncertainties in nested sampling

Typical Nested Sampling literature focuses on two main
sources of uncertainty; an uncertainty on the weights of the
dead points due to the uncertainty in the volume contraction
at each iteration, and an uncertainty on the overall volume
arising from the path the Markov Chain takes through the
space to perform each iteration. The former source is what
we consider in this work, and can be calculated as a sam-
ple of weights for each dead point using anesthetic. The
latter source can be estimated using the nestcheck pack-
age [75], the method presented here uses combinations of
multiple runs to form integral estimates meaning the best
strategy to minimise this effect is already baked in. Further
use cases would benefit from more thorough cross checks
using nestcheck.

The usual source of uncertainty in a binned histogram in
particle physics comes from the standard error. Importance
Sampling draws sample events with associated weights w;,
with the sum of these sample weights giving the estimated
cross section in a bin. The effective number of fills in a bin
using weighted samples is,

(X wi)2

N=-="2_
Ziwiz

(N

The inverse square root of N then constitutes the standard
error on the cross section in the bin. In practice this means that
the standard deviation of an integral estimated with Impor-

tance Sampling can be quoted as Ayc = /) ; (wl.z). In typ-
ical NS applications this is significantly smaller than the pre-
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viously mentioned sources, and thus often not considered.
However, when using NS as a phase space event genera-
tor for finely binned differential observables, the statistical
uncertainty can become a significant effect so must be taken
into account. Adding the standard error to the weight uncer-
tainty in quadrature is a suitable upper bound for the NS
uncertainty but is found to overestimate the uncertainty in
some bins. While the standard error gives a measure of the
spread of weights around the mean weight in a bin, alterna-
tive weights from the sampling history in NS also give an
overlapping measure of this.

To correctly account for the statistical error in this context
arevised recipe is needed. The following proposed procedure
reweights the alternative weight samples to account for the
spread of the resulting effective fills in each bin. The effective
number of entries in a bin arising from a NS run can be written
as,

(Zi wj,i)2

N; = :
D w?,i

®)

where i indexes the number of weighted samples in each
bin, and j indexes the alternative weights. The result of the
j sampled weight variations is a set of j different effective
counts in each bin. These counts can be modelled as j trials
of a multinomial distribution with j categories, written as,

j! N;
P<N|a>=WHaj-, ©)
J

where a probability of sampling each category, « ;, has been
introduced. The desired unknown distribution of o; can be
found using Bayes theorem to invert the arguments. If an
uninformative conjugate prior to the multinomial distribu-
tion is used, the Dirichlet distribution, the desired inverted
probability can also be written in the form of a Dirichlet
distribution,

Ni—1
o’

P@|N)=T[Y_N; ]_[F’(N_). (10)
J

F .

A sample vector of «; from this Dirichlet distribution, will
give a probability of observing each category N ;. This prob-
ability can be used to weight the categories giving a weighted
set of effective number of fills, {&; N;}. This considers each
alternative weight sample as a discrete sample from an under-
lying continuous distribution N; is sampled from. The set of
weighted effective fills can be used to quote a weighted set of
samples of the bin cross section by multiplying by the square
of the sum of the weights, {0} = {a;N; ) ; (w?’i)}. The esti-
mated cross section in the bin is then the expected value of this

set,0 = E[o;], and the total standard deviation on this cross
section is derived from the variance, Aoy = (Var|[o j])z.
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3.3 Comparison between the two approaches and opportunities for
synthesis

In sections 3.1.3 and 3.2.2, two very different approaches with a common goal are presented:
NFs as a replacement for the classic VEGAS algorithm in adaptive multichannel sampling, and
nested sampling as an alternative method for PS sampling. Both try to find an efficient way to
generate PS points whose distribution closely approximates the desired differential cross-section
distribution. In some sense, the NF approach is a minimal change to the current standard. It
does not change any of its guarantees and does not require changes to existing workflows, if
training and evaluation of the NFs is automated. Note, however, that the NFs benefit greatly
from running on GPUSs in a parallelized way, which are not yet available in standard workflows.
Nested sampling, on the other hand, is a fundamentally different sampling algorithm. Notable
differences include the non-deterministic number of events and the estimation of uncertainties.

In the examples considered in the publication, we have applied nested sampling without
any prior knowledge, and achieved impressive efficiencies and scaling. It can be expected
that the performance can be further improved by using an informed prior that implements
some of our physics knowledge, e.g. the location and shape of peaks in phase space. Such a
prior distribution can be provided in the form of a transformation from the unit hypercube
to the parameterization of the target function. This is reminiscent of the use of PS mappings
for importance sampling and it should be possible to construct prior distributions for nested
sampling based on these mappings. Consequently, it should also be possible to use adaptive
bijections like VEGAS and NFs to further tune these prior distributions to the target. Such an
approach was suggested and demonstrated for a cosmological application in ref. [263]. To deal
with the topological issues of NFs, e.g. in the case of multimodal targets, ref. [264] introduced
piecewise normalizing flows, where the target distribution is divided into clusters and an NF is
trained on each cluster. In this way, one can hope to combine the benefits of NFs and nested
sampling. Implementation and evaluation for HEP examples is left to future research.

Another approach that uses NFs for nested sampling was presented in ref. [265]. The authors
trained an NF on a set of live points to map their distribution to a Gaussian latent space. This
can then be used as a proposal to sample new live points within an iso-likelihood contour. If
the mapping is perfect, the complicated iso-likelihood contours in the target space are mapped
to spherical contours in the latent space, which are much easier to sample from. The idea then
is to take the current worst point, map it to latent space, and sample a new point in latent
space with a larger likelihood. The new point can be mapped back to target space, and serve
as a proposal for a new live point. Since the mapping is not perfect in practice, the proposals
have to be resampled to ensure their distribution matches the prior. To this end, the authors
proposed to use rejection sampling. Assuming a well-trained NF, the acceptance rate is high
and the method requires few likelihood evaluations to sample new live points. The method
is suited for applications where the likelihood is expensive to evaluate, such that the costs of
training the NF are offset by the reduced number of likelihood evaluations. The authors used
gravitational-wave inference as an example, finding that they were able to half the number of
likelihood evaluations required. In ref. [266], the method was further developed, including by
the use of a mixture of NFs.

108



4 Accelerating unweighted event generation

In chapter 3, two methods for the efficient generation of weighted scattering events, with
the possibility of unweighting them, are presented. Below we consider an alternative, com-
plementary approach. It targets solely unweighted event generation, and offers no benefits
for the generation of weighted events or for calculating the total cross-section. The idea is
to approximate a computationally expensive matrix element by a fast and accurate surrogate
in the form of a neural network. This surrogate is then used for unweighting by taking it as
the target in the rejection sampling step. Unavoidably, we introduce an error by doing this:
we accept or reject events based on the wrong probability, and therefore the distribution of
the unweighted events is biased. The key insight here is that this bias can be fully corrected
by introducing a second unweighting step, which uses the true value of the ME. However,
we only have to call the expensive true ME for those events that have been accepted in the
first unweighting step. Thus, if the first unweighting efficiency is sufficiently low, we can
significantly reduce the number of calls to the true ME and gain overall efficiency.

Animportant ingredient for the method is partial unweighting. This method is not introduced
in the previous chapters since it is not relevant to the discussion there. It is, however, a standard
method in MC event generation and routinely used. In the context of this chapter, it takes on a
more important role. Partial unweighting is therefore introduced in section 4.1.

The surrogate unweighting method was first published in the article titled ‘Accelerating
Monte Carlo event generation—rejection sampling using neural network event-weight es-
timates’ [11]. After a short introduction, the article is reprinted in section 4.2. In a second
article, ref. [12], the method was combined with the more sophisticated ME emulation model
of ref. [64]. This article is the subject of section 4.3. Section 4.4 concludes this chapter by
explaining the relationship of the two-step surrogate unweighting method to the efficiency
improvement methods presented in chapter 3.

4.1 Partial unweighting

Partial unweighting is based on the rejection sampling algorithm, which is introduced in
section 2.3.4. In section 2.3.5, it is furthermore explained why it is often desired to use rejection
sampling to generate unweighted event samples. To apply rejection sampling, a scaling factor
is needed that ensures that the proposal always lies above the target. Therefore, it has to
be at least as large as the maximum weight appearing in the weighted event sample. In
practical applications, though the maximum weight is typically unknown a priori, and has to
be determined somehow. One could search for the maximum using a blackbox optimization
algorithm, e.g. Nelder-Mead [267] or Basin-hopping [268]. However, this can take many
function evaluations and be very costly for target functions that are expensive to evaluate.
Therefore, another approach is typically used. It is necessary anyway to have an initial run
of the event generator where weighted events are generated and used to determine the total
cross-section, as well as to optimize the PS sampler. Thus, it is a natural idea to use this run
also to determine the maximum event weight. Note, however, that this can only be done after
the PS optimization has finished, since the maximum weight depends on the shape of the
sampling density.

It is clear that it is unlikely to find the global maximum from a finite event sample. Therefore,
it can happen that we use a scaling factor ¢ < wp,,, and later, during unweighting, encounter
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Figure 4.1: Partial unweighting applied to a one-dimensional target function.

events with weights larger than c. Technically, this means that they have an acceptance
probability larger than one, and will always be accepted. However, if we treat these events the
same as the other accepted events, this will distort their distribution and introduce a deviation
from the target distribution. This situation is demonstrated in fig. 4.1, where the scaled proposal
underestimates the target in the peak region. As a consequence, the second trial point, X, ,,
has an acceptance probability above one. The correct way to deal with such an event is to
assign a weight to it, given by

~ Wy Jxp)

T T aglx)” (4.1)

Since w; is always larger than one, we call it an overweight. The resulting event sample,
consisting of unit-weighted and overweighted events, is not properly unweighted any longer.
We call it a partially unweighted sample.

While at first glance it may not seem desirable to have overweighted events, partial unweight-
ing is often used intentionally. In SHERPA, as well as other generators, it is the default setting.
The reasoning behind this is based on the fact that the appearance of overweights can not be
avoided except by deliberately overestimating the maximum weight, which in turn leads to
low unweighting efficiencies and wasted computational efforts. In this way, the efficiency of
event generation can be dominated by a few rare outliers. At the same time, the actual impact
of overweights is typically small, since they appear at low frequencies and are mostly close to
one. In order to end up with reasonable unweighting efficiencies, it can thus be sensible to
work with a reduced scaling factor, ¢ < wp,,,, in @ way that keeps the impact of overweighted
events under control. This can be done in several ways, leading to different choices of scaling
factors. The method that is used by SHERPA monitors the weights appearing in the initial run
and chooses a value for the scaling factor for which it can be expected that the overweights do
not contribute more than a certain percentage to the total cross-section. Note that this requires
a large enough sample of weighted events to be somewhat reliable. However, in practice this is
anyway needed for a good estimate of the total cross-section. More details on the method are
given in section 4.2. An alternative method is also presented there.

It is important to note that a correct statistical treatment requires to always take the over-
weights into account. Ignoring the overweights, and thereby treating a partially unweighted
sample the same as a fully unweighted one, inadvertently introduces bias. However, when
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Figure 4.2: Surrogate unweighting applied to a one-dimensional target function.

the overweights are not too large and not too frequent, the bias can be small in comparison to
other uncertainties.

4.2 Publication: Accelerating Monte Carlo event generation -
rejection sampling using neural network event-weight
estimates

In this section, the article ‘Accelerating Monte Carlo event generation - rejection sampling
using neural network event-weight estimates’ is presented. In contrast to the publications
presented in chapter 3, this article is not concerned with increasing the unweighting efficiency
of event generation. Instead, it introduces the idea of speeding up unweighted event generation
by using fast and accurate surrogates for the event weights. This is illustrated in fig. 4.2, where
in comparison to fig. 4.1 the target function has been replaced by a toy surrogate that changes
the acceptance probability. However, the surrogate unweighting method is unbiased, because
it adopts a second unweighting step that corrects for the approximation errors of the surrogate.
The method is a promising approach in situations where the event weight is expensive to
evaluate, due to complicated matrix elements, and where the unweighting efficiency of an
event generator is low, due to limitations of the phase space mappings. This is typically the
case with high-multiplicity tree-level processes, among others.

In the article, the new unweighting algorithm is introduced, and it is discussed how it differs
from the established approach and in which situations one can expect benefits. To test the
method, a simple NN based surrogate model is presented. Using this model, the performance
is evaluated for different examples contributing to Z, W + 4 jets and ¢t + 3 jets production at
the LHC. It is shown that the time for the generation of unweighted events can be reduced
by factors up to ten for individual partonic channels. Based on differential distributions of
physical observables, the validity of the method is demonstrated. Furthermore, it is shown how
the method can be generalized to non-positive event weights, which appear in NLO (and higher
order) calculations based on subtraction methods. This is demonstrated for a toy example.

The article was first published as a preprint on ARX1V in September 2021. Subsequently, it
was submitted to the journal SciPost Physics. After the referees’ comments were addressed, it
was finally published in May 2022. The version published in the journal is reprinted below.
Copyright and license notices as well as a link to the material are provided on the first page of
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the article.

Author contributions

Frank Siegert came up with the initial idea and the first studies were done by Johannes Krause
as part of his M.Sc. thesis [269]. He considered different choices of surrogates and found NNs to
be the most performant. His performance claims for realistic LHC applications were obtained by
statistical considerations without an actual implementation. Such an implementation within
the SHERPA event generator was first realized by Katharina Danziger for her M.Sc. thesis [270].
She optimized the NN architecture and benchmarked the performance for partonic channels
contributing to the the tree-level LHC production processes Z/W +4 jets and tf + 3 jets. Working
towards a publication, I built upon her implementation. Our changes required me to regenerate
all the event samples for the results presented in the paper. Steffen Schumann contributed
the generalization to non-positive event weights presented in sec. 2.2 for a toy example. Apart
from that, all computational work was done by me. This includes implementation, generation
of events, and evaluation of the results. Steffen Schumann, Frank Siegert and I contributed
significantly to the writing of the article. This includes the presentation of the results in figures
and tables.
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Abstract

The generation of unit-weight events for complex scattering processes presents a se-
vere challenge to modern Monte Carlo event generators. Even when using sophisticated
phase-space sampling techniques adapted to the underlying transition matrix elements,
the efficiency for generating unit-weight events from weighted samples can become a
limiting factor in practical applications. Here we present a novel two-staged unweight-
ing procedure that makes use of a neural-network surrogate for the full event weight.
The algorithm can significantly accelerate the unweighting process, while it still guar-
antees unbiased sampling from the correct target distribution. We apply, validate and
benchmark the new approach in high-multiplicity LHC production processes, including
Z /W +4 jets and tt+3 jets, where we find speed-up factors up to ten.
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1 Introduction

Multi-purpose Monte Carlo event generators such as HERWIG [1,2], PYTHIA [3,4] or SHERPA [5,
6], are indispensable tools for the analysis and interpretation of high-energy particle-collision
experiments, e.g. at the Large Hadron Collider (LHC). They encapsulate our present-day un-
derstanding of the fundamental laws of nature, and provide means to simulate individual
scattering events in a fully exclusive manner. With such virtual collisions we can quantify
expected event yields and predict detailed final-state properties for in principle arbitrary scat-
tering processes.

The central and often the computationally most expensive element of event simulations is
a hard-scattering process — addressing the highest momentum-transfer interactions — that gets
described by transition matrix elements evaluated in fixed-order perturbation theory. Given the
enormous collision energies and impressive luminosities achieved at the LHC, paired with the
excellent performance of the experiments, the need to provide evaluations of higher multiplic-
ity hard-scattering processes is steadily growing. In view of the upcoming HL-LHC this becomes
an even more pressing problem, requiring much faster event generation in order to match the
expected event yields with the projected computing resources [7,8]. The underlying matrix-
elements are calculated by dedicated matrix-element generators. Widely used tree-level tools
such as ALPGEN [9], AMEGIC [10], CoMix [11], MADGRAPH [12] and WHIZARD [13] automati-
cally construct tree-level amplitudes, but also provide efficient means to generate momentum
configurations for the initial- and final-state particles taking part in the hard scattering. Fur-
thermore, there exist dedicated tools for the construction and evaluation of one-loop ampli-
tudes in QCD and the electroweak coupling, e.g. MADLOOP [14,15], McFM [16,17], NJET [18],
OPENLOOPS [19,20], POWHEGBOX [21], and RECOLA [22,23]. These tools can be used to compile
fixed-order partonic cross-section computations and to probabilistically generate parton-level
events. When incorporated into or interfaced to a multi-purpose event generator they provide
the momentum-space partonic scattering events that get dressed by QCD parton showers, if
applicable supplemented by an underlying event simulation, and finally transitioned to fully
exclusive hadron-level final states by invoking a hadronisation model [24].

An efficient sampling of the final-state phase space is particularly crucial for complex scat-
tering processes, where a single evaluation of the matrix element can take O(1s) [25]. Es-
pecially for experimental applications, i.e. the actual generation of pseudo data, including a
simulation of the detector response, see e.g. refs. [26-28], unit-weight event samples are re-
quired, that are conventionally obtained from weighted events via rejection sampling. The
resulting unit-weight events are unbiased random samples of fully uncorrelated probes of the
target distribution given by the squared transition matrix element. They appear with frequen-
cies that we would expect in a corresponding experiment. Although information about the
target is lost in the unweighting step, the expensive detector simulation or other post process-
ing of many events with minuscule weight gets avoided.

In modern matrix-element generators importance-sampling techniques are used, that ac-
count and possibly adapt [29] to the modal structures of the target, thereby employing knowl-
edge about the propagator and spin structures of a given process [30]. These methods aim
to reduce the inherent variance of the weight distribution of weighted event samples, and in
turn also improve the unweighting efficiencies.

There have recently been a number of different strands of research to make optimal use
of event-weight information, and, largely driven by algorithmic opportunities provided by
novel machine-learning (ML) techniques, to optimise phase-space sampling and also event
unweighting. On-the-fly reweighting methods are meanwhile routinely used to account for
systematic uncertainties [31-33], or alternative physics models [34,35]. The use of MCMC
techniques for exploring high-dimensional phase spaces has been studied in [36]. In [37]
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the application of analysis-specific optimal sampling distributions was proposed, similar to
methods of biasing event generation, e.g. to oversample tails of physical distributions [38]. A
number of approaches to accelerate event generation based on (generative adversarial) neu-
ral networks have been presented [39-47]'. An alternative and particularly attractive class
of algorithms is based on normalizing flows [49-51], i.e. trainable bijectors parametrised by
neural networks, see for instance [52-55], that can represent highly expressive importance-
sampling maps [56,57]. Corresponding implementations and first applications of normalizing
flows to Monte Carlo event generation in high-energy physics have been presented in [58-61].
Ref. [62] discussed the usage of GANSs, trained on weighted Monte Carlo samples to produce
unit-weight events. However, in order to guarantee the reproduction of the true target distri-
bution, an additional post-processing step is needed. Possible solutions to this problem based
on reweighting have been presented in [63, 64]. The application of Bayesian networks for
event generation including the quantification of uncertainties has been presented in [65, 66].

We here propose an alternative approach to accelerate the unweighting procedure using
ML methods. During the initial integration phase of a standard importance sampler we train
a deep neural network to predict the event weight for given phase-space points. For com-
plex processes, this surrogate is much cheaper to evaluate than the actual event weight. We
therefore employ it in an initial rejection sampling. Only when the surrogate event weight
gets accepted, we invoke a second unweighting step, where we account for the difference be-
tween the surrogate and the actual event weight. While a two-step unweighting procedure
has been applied before [9], our combination with a neural-network surrogate gives it a new
purpose. Given the neural network approximates the weight distribution reasonably well, we
can significantly reduce the number of evaluations of the computationally expensive target
function. Our approach easily generalises to non-positive targets and is thus suitable also for
unweighted-event generation beyond the leading order in perturbation theory. We have im-
plemented, validated and benchmarked the method in the SHERPA event-generator framework
and here present results for tree-level Z /W +4 jets and tt+3 jets production at the LHC.

The paper is organised as follows, in Sec. 2 we briefly review the basics of Monte Carlo
event generation and event unweighting in the canonical approach. We then introduce our
novel unweighting procedure, exemplified for a simple toy example. In Sec. 3 we discuss the
neural-network setup and the used training procedure to obtain a predictor for the weight of
scattering events. In Sec. 4 we describe our implementation of the new method in the SHERPA
framework and present exemplary results for high-multiplicity LHC production processes. We
conclude and give an outlook in Sec. 5.

2 Phase-space sampling and event unweighting

For sake of simplicity, we begin by considering the generic integral

sz f@)du, D
Q

with f a positive-definite target distribution f : & ¢ R? — [0, 00) defined over the unit
hypercube = [0,1]¢. The Monte Carlo estimate of the integral is given by

N
InEy =D f@) =), @
i=1

!A critical review on the application of Generative Adversarial Networks (GANSs) in the context of event gen-
eration has been presented in [48].
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where we assumed N uniformly distributed random variables u; € Q. The random points u;
are interpreted as individual events and w; = f (u;) is called the corresponding event weight?;
the integral is thus estimated by the average of the event weights (w)y. The standard deviation
of the integral estimate is given by

2\ 2
ON(f):Qlesf) =Q G )

with Vy the corresponding variance. Variance-reduction techniques aim for a minimisation
of Vy, e.g. by a remapping of the input random variables u to a non-uniform distribution
v Q — Q, called importance sampling [67]. For the desired integral this results in

(W, [ )
"Lg(u/)g(”)d”‘fﬁg(uf)

av(u)
du

dv' with g(u)=

u'=u'(v')

. (4)

With suitably chosen probability density g(u), the variance of the integrand can be signifi-
cantly reduced. A prominent example widely used in particle physics is VEGAS [68]. Given
the multimodal nature of high-energy scattering matrix elements, state-of-the-art generators
employ adaptive multi-channel importance samplers [10, 11,69, 70]. Thereby the probability
density g(u) is decomposed into a sum of N, channels, i.e.

N,

NC C
g(u)zZajgj(u), with Zaj =1 and 0<aq;<1, (5)
j=1 j=1

I:f f@
o8

The channel weights a; can thereby be adjusted dynamically such that the variance of the
integral gets minimised [29].

To sample unit-weight events from the target function f (u), typically a rejection sampling
algorithm [71] is employed that utilises the maximal event weight in the integration volume,
Wpax- A sample of N2 weighted events is thus converted into a set of N < N™als unweighted
events, where N corresponds to the number of accepted events. The related unweighting
efficiency for large N is given by

yielding

dv}’. . (6)

u'=u’ (v]f )

g(u)

N, N /
%Zajgj(u/) du’ = Zaj f_ f)
j=1 j=1 Q@

N <W> Nitrials
€ = — = .
NN trials

7
Wmax

Its inverse determines the average number of target-function evaluations needed before an
event is accepted with unit-weight.

An exact determination of w,,,, is often neither possible — given finite statistics — nor desir-
able in a numerical calculation that might exhibit a few points with spuriously large weights,
as this would yield a prohibitively small unweighting efficiency. Instead, to avoid being domi-
nated by such rare outliers, there are various possibilities to define a reduced maximum such
that some “overweight” events with w > w_,,, are allowed and will be assigned a correction
weight W = w/w,,,, effectively leading to partially unweighted events®. Ref. [59] proposed
a bootstrap method where the maximum is given by the median of n determinations from

2In the following we drop the index i as we are always referring to the generation of a single event.
3While the event weight w is typically a dimensionful quantity, in unweighted events the weights i are con-
sidered dimensionless. To obtain the correct normalisation of a differential cross section, e.g. in a histogram, they
need to be normalised to the generated inclusive cross section as reported by the event generator, w; — w; -

Ogen

2w
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independent event batches. A more conventional approach would be the exclusion (from the
maximum definition) of large-weight events with a certain quantile of the cross section®. In
what follows we will make use of both techniques. The classical unweighting algorithm with
overweight treatment for generating a single event is sketched in Alg. 1.

Algorithm 1: The classic rejection-sampling unweighting algorithm.

while true do
generate phase-space point u;
calculate exact event weight w;
generate uniform random number R € [0, 1);
if w>R-w,,, then
| return u and w = max(1, w/w,,4,)
end
end

The application of variance-reduction methods will typically also lead to an improved un-
weighting efficiency €. In fact, an optimal sampler would directly produce event weights
w = const, resulting in an unweighting efficiency of 100%. However, in realistic use cases
this is never achieved. For high-multiplicity scattering processes unweighting efficiencies are
instead often well below 1% [25,59]. To systematically improve € one needs to reduce w., ;.
The FoaM [72, 73] algorithm attempts to achieve this and aims for an optimised unweighting
efficiency by gaining control over the maximal event weight.

2.1 A novel unweighting procedure

We here propose an alternative method aiming for a reduction of the computational resources
needed to produce unweighted events that follow the desired target distribution. This can
be achieved through a light-weight surrogate for the full event-weight calculation that enters
a two-staged rejection-sampling algorithm. Given such a local surrogate s for the true event
weight w, that can for example be obtained from a well-trained neural-network predictor, cf.
Sec. 3, we can use this surrogate in an initial rejection sampling against the maximal event
weight w,,,,. However, to ultimately sample from the correct distribution, we need to account
for the mismatch between the estimated and the actual event weight. This is accomplished
with a correction factor x = w/s. This factor could be applied as an additional weight to
accepted events, or a second rejection sampling step can be added to unweight this against
the (predetermined) maximum, X,.,, See below. The resulting unweighting algorithm for
generating a single unit-weight event is sketched in Alg. 2 and explained in more detail in the
following.

For a fast surrogate perfectly reproducing the exact weights, i.e. x = 1, the potential for
saving resources is maximal, even though the unweighting efficiency obtained with the stan-
dard approach is not altered. This is the case, because for all trial configurations failing the
first step only the surrogate gets evaluated, while the full weight is computed for accepted
events only. However, in practice this is not realistic and the x will vary around unity. Note,
we do not require the approximation s to overestimate w, and thus will also face values x > 1.

The appearance of non-unit relative weights x makes a second unweighting step conve-
nient. To this end, we need to predetermine the maximum x,,,,, against which to perform the
additional rejection-sampling. Again, to avoid being dominated by rare outliers, we reduce
Xmax il @ controlled way by either excluding a certain quantile of the largest weights or using

“This is also the default in SHERPA for the standard rejection-sampling method.
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Algorithm 2: Two-stage rejection-sampling unweighting algorithm using an event-
wise weight estimate.

while true do
generate phase-space point u;
calculate approximate event weight s;
generate uniform random number R, € [0, 1);
# first unweighting step
if s > Ry - w,,,, then
calculate exact event weight w;
determine ratio x = w/s;
generate uniform random number R, € [0, 1);
# second unweighting step
if x > Ry - X4, then
| return u and w = max(1,s/ W) - max(1, x/Xme)
end
end

end

the median from several independent x,,, determinations. We correct for the mismatch with
the overweight x /x ., when x > x,.«. The final weight for an accepted event u is then given

by
- s X
W:max(l, )~max(1, ) . (8
Wmax xmax

As consequence of this residual weight, one might need to generate more events using the
surrogate approach to achieve the same statistical accuracy as in standard unweighting. To
account for this, we use the Kish effective sample size N [74] in the following,

~\2
Ne . M:aN, (9)

ff._ 2w
where the sums run over all N events passing the second unweighting and we introduced the
proportionality factor a < 1. The statistical accuracy of the sample is given by 1/4/N.g. Only
when using the true maximal weight x,.,, the effective sample size equals N, corresponding
toa=1.
We can now introduce the effective gain factor f.¢ of the described two-staged unweighting
procedure:

o Tstandard
fet = o

TS urrogate

{tam)
Nefi - Efyll

N _( (tsurr> + (tfull) )

€1st,surr € 2nd,surr €2nd,surr

_ 1 . (10)

( tsurr) . €full €full
(tfull) €1st,surr € 2nd,surr €2nd,surr

It accounts for all timing, efficiency, and statistical differences in the proposed event generation
with Alg. 2 compared to standard (partially) unweighted event generation with Alg. 1. Here
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(teq) and (tg,,) denote the average evaluation times of the full weight and the surrogate,
respectively. The quoted unweighting efficiencies are given by

trials

o N o Nan,surr . N
Chall = N trials ? Elstsurr = ~irals and - €znd,surr = trials  ’ a1
full 1st,surr 2nd,surr

where the N, Sttrei;ls denote the number of trials used in the respective unweighting step. We point
out that phase-space cuts are applied before unweighting and therefore events rejected due to
cuts do not count towards the number of trials here.

Significant speed gains can be expected if the standard unweighting efficiency egy is rather
low and the surrogate approximates the true weights well, i.e. €14 gy & €gy and €354 surr ~ 1,
while still being significantly faster, i.e. (tqyy) < (Eta)-

Note, the gain factor f. has to be understood as an upper bound of a potential CPU time
saving in an overall budget, as it does not apply to other stages of the event generation like
parton showering and, more importantly, also not to post-processing steps like a detector sim-
ulation.

2.2 Generalisation to non-positive event weights

The above described unweighting method can easily be extended to the case of non-positive
event weights. These naturally appear in higher-order perturbative calculations based on local
subtraction methods such as Catani-Seymour [ 75] or Frixione-Kunszt-Signer [ 76] subtraction
for next-to-leading-order (NLO) QCD calculations. In approaches matching and merging NLO
matrix elements with QCD parton showers negative-weight events can resolve potential dou-
ble counting of hard real-emission contributions and shower emissions off Born-like configura-
tions, see for instance [77,78]. However, the appearance of such negative weights reduces the
statistical significance of a fixed-size event sample as possibly large cancellations take place.
In corresponding unweighted samples events contribute with weights £1. The generalisation
of the standard unweighting algorithm allowing for negative weights is given in Alg. 3. We
thereby make use of a single maximal weight w ., = |W|nax > O in the rejection sampling,

that is determined by the largest weight modulus observed in an initial exploration run®.

Algorithm 3: Standard rejection-sampling unweighting algorithm allowing for
negative-weight events.

while true do
generate phase-space point u;
calculate exact event weight w;
generate uniform random number R € [0, 1);
if [w| > R - w,,,, then
| return u and w = sgn(w) - max(1, |w|/wWqy)
end
end

This can be extended to our two-staged unweighting approach, using a surrogate for the
full event weight that can now also become negative, cf Alg. 4. We still employ a single max-
imal weight modulus in the first rejection step, where correspondingly we have to use the
modulus of the surrogate, i.e. |s|. Similarly, for the second rejection sampling we use the mod-
ulus of the estimate for the maximal ratio between the full and the surrogate weights. Note

5As before, we consider the reduction of the maximum, compensated for by partial over-weighting.
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that the sign of the ratio w/s is not unique, as the surrogate s might sometimes get the sign of
the true weight wrong. Accordingly, we have to use x = |w/s| also in the (partial) overweight-
ing. The absolute weight value of an accepted event is still given by Eq. (8), however, its sign
is determined by sgn(w) = sgn(w).

Algorithm 4: Two-stage rejection-sampling algorithm, allowing for negative valued
(surrogate) weights. We hereby assume w,,,, > 0 and x,,,, > 0 given by the respec-
tive maximal modulus determined in a pre-run.

while true do
generate phase-space point u;
calculate approximate event weight s;
generate uniform random number R, € [0, 1);
# first unweighting step with w_,,, > 0
if |[s| > Ry - Wy, then
calculate exact event weight w;
determine ratio x = |w/s|;
generate uniform random number R, € [0, 1);
# second unweighting step with x,, > 0
if x > Ry - X;;q, then
| return u and w = sgn(w) - max(1, |s|/ W) - max(1, x/Xmae)
end
end
end

To illustrate and validate the proposed algorithm we consider a simple 1d example by
sampling from the target distribution

fw)=u®—-0.25, for uelo,1]. (12)
As surrogate we here just use a piecewise constant function over u € [0, 1] given by

s(u) = —0.25x70,0.2)(W) —0.15x0.2,0.4)() +0.05 x[0.4,0.6)() +0.25 x70.6,0.8)() +0.75 x10.5 17(1) ,
(13)

l:ueM
= . 14
xu(@) {0:u¢M (4

where

This encloses the cases that the surrogate over- or underestimates the target, as well as predict-
ing its sign wrongly. In the left panel of Fig. 1 we compile the target distribution, the surrogate
and their ratio. Furthermore, we mark the maximum used in the second unweighting step, i.e.
Xmax = 1.5. This is chosen such that there are regions where |f (u)/s(u)| > X5, triggering
the appearance of events with weight |w| > 1. In the right panel of Fig. 1 we present the dis-
tributions obtained from 500k events generated with the standard unweighting algorithm and
the two-staged approach. Comparing to the true target distribution we see that both methods
produce the desired density. To further confirm the proper treatment for those events where
X > Xpax, We provide a close-up view of the region around u = 0.6. In the standard approach
the unweighting efficiency is eqy = 0.33, requiring thlflii“ls ~ 1.5M calls of the target function
to generate 500k unit-weight events. In contrast, with the given surrogate and the choice of
Xmax We obtain €14 gy = 0.39 and €54 gy = 0.58, corresponding to N, trials o 2.2M. However,

surr

for the given event sample we only had to evaluate the target thlilifls ~ 875k times.
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Figure 1. One-dimensional toy example for applying the standard unweighting algo-
rithm and the two-staged surrogate method to a non-positive target function. The left
panel shows the target (red) and the employed surrogate (blue), given by Eq. (13),
as well as their ratio (green dashed). Indicated is the (capped) maximal ratio x,,
used in the second unweighting step. The right panel contains the comparison of the
distributions of generated events with the true target.

3 Machine learning event weights

The calculation of transition matrix elements for complicated scattering processes, in partic-
ular when considering higher-order corrections, becomes computationally very expensive. In
applications that require a large number of repeated evaluations this poses a severe bottle-
neck. The generation of unweighted events considered here is only one such example, others
include the fitting of parton density functions (PDFs), or scans over large parameter spaces in
searches for New Physics, i.e. corresponding limit-setting procedures.

For the fast evaluation of fixed-order differential cross sections needed in the determination
of PDFs interpolation grids such as APPLGRID [ 79], FASTNLO [80], and PINEAPPL [81] are widely
used, and there exist tools for their largely automated construction [82,83]. To facilitate and
accelerate analyses searching for New Physics, there have recently been efforts to use deep-
learning techniques for the regression of cross-section integrals [84-86]. Very recently also
the approximation of scattering matrix elements rather than integrated cross sections through
neural networks has been addressed by several groups [87-90]. These approaches suggest
that high-quality surrogates for full scattering matrix elements are feasible, offering potential
for significant speed-ups in the event-generation process when applied within the unweighting
framework described above.

3.1 Neural-network based matrix-element emulation

For a first application of the surrogate-based unweighting, we introduce a custom ML model,
which learns and predicts the complete weight of partonic scattering events. This combines
the squared matrix element and the phase-space weight, the latter including Jacobian factors
Jg, from variable mappings of the Lorentz invariant phase-space element ¢, used by the un-
derlying integrator. For a given 2 — n parton-level process our surrogate s(py, Py, P1>---»>Pn)
thus approximates the following part of the fully differential cross section:

i (15)

dO-ab—m

dx,dx, d®,

Paby (P} fa(xa, pip) fp(xp, .up)|./\/lab_m Js,

PasPy{pi}

~~
S

Here f,/, denotes the PDF for the incoming parton a/b with momentum fraction x,/,
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evaluated at factorisation scale uy. Note, the PDF contribution could also be factored out of
the surrogate and evaluated exactly on an event-wise basis but we here decided to include it.
The external particle momenta satisfy four-momentum conservation and on-shell conditions:

n
Pa+Py= D .pi» P2y =0, and p?=m? (Vi=1,...,n). (16)
i=1

Accordingly, the dimensionality of the physical phase space is d =3n—4+ 2.

When comparing Eq. (15) to the first identity in the multi-channel integral given by Eq. (6),
we identify the phase-space element dx, dx,d®,, in momentum space with the differential du’
multiplied by the multi-channel density »_ s g;(u"). The Jacobian factor |J, | corresponds to
1/g(u’). Our NN thus has to approximate the ratio f (u’)/g(u’), that is obviously dependent
on the total importance sampling density g, but not on the very channel used to produce the
phase-space point, see also Ref. [69].

Alternatively to Eq. (15) one could approximate the squared matrix element only, i.e.
s’ ~ |./\/lab_m 2, and fully calculate the Jacobian factors for each phase-space point. Due to
its factorised nature, this approach would in fact be easier to implement. However, it suffers
from the significant costs of evaluating the phase-space weight for multi-leg processes, which
can sometimes even rival the evaluation cost of the matrix element. Furthermore, the combi-
nation of Jacobian factors and matrix elements often yields a smoother function over phase
space. We thus only consider the approach of replacing the combined matrix-element and
phase-space weight with a fast surrogate here.

Various test cases for surrogate models were considered in the course of this work, includ-
ing (boosted) decision trees, random forests and neural networks. While being faster®, random
forests and (boosted) decision trees yield a poorer prediction accuracy, rendering them inade-
quate for an application in the surrogate-based unweighting [91]. Thus, only neural networks
are discussed further in the following.

Given the specific role of the surrogate in the proposed unweighting procedure, we seek
for light-weight network architectures, flexible enough to approximate the weight of high-
multiplicity scattering events well, and fast to evaluate. To this end we employ rather simple
multi-layer feedforward fully connected neural networks (NN).

As input-layer variables we use the three-momentum components of the initial- and final-
state particles’, i.e. 3n+2 inputs. In general, any set of variables that has an injective mapping
to the phase-space point could be used, even with different dimensionality if adding or remov-
ing variables.

One might alternatively consider a particular set of input variables, namely the random
numbers v; from the phase-space sampling, which have been mapped into momenta as de-
scribed by Egs. (4) and (6). While this is straightforward for simple sampling methods, it be-
comes more tricky for multi-channel samplers. Here, the mapping between random numbers
and phase-space point is not unique, but depends on the randomly chosen channel j =1...N..
To remedy this situation, one could either train a separate NN for each phase-space channel
j, or one could add the channel number j (or the random number determining it) as another
input variable. We postpone a study of these possibilities to future works.

The single output variable of our NN corresponds to the real-valued event weight. The
network is further defined by the number of hidden layers and the set of nodes per layer as
detailed in Table 1. As output activation function for the network nodes we use the Rectified

®The prediction speed of the machine-learning models depends on their architecture. One can construct simple
neural networks which are able to predict faster than a very deep decision tree. However, the accuracy and ability
to generalise may decrease with simpler topologies.

"Note, we here assume the initial-state momenta of partonic scattering events to be collinear with the incoming
beams, i.e. along the £z-axis, such that their x and y components vanish.
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Linear Unit (ReLU) [92]. We use HE weight initialisation [93] and train the NN with the ADAM
optimiser [94].

The practical implementation of NN training in the SHERPA framework and the interface
for (general) surrogate models for application in event unweighting will be detailed in Sec. 4.
In the remainder of this section, however, details on the hyperparameters of our NN and the
training procedure are given. The NN performance is first studied for the example process
gg — e etggdd. We used this channel as a test bed for investigations on the NN perfor-
mance in terms of timing and the quality of the event-weight predictions as a function of the
hyperparameters. Being primarily interested in a conceptual proof-of-concept and an initial
estimation of the method’s potential to save resources in event unweighting, we do not attempt
to systematically optimise the NN setup. Furthermore, while in principle different scattering
processes might get better approximated by a different NN architecture, we will employ the
hyperparameter set found in the following example also in our other applications presented
in Sec. 4.

3.2 Anexample: gg — e e*ggdd

We consider the partonic channel gg — e"e*ggdd at the leading order, i.e. (’)(azaf), that
represents a tree-level contribution to Z+4 jets production at the LHC. Correspondingly, the
input-parameter space for the NN here is 20-dimensional. The fiducial phase space used
in the training and for the predictions is constrained by requiring a dilepton invariant mass
m,—+ > 66 GeV and four anti-k, jets [95] with radius parameter R = 0.4 and pr; > 20 GeV.
We consider a proton—proton centre-of-mass energy of /s = 13 TeV, and use the NNPDF-3.0
NNLO PDF set [96]. As matrix-element and phase-space generator we employ AMEGIC [10] in
the framework of SHERPA-2.2.

Our NN has four hidden layers with 128 nodes each. The training dataset consists of 1M
events generated with SHERPA after the optimisation phase of the AMEGIC integrator. We split
the dataset such that 80% of the events are used for training and 20% for validation. In order
to normalise the input features, we scale the momenta to the range [—1, 1] using min-max
normalisation with the min-max values given by +4/s/2. As the values of the weights can
span several orders of magnitude, we take the logarithm of the weights in order to avoid
numerical problems. The NN model is fitted to the data by minimising the mean squared error
(MSE) loss using the ADAM optimiser with a learning rate of 10~2. We use a batch size of 1000
and train in epochs containing all training points in random order. Early stopping is used to
end the training when the validation loss does not decrease for 30 epochs and save the model
with the lowest validation loss. Like for the training we also use the MSE loss for validation.
Fig. 2 shows the convergence behaviour of our model. One can see that the loss decreases
fairly smoothly and that the variations between different initialisations of the model are small.

To test the quality of our trained NN surrogate s for the true event weights w we present
in Fig. 3a the resulting distribution of x = w/s for 1M phase-space points generated with
SHERPA. The x-distribution is centred around x = 1, rather symmetric, and falls off quite
steeply. This confirms that the chosen NN is indeed suitable for a prediction of the event weight.
Still we observe that the tails of the distribution stretch beyond |log;,(x)| > 4, meaning the
NN sometimes severely over- or underestimates the true weight. In particular the largest x-
values will affect the performance of the unweighting algorithm proposed in Sec. 2.1, as they
determine the maximum x,,, against which to perform the second rejection sampling. Fig. 3b
shows that the largest and smallest values of x correspond to small values of w. As opposed to
this, the NN approximation is much better for higher values of w as can be recognized by the
smaller spread of the x-values. This behaviour can be expected given the MSE loss function
used for the training of the NN. While Fig. 3b shows that the largest relative deviations can be
found for small values of w, the absolute deviations in that region are actually small. The MSE
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Table 1: Summary of hyperparameters specifying the employed feedforward NN ar-
chitecture and the means of training.

NN Hyperparameter Value

Hidden Layers 4
Nodes per Layer 128
Activation Function ReLU
Loss Function MSE
Optimiser ADAM
Learning Rate 1073
Batch Size 1000
—— training
101 —— validation
wn
3
w
(%]
=
100 4
0 50 100 150 200 250 300

epoch

Figure 2: Training (blue) and validation (orange) MSE loss of the best performing NN
during training. The dashed line illustrates the stopping point due to early stopping.
The coloured bands show the variations from ten independently trained initialisa-
tions of the same model.

loss function penalizes absolute deviations at larger w-values more than at smaller w-values
which leads to larger relative deviations for small values of w.

As described already in the context of the first unweighting step in Alg. 1, we can use
maximum-reduction techniques also for x,,, in the second rejection sampling. These will re-
duce the sensitivity to the tail of the weight distribution and in particular rare outliers by using
a reduced maximum, again at the price of a partial overweighting of events. In our perfor-
mance study in Sec. 4 we will employ two reduction techniques. The first being the quantile
reduction method, where we define x5y such that the remaining overweights contribute at
most 1%o to the total cross section . We consider an event sample of N = 1M events with
weights {w;}. For reference, in the standard unweighting method we can determine wh,x by
sorting the sequence of weights {w;} such that w; < w;,; and requiring that

N N
W= min [ w; | > w; <0.001- > w; | . 17)
i=1

i=j+1

The equivalent procedure for our two-stage unweighting method is to calculate the values of
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Figure 3: Distribution of weights using 1M test points generated with SHERPA for
the process gg — e et ggdd in proton—proton collisions at /s = 13 TeV. (a) One-

dimensional histogram of the ratio x = ¥. The two vertical lines indicate the values of

the reduced weight maxima xﬁ;g; (dashed) and x;‘:i (dotted). (b) Two-dimensional
histogram showing the relationship between the ratio x = % and the true event
weight w.

s and x for all events and to sort the sequence {x;} such that x; < x;,; and to use the same
order for the {s;}. The reduced maximum is then defined as

N N
xP i=min | X; Z x;s; < 0.001 -insi . (18)
i=j+1 i=1
As a somewhat more aggressive alternative we introduce the median reduction method. Here
we consider N{E‘ta;flrr = 1M trial points for which we perform the first unweighting n = 50
times with different random seeds. For the accepted events in each iteration we determine
Xmax- From the final set of maxima we then determine the median xgll:g, ie.
med .__ i
xrnax '_ med({xmax}) . (19)

For our example process the resulting values of x5 and xr“g:g are illustrated by the vertical

dashed and dotted line in Fig. 3a, respectively. In this specific example we obtain x5y ~ 73
and xgll:g ~ 27, which corresponds to a reduction of x5, by about two orders of magnitude
with respect to the naive maximum, and an additional factor of three when using the median
approach.

We close this section with a comment on the timings for the evaluation of the matrix el-
ement and the NN surrogate for a single phase-space point. On average the evaluation of
the full event weight for the gg — e e*ggdd process from AMEGIC takes about 85ms®. In

contrast, for the NN model this just takes 0.13 ms, which translates into a speed-up of

~ 650. (20)

8The quoted times correspond to the evaluation on a single core of an Intel® Xeon® Processor E5-2680 v3 @
2.50GHz.
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4 Surrogate-based unweighting: Implementation, Validation and
Results

The event-weight estimator from Sec. 3.1 is optimally suited to be used as light-weight sur-
rogate in the two-stage unweighting method presented in Sec. 2.1. In the following, we will
briefly describe the implementation of the algorithm in the SHERPA generator framework. As a
first application we will again consider the gg — e"e*ggdd process. We will then benchmark
the method in a variety of partonic channels contributing to W+4 jets and tt+3 jets production
at the LHC and validate the obtained results.

4.1 Implementation in the SHERPA framework

The SHERPA framework embeds modules to automatically construct the transition matrix el-
ements and suitable multi-channel integrators for in-principle arbitrary tree-level processes.
To this end it has two matrix-element generators built-in, AMEGIC and COMIX. Our current
implementation of the novel unweighting algorithm employs the AMEGIC generator.

In an initial optimisation phase the integrator is adapted to the specific process and fiducial
phase space using the channel-weight optimisation described in [29]. During the integration
phase the value of w,,, is determined based on the quantile approach. We use the SHERPA
default of letting overweighted events have a relative contribution of 1% to the inclusive cross
section. The optimised generator is then used to produce a sample of 2M weighted events. We
use the first 1M events as training (80%) and validation (20%) data for our NN model.? For the
NN implementation and training we use KERAS [97] with the TENSORFLow [98] backend. The
model parameters leading to the lowest validation loss are written out as an HDF5 [99] file.
While KERAS is based on Python, SHERPA is written in C++. To use the KERAS model in SHERPA
without having to rely on an interface we use the header-only library frugally-deep [100]
which runs the model in prediction mode on a single CPU core.

The second 1M events are used to determine the x,,, for the second unweighting using
the per mille quantile or median approach. For the latter we consider n = 50 independent iter-
ations over the data set. This procedure is repeated for ten independently trained NN models
and we finally choose the one achieving the lowest x,,,, on the test dataset to be used in the
following. The NN and the value of x,,,, then serve as inputs to SHERPA for subsequent event-
generation runs. We use different events for the determination of x,,, than for the training
of the NN. If one were to use the same data set, x,,, would likely be underestimated. With
data not seen by the model during training, however, we get a much more reliable estimate.

For the performance analysis we log several quantities during the event generation. To
determine the efficiencies, we count the numbers of trials for the first and second unweighting
steps. Also, we measure the time it takes on average to evaluate the surrogate by taking the
sum of user and system time spent in the respective parts of the code.

4.2 Anexample: gg — e etggdd

Before proceeding with the application of our novel unweighting approach to W+4 jets and
tt+3 jets production at the LHC, we examine its technical and physics performance in more
detail for the example process of gg — e~e* ggdd. This is the channel initially used to optimise
the NN performance in terms of timing and accuracy, ¢f. Sec. 3.2.

°In a production implementation in the future, one could also perform the training on the same events that
are generated during the integration phase after the integrator optimisation.
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Performance analysis

The evaluation of the NN surrogate for a single phase-space point was found to be about 650-
times faster than the full weight calculation with AMEGIC. In Fig. 3a we have presented the
obtained distribution of x = w/s, where we also indicated the reduced maxima for the per
mille quantile and the median approach, i.e. xbay ~ 73 and xggg ~ 27, respectively. Using
the trained NN and each of these maxima, we generate from scratch 100k events with our sur-
rogate unweighting algorithm. In Tab. 2 we summarise the obtained efficiency of the default
single-stage unweighting, e, the efficiencies of the first and second rejection-sampling step
in the surrogate unweighting, as well as the a-parameter that determines the effective sample
size, ¢f Eq. (9), for the two maximum-reduction methods'®. Lastly, we give the resulting gain
factors f., cf. Eq. (10).

Table 2: Sampling measures for the gg — e"e*ggdd partonic channel in pp colli-
sions at /s = 13 TeV. All efficiencies, the sample-size parameters and effective gain
factors are determined in the generation of 100k unweighted events.

process: gg — e et ggdd

p-m. p-m. P p-m. med emed med frned

€full €istsurr || Xmax  €ong surr eff X max 2nd,surr eff

8.8¢—3 || 6.4e—3 || 729 1.9e—2 09982 1.73 || 266 5.1e—2 09962 4.69

Using the default unweighting algorithm, AMEGIC achieves an unweighting efficiency of
about 0.9%. This in fact is quite remarkable, given that we consider a six-particle final state.
When using the NN surrogate we obtain a similar performance, €1 g,y & 0.64%, and given
the fast evaluation time for the surrogate this slightly lower efficiency barely affects the over-
all performance. More relevant is the second unweighting, for which we find efficiencies of
eg';g;surr = 1.9% and e‘znne(isurr = 5.1%. Accordingly, when using the median-reduction tech-
nique, we need to evaluate the full weight roughly a factor 2.7 less often than for the quantile
approach. For the considered process this almost directly transfers to the effective gain factors
that yield er;-fm. = 1.73 and fe‘fr}ed = 4.69. These gains are a consequence of the speed of the
surrogate evaluation, and its excellent approximation of the true weights, i.e. the very steep
fall-off of the x = w/s distribution. In fact, the effective sample size reduces only to 99.8 %
and 99.6 % of a unit-weight sample, which will be negligible in practical applications.

The obtained a values close to unity reflect the fact that only few events retain non-unit
weights w in the end, ¢f Eq. (8). This is confirmed by Fig. 4 where we present the final
event-weight distribution for the sample of 100k events generated using the more aggressively
reduced maximum xﬁzg in the second unweighting step. Indeed, only a small fraction of events
exhibits weights w > 1. Furthermore, the overweights rarely exceed w = 3 and the maximum

we observe within this sample is w ~ 9.

Physics validation

To prove that our algorithm indeed produces the correct target distribution we now move to
the validation of differential cross sections. Figure 5 collects various physical observables com-
paring the predictions of SHERPA with and without the novel unweighting approach. For both
methods we produced samples of 1M events at the parton level. Parton shower and hadro-
nisation effects are disabled in these and the following simulations to increase the resolution
and sensitivity to potential differences between the two approaches. These were analysed with

"Note, the w,,,, used in the first unweighting is always reduced using the per mille quantile approach to keep
the full and the surrogate approach comparable.
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Figure 4: Final event weights w of 100k gg — e e*ggdd events in proton—proton

. . _ . . . . med
collisions at 4/s = 13 TeV generated using surrogate unweighting with xec.

the RIVET3 toolkit [101] using the MC_ZINC and MC_ZJETS analyses. In panel (a) we show
the dilepton invariant mass, (b) the dilepton rapidity distribution, (c) the pr of the jet with
highest transverse momentum, and (d) the azimuthal distance between the two leading jets.
For each plot we provide two sub-panels. In the first we depict the ratio of the predictions
obtained from the surrogate approach and nominal SHERPA, where the errorbars indicate the
bin-wise statistical uncertainty. The second panel displays directly the statistical compatibility
of the two predictions measured in terms of standard deviations.

For all four observables we find full statistical agreement, which proves that the surrogate
approach produces the correct target function. This also applies to the tail of the distributions.
No significant increase in the statistical errors is observed for the surrogate-based prediction,
which verifies the negligible reduction of a™d = 0.9962. Furthermore, there is no visible
imprint of statistical fluctuations from the events that exceed the maximum in the second
unweighting.

For the considered example process we can conclude that when using the surrogate un-
weighting approach we can generate samples of almost identical statistical accuracy that repro-
duce the exact physical distribution. Depending on the method used to reduce the maximum
in the second unweighting step we find effective gain factors up to 4.7.

4.3 Results for LHC production processes

In this section we present results for processes contributing to W+4 jets and t¢+3 jets produc-
tion at the LHC, providing further insight into the potential and limitations of the surrogate-
unweighting method. Both final states receive contributions from a large number of partonic
channels, from which we pick representatives here. Given the high final-state multiplicity, the
large number of contributing Feynman diagrams, and the complexity in QCD colour space,
these matrix elements are highly non-trivial functions over phase space and rather expensive
to evaluate, such that we can expect gains from employing the surrogate method.

In the following we employ the same network architecture and training measures as de-
scribed in Sec. 3.1 and used in the Z+4 jets example and apply them in each partonic channel
separately. We do not attempt to specifically adjust and optimise the hyperparameters, though
this could potentially further improve performance. As before, all setups are studied with
SHERPA-2.2 for pp collisions at /s = 13 TeV, using the NNPDF-3.0 NNLO PDF set and AMEGIC
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Figure 5: Comparison of different differential distributions generated using
SHERPA with (re:d) and without (black) an NN weight surrogate for the process
gg — e et ggdd in proton—proton collisions at /s = 13 TeV.
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as matrix-element and phase-space generator.

Besides quantifying timing improvements, we scrutinise the physics description by validat-
ing observable distributions against the standard unweighting approach. It is worth mention-
ing that all presented timing improvements can likewise be translated into energy savings as
no notable additional computing resources are needed for the new approach.

4.3.1 W+4 jets

We consider three partonic channels with varying numbers of external gluons that contribute
to W+4 jets in proton—proton collisions. These are listed along with their respective tree-level
production cross section in Tab. 3. While the dimensionality of the input-parameter space for
the NN surrogate is identical to the Z+4 jets example, we now consider the charged-current
weak interaction and different combinations of initial- and final-state partons.

Table 3: Selection of partonic channels contributing to W+4 jets production at the
LHC and their corresponding leading-order production cross sections.

process cross section [pb]

dg — e v,gggu 24.5(2)
dd - e v,ggdu 4.62(3)
ud — e v, duud  0.0572(3)

The quoted cross sections correspond to a fiducial phase space requiring four anti-k, jets
with R = 0.4 and py; > 20GeV, and m,-5 > 1 GeV. Due to the high total production rate,
W+4 jets final states constitute an important background to top-quark pair-production and
many searches for new physics phenomena. From Tab. 3 we can infer that the cross sections
of different partonic channels vary significantly. In particular processes with more external
gluons dominate over quarks. An additional driver are the initial-state flavour PDFs. The
larger the contribution of a partonic channel to the total W+4 jets cross section the more
events it will contribute to an inclusive sample. Accordingly, it is desirable to speed up event
generation in particular for the dominant production channels.

Performance analysis

In Tab. 4 we compile the performance measures for unweighted event generation separately
for the three considered W+4 jets partonic channels. They are determined from samples of
100k events generated with the standard and the NN surrogate approach.

Notably, for all three processes the standard unweighting efficiency is lower than for the
Z+4 jets channel. For the process with four external gluons the evaluation of the surrogate
model is again more than 600 times faster than the full weight calculation. However, for the
other two cases we achieve speed-up factors of 162 and 25 only. These lower gains originate
from shorter evaluation times for the full weights of 20ms for dd — e~ v,ggdu and 3ms
for ud — e~ v,duud, while the NN surrogate takes about 0.12ms for each channel. While the
maxima xrnr};;i are all of a similar size as in the Z+4 jets case, the values for xhay are significantly
higher, ranging up to 1650 for ud — e~ v, duud. This suggests that the NN provides an inferior
approximation of the weights for the processes and fiducial phase space considered here. To
illustrate this we show in Fig. 6a the distribution of x = w/s for 1M events for the process
dd — e v,ggdu. When comparing to Fig. 3a we indeed observe a broader distribution that
exhibits more pronounced tails. The two vertical lines indicate the values of x5 (dashed)
and x™ (dotted). By comparing the relationship between x and w shown in Fig. 6b to the

max
one shown in Fig 3b, we see that the spread of x-values is much broader overall. However,
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Table 4: Performance measures for partonic channels contributing to W+4 jets pro-
duction at the LHC.

|| dg —e v,9g8uU | dd — e v,ggdu | ud — e~ v,duud

i ||  l4e3 | 3le4 |  36e4
€1st,surr 7.1e—4 1l.1e—4 1.3e—4
(tqu)/(tsurr) 667 162 25
X 234.03 544.96 1642.77
p-m.
€ond surr 8.5e—3 5.2e—3 1.8e—3
o™ 0.9953 0.9958 0.9953
p.m.
o 1.93 0.29 0.02
xmed 40.28 30.53 38.53
d
e;“;d’surr 5.3e—2 8.5e—2 7.3e—2
amed 0.9285 0.8204 0.4323
flmed 10.36 3.91 0.25

otherwise it shows a similar behaviour with the more extreme values of x corresponding to
small values of w.

The efficiencies of the initial unweighting step are also consistently lower than for the
neutral gauge-boson channel. In particular for the process without external gluons, where
(ten)/(tsurr) is 'only’” 25, the factor of three between egy; and €54 g,y might not be negligi-
ble. As expected given the larger values of x5 the corresponding efficiencies for the second
unweighting step are all below 1%, i.e. as low as 2%o for ud — e~ v,duud. However, for
the median-reduced maximum the situation improves significantly, with elz‘fi <urr iD the range
of 5—89%. This efficiency improvement comes at the expense of the statistical power of the
sample. While in the quantile approach the resulting aP™ factors are very close to unity, i.e.
the effective sample size is larger than 99.5% of a true unit-weight sample, we observe more
significant fractions of overweights with the median approach. This is true in particular for
dd — e v,ggdu (Neg ~ 82%N) and ud — e~ v,duud (Ng =~ 43%N).

These performance measures are condensed into the resulting effective gain factor f.4 ac-
cording to Eq. (10). For the dominant dg — e~ »,g g gu channel we find quite significant gains,
even exceeding a factor of ten for the median approach. For the other channels the situation
is different. For the all-fermion process surrogate unweighting needs more resources than the
standard approach. This can be traced back to the relatively fast evaluation of the full weight,
due to the simpler form of the matrix element, and the inferior performance of the NN in
approximating the true event weights. However, in the global W+4 jets context, this channel
contributes little to the total production rate and thus relatively few events need to be gen-
erated for such a channel. For the intermediate process, dd — e~ v,ggdu, we find fer?fed ~ 4.
This speed-gain, however, also goes along with a more sizeable fraction of overweights, yield-
ing a™ ~ 0.82. We will therefore compare differential distributions for physical observable
for this channel in the median approach next.

Physics validation

In Fig. 7 we present a comparison of physical distributions for the channel dd — e~ %,ggdu

generated with and without the NN surrogate, employing xggg in the second unweighting. We

show results for (a) the transverse momentum of the charged boson, (b) the k; 4-jet resolution
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Figure 6: Distribution of weights using 1M test points generated with SHERPA for
the process dd — e~ ,ggdu in proton—proton collisions at 4/s = 13 TeV. (a) One-

dimensional histogram of the ratio x = ¥. The two vertical lines indicate the values of

the reduced weight maxima xﬁ;;‘g (dashed) and x;‘:f} (dotted). (b) Two-dimensional
histogram showing the relationship between the ratio x = % and the true event
weight w.

d34, (c) the scalar sum of the four jet transverse momenta, Hr, and (d) the invariant mass of the
two leading p jets within the RIVET analyses MC_WINC, MC_WJETS, and MC_WKTSPLITTINGS.

For all four differential distributions we observe full statistical compatibility between the
two samples of 1M events each. This further underlines that our surrogate-unweighting ap-
proach produces the exact target distribution. The considered observables all deeply probe
the high-p tails of phase space. In fact, the p%v and dj4 distributions extend over five or-
ders of magnitude in cross section. While for the given sample size of N = 1M we observe
significant statistical fluctuations in the tails, these are fully consistent between standard and
NN-surrogate generated samples. Even given a™¢ ~ 0.82, corresponding to an effective sam-
ple size of N, = 820Kk, neither spikes or bumps are manifest in the nominal distributions,
nor a significant increase in the statistical uncertainties for particular observable bins. And
with a resulting gain factor of f.; ~ 4, the surrogate method outperforms standard unweight-
ing drastically. However, to some extent and as noted earlier, this statement depends on the
post-processing procedures for the events. If the overall generation time of parton-level pre-
dictions is small compared to e.g. a full detector simulation, the standard unweighting might
be preferable, at least for sub-channels with medium or low f..

4.3.2 tt+3 jets

Finally, we present results for processes belonging to the tt+3 jets group. This probes the
generalisation beyond the production of a single electroweak gauge boson in association with
jets to a pure QCD process with massive particles. Even though the final state contains one
particle less this process still poses a severe challenge. As top quarks carry colour charge
there is a significant proliferation of Feynman diagrams when considering their jet-associated
production. Despite these differences we employ the same neural-network architecture as
before, adjusting the input-space dimensionality for the NN to 17, again utilising the three-
momenta as input variables. We require three anti-k, jets with R = 0.4 and pr; > 20 GeV and
do not impose phase-space cuts for the external top quarks. The latter are treated as on-shell
in the matrix-element calculation, p? = p% = mf with m, = 173.4 GeV, and only decayed a
posteriori to allow a more realistic definition of observables in the following physics validation.
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Figure 7: Comparison of different differential distributions generated using
SHERPA with (red) and without (black) an NN weight surrogate for the process
dd — e~ v,ggdu in proton—proton collisions at /s = 13 TeV.
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In Tab. 5 we list the four considered partonic channels and their respective leading-order cross
section in proton—proton collisions at /s = 13 TeV.

Table 5: Selection of partonic channels contributing to t+3 jets production at the
LHC and their corresponding leading-order production cross sections.

process cross section [pb]

gg —ttggg 108.4(2)
ug — ttggu 26.00(4)
uu— ttguu  3.733(8)
uit — ttgdd  0.01840(6)

Clearly, under LHC conditions the all-gluon process has the largest production rate. In the
second channel, i.e. ug — ttggu we instead consider an initial-state up-quark. Given that the
QCD interaction does not change flavour, this parton species also appears in the final state.
The third channel contains two up-quarks in the initial- and final state, corresponding to t-
channel dominance in the top-quark production. The last considered process is uit — ttgdd,
here top-quarks can be produced through s-channel gluons. Note, its production rate and
correspondingly its contribution to an inclusive sample of unweighted events is significantly
suppressed.

Performance analysis

In Table 6 we collect the performance measures for the surrogate-unweighting approach ap-
plied to the four top-quark productions channels. The reference unweighting efficiencies eg,;
for standard unweighting with AMEGIC are typically higher than the ones found for W+4 jets
before.

Table 6: Performance measures for partonic channels contributing to t¢+3 jets pro-
duction at the LHC.

H gg —ttggg ‘ ug — ttggu ‘ uu — ttguu ‘ uil — ttgdd

et || 1le=2 | 73e3 | 683 | 66e—4
€1st,surr 8.7e—3 5.8e—3 4.7e—3 3.6e—4
(taam)/ {tsure) 39312 2417 199 64
xP 52.03 32.52 69.76 326.19
p.m.
€ surr 2.4e—2 3.8e—2 2.1e—2 5.6e—3
aP ™ 0.9989 0.9984 0.9994 0.9981
p.m.

b 2.21 4.89 1.47 0.19
xmed 30.40 19.14 27.78 25.34
ened e 4.3e—2 6.4e—2 5.1e—2 7.1e—2
amed 0.9983 0.9966 0.9943 0.9321
fred 3.90 8.26 3.91 2.22

When comparing the evaluation times for the full event weights and the NN surrogate,
quite significant speed-ups are found for gg — ttggg and ug — ttggu. As before, a single
evaluation of the surrogate weight takes about 0.12ms. However, the weight calculation for
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the all-gluon channel takes around 5s, for ug — ttggu it is still around 0.3s. Although we
observe this high ratio of weight evaluation times, the effective gain factor f.¢ is much smaller
in the end and of the same order of magnitude than for the other processes. This can be
mostly attributed to the relatively high unweighting efficiencies we start from. With a value of
€q) = 1.1e—2 the process gg — ttggg has the highest unweighting efficiency of the examples
considered here. According to Eq. 10, this clearly limits the possible gains. The reason for the
high values of e is that this kind of multi-gluon channel is well-optimised in the integrator
used by SHERPA.

The results obtained for x*™ and x™*¢ are less spread out than for the W +4 jets processes.
For ug — tfggu the NN performs best, with xba: ~ 33 and x™¢ ~ 19. Only for uit — ttgdd
do we find an inferior performance with x52 > 300. The values for the efficiency of the
first unweighting step are comparable to what we found for the Z+4 jets channel, only for
uit — ttgdd it is significantly lower. Similar findings hold for 2™ which is lowest for

med

2nd,surr’
uii — ttgdd. All effective sample size parameters are found to be larger than 0.99, with the

exception of the uil process when using the median reduction method, where a™? & 0.93.
However, when using xgjg in the rejection sampling the effective gain factors are all higher
than two, being largest for ug — ttggu with ferfr;ed A 8. For the two computationally most
expensive channels, that also feature the largest production rates, we obtain gains larger than
two even with the per mille maximum reduction.

Physics validation

We close again by comparing predictions for physical observables, obtained with and without
using the weight surrogate for the partonic channel uu — ttguu. Note, the on-shell top-
quarks produced in the hard scattering get decayed with SHERPA’s decay handler [6] prior to
the final-state analysis. We here consider the semi-leptonic decay channel, i.e. tf — [v,q3’bb
and employ the RIVET analysis MC_TTBAR.

In Fig. 8 we present exemplary results for (a) the invariant mass of hadronic W-boson
candidates, (b) the H distribution of all final-state jets, (c) the invariant mass of the hadronic
top-quark candidates, and (d) the transverse momentum of the harder of the two final-state
b-quark jets.

As before, we find full statistical agreement between the two samples for all considered ob-
servables. The rather fine binning of the invariant-mass distributions leads to larger statistical
fluctuations for the given sample size of N = 1M. However, as we will illustrate in Sec. 4.3.3
the deviations are in agreement with perfect statistical compatibility, i.e. both samples follow
the same target distribution. Given a™4 = 0.9966 we do not expect and in fact do not ob-
serve any visible effects from a reduced statistical accuracy of the sample produced with the
surrogate approach.

4.3.3 Summary of physics validation for LHC processes

In addition to the selected observables for the three processes shown in the previous sections,
we have performed a statistical compatibility analysis between the full and the surrogate setups
based on 190 observables with almost 16,000 bins in total. The predictions are normalised in
each observable for this analysis, to avoid a sensitivity to differences in the integrated cross
section of each run, which would otherwise have to be accounted for as a correlation between
different bins. As can be seen in Fig. 9, the deviations follow a normal distribution N (u, o?)
with u =0 and o = 1, thereby validating our approach as faithful and unbiased.
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Figure 8: Comparison of different differential distributions generated using
SHERPA with (red) and without (black) an NN weight surrogate for the process
uu — ttguu with subsequent leptonic top-quark decays in proton—proton collisions
at /s = 13TeV.
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Figure 9: Distribution of deviations between the full and the surrogate approach in
SHERPA from a comparison in almost 16,000 observable bins for all three processes.

5 Conclusions

Virtual particle collisions as simulated by Monte Carlo event generators play a central role in
high-energy physics. Representing our best-knowledge theoretical expectations, they are used
in the design and development of particle detectors for collider experiments, the planning and
preparation of measurements, and, foremost, in the actual analysis and interpretation of real
experimental data. To match actual measurements, particle-level virtual events need to be
supplemented by a detailed simulation of the detector response. Given the calculational com-
plexity and resource consumption of the detector emulation, ideally particle-level events with
unit weight should be provided. However, the growing need in high-statistics simulations for a
wide range of complex, high-multiplicity partonic scattering processes, including higher-order
perturbative corrections, makes event unweighting a severe and very relevant computational
challenge.

We have presented a novel two-staged unweighting algorithm that has the potential to
significantly accelerate event unweighting. In an initial rejection-sampling step we employ a
light-weight neural-network surrogate for the computationally expensive exact integrand, i.e.
the matrix-element and phase-space weight. The mismatch of the surrogate and the true event
weight is then corrected for in a second unweighting step. To protect against rare outliers in the
true weight distribution as well as in the point-wise ratio of the true and the surrogate weight,
we systematically reduce the respective numerically found maxima using a quantile or median
approach, resulting in a partial overweighting of events. The relevant performance measures
for the algorithm are the quality of the approximation, as well as the evaluation time per phase-
space point, which can be combined into an effective per-event gain factor f.¢ with respect to
conventional rejection sampling. This measure accounts for the reduced statistical power of
the sample due to overweighting. It is used throughout this work to give a rigorous assessment
of the effective improvement to be expected in various example processes. While the proposed
unweighting algorithm has been developed in the context of collision-event simulations, it is
in fact more general and can be used in other applications as well.

In Sec. 3 we have discussed the setup and training procedure used to approximate event
weights with deep feedforward neural networks. As an initial test bed we have used a repre-
sentative partonic channel contributing to tree-level Z+4 jets production at the LHC. We found
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that our neural network is well capable of estimating the true event weights, thereby being
more than 600 times faster.

In Sec. 4 we presented the practical implementation of the novel two-staged unweight-
ing algorithm in the SHERPA event-generator framework. To further validate, benchmark and
gauge the potential of the method, we applied it to high-multiplicity partonic channels con-
tributing to W+4 jets and tt+3 jets at the LHC. For the dominant partonic channels with
sizeable cross sections and expensive matrix elements we found gain factors from using sur-
rogate unweighting ranging from two up to ten. By comparing differential distributions of
physical observables we were able to show that the proposed method indeed reproduces the
correct target distribution. We were furthermore able to show that the partial overweight-
ing of events, due to employing reduced maxima in the rejection sampling, barely affects the
statistical accuracy and leaves no visible effect in physical distributions.

The unweighting algorithm presented here can also be applied in event generation beyond
the leading order, where in parts of the phase space the event weights can become negative.
While the proposed algorithm can take negative-valued weights into account, our SHERPA im-
plementation is currently limited to tree-level matrix elements, where only positive weights
appear. We leave the generalisation to NLO event generation and corresponding performance
studies for future work. It will furthermore be interesting to apply our algorithm with alter-
native and potentially more powerful surrogate methods on the market, and evaluate their
performance using the measures introduced in this work.
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In this section the article ‘Unweighted event generation for multi-jet production processes based
on matrix element emulation’ is presented. It is a follow-up to ref. [11], presented above, where
the simple surrogate model used therein is replaced by the more sophisticated, factorization-
aware model of ref. [64]. While that model was originally developed for jet production in
ete™ collisions, it was extended to allow hadronic initial states and massive quarks in the final
state for this study. By incorporating knowledge about the factorization properties of QCD
matrix elements in the model, it provides much better approximations to these matrix elements
compared to a naive model.

In the article, the results of applying the unweighting method in combination with the
factorization-aware surrogate to partonic channels contributing to Z + 4, 5 jets and tf + 3,4
jets production at the LHC are presented. Thereby, we went one multiplicity higher than
in ref. [11] and dropped the production of W bosons to reduce the number of examples. A
comparison to the naive model shows that the gain factors increase significantly, reaching
values between 16 and 354. It is shown how the results are influenced by the number of events
in the training data. Furthermore, a discussion about summing versus sampling over the
SU(3) colour configurations is given. While the main results of the article relate to colour
summed matrix elements, the scaling behaviour of colour sampling makes it a popular choice
for high-multiplicity processes. In the article, it is shown how to extend the model to make it
applicable in a colour sampling scenario. The achieved gains are not satisfying, though, and
ideas for improving the performance are presented.

The article was first published as a preprint on ARX1V in January 2023. Subsequently, it
was submitted to the journal SciPost Physics, where it is currently undergoing peer review. It
received positive comments from the two referees, with only minor changes demanded. The
editor asked for a minor revision to address these points, which we provided in May 2023. The
revised preprint version is reprinted below. The copyright belongs to the authors and the article
is licensed under a Creative Commons Attribution 4.0 International License.

Author contributions

Since the article is based on the combination of two previous publications by the authors,
refs. [11, 64], the implementations used therein provided the foundation for the work on
this project. Accordingly, the surrogate model was implemented by Henry Truong, while I
contributed the implementation of the unweighting algorithm and the naive, non-factorization-
aware model, based on the earlier work of Katharina Danziger and myself. Henry Truong
extended his model to include initial state partons and massive quarks in the final state. He
trained his model on training data that I provided. Subsequently, I used the trained versions
within SHERPA to evaluate the performance by generating unweighted events with our two
stage unweighting method. To make the model available in SHERPA, I ported the PYTHON
implementation to C++ code. I also contributed the interface to the ONNX RUNTIME. The
presentation of the surrogate model in sec. 2 was almost solely prepared by Henry Truong,
while the description of the unweighting method in sec. 3 was mostly done by me. For the rest
of the article, all authors contributed significantly to the writing.

145


http://creativecommons.org/licenses/by/4.0/




arXiv:2301.13562v2 [hep-ph] 16 May 2023

4.3 To be published: Unweighted event generation for multi-jet production processes based on
matrix element emulation

SciPost Physics

MCNET-23-01, IPPP /23,04

Unweighting multijet event generation using
factorisation-aware neural networks

T. JanBen!, D. Maitre?, S. Schumann', F. Siegert3, H. Truong?

1 Institut fiir Theoretische Physik, Georg-August-Universitiat Gottingen, Gottingen,
Germany
2 Institute for Particle Physics Phenomenology, Department of Physics, Durham
University, United Kingdom
3 Institut fiir Kern- und Teilchenphysik, T'U Dresden, Dresden, Germany

May 17, 2023

Abstract

In this article we combine a recently proposed method for factorisation-aware matrix el-
ement surrogates with an unbiased unweighting algorithm. We show that employing a
sophisticated neural network emulation of QCD multijet matrix elements based on dipole
factorisation can lead to a drastic acceleration of unweighted event generation. We train
neural networks for a selection of partonic channels contributing at the tree-level to Z+4,5
jets and tt + 3,4 jets production at the LHC which necessitates a generalisation of the
dipole emulation model to include initial state partons as well as massive final state quarks.
We also present first steps towards the emulation of colour-sampled amplitudes. We incor-
porate these emulations as fast and accurate surrogates in a two-stage rejection sampling
algorithm within the SHERPA Monte Carlo that yields unbiased unweighted events suit-
able for phenomenological analyses and post-processing in experimental workflows, e.g. as
input to a time-consuming detector simulation. For the computational cost of unweighted
events we achieve a reduction by factors between 16 and 350 for the considered channels.
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1 Introduction

Physics simulations for current and future high-energy accelerator experiments pose a se-
vere computational challenge not only due to the complexity of the studied signatures and
the demand for higher theoretical accuracy, but also owing to the sheer number of simu-
lated events needed to match the enormous collider luminosities. This has sparked a wide
range of algorithmic developments to accelerate key elements of the simulation tool chain
and to improve their computational efficiency and thus reduce their resource requirements.
Machine learning based methods play a prominent role in these developments |3|.

Traditionally, the largest fraction of resources has been spent on the complex simulation
of the detector response to collision final states, while the generation of the collision events
constituted only O(10% — 20%) of the budget. With many recent activities reducing the
computational footprint of detector simulations, the event generation speed has become a
more and more important area to facilitate the full exploitation of future collider data.

This situation is amplified with the upcoming increased luminosity at the LHC and
its focus turning to more complex processes. With the advent of matching and merging
techniques theoretical predictions of increased precision have become accessible for these
high multiplicity final states. But as the computational cost increases strongly with the
multiplicity the resources needed for the theoretical description of processes of interest
has surged, see for example |4|. Besides conventional approaches for improving the perfor-
mance of Monte Carlo methods in event generators, more recently also machine learning
methods are explored |[5].

148



4.3 To be published: Unweighted event generation for multi-jet production processes based on
matrix element emulation

SciPost Physics

A particular challenge is related to the generation of the hard scattering component
that forms the core of the event evolution, thereby representing the parton-level truth
signal and/or background hypotheses in physics analyses [6||7]. In Monte Carlo event
generators the hard process is assumed to be factorised from parton showers in the initial
and final state as well as non-perturbative phenomena such as hadronisation and the
underlying event. Algorithmically the generation of hard scattering events corresponds to
the evaluation, i.e. the stochastic sampling, of the phase space integral over the squared
transition matrix element of the considered process at a given order in perturbation theory.

There has been renewed interest in improving phase space integration and sampling
techniques, mostly based on neural networks [8:14], using a variety of methods, but also
Nested Sampling [15|, and mixed-kernel Markov chain algorithms |[16] have been investi-
gated. Broadly speaking these approaches share the goal of adjusting a sampling distribu-
tion as closely as possible to the true target distribution, i.e. the actual transition matrix
element. In the case of a traditional Monte Carlo integration this will typically result in
events with weights of ideally small spread. However, for a resource efficient generation
process for physics analyses, in particular due to very time-consuming components such
as a detector simulation, events with (largely) unit weight are desirable. This is typically
solved via von Neumann rejection sampling, i.e. an accept-reject procedure for weighted
event samples. However, even with advanced adaptive sampling techniques in particu-
lar for multi-particle final states the efficiency of the unweighting procedure can be quite
small, resulting in the repeated trial evaluation of the scattering matrix element that ul-
timately get rejected. For LHC key processes such as the multijet-associated production
of gauge bosons this might result in @(10°) evaluations of the computationally expensive
matrix element for a single unit-weight event [17].

This suggests a complementary opportunity for saving resources, namely the usage of a
fast and accurate surrogate for the trial weights. A corresponding two-stage unweighting
procedure that fully corrects for the potential mismatch between the surrogate weight
and the actual value of the full matrix element has recently been presented in Ref. |2].
To demonstrate the algorithm, a rather simple neural network designed to replicate the
weight of partonic events, represented by their external momenta was used. For tree-level
contributions to Z/W + 4 jets and tt 4+ 3 jets production at the LHC significant gains
have been observed, however, for less complex partonic channels ordinary unweighting
could not be outperformed. Over the last few years more sophisticated matrix element
surrogates based on neural networks have been developed [1]1819|, addressing tree-level
and one-loop amplitudes. In particular, Ref. [1] presented a method to emulate scattering
matrix elements employing the factorisation properties of QCD amplitudes in the soft-
and collinear limits.

In this work we explore the potential of a combination of the approaches in Refs. |2]
and |1] in unweighted event generation for multijet production processes at the LHC.
To this end we generalise the method presented in Ref. |1] to the case of colour-charged
initial states and massive final-state partons. We also explore, for the first time, the
emulation of colour-sampled QCD amplitudes in the colour-flow decomposition. With an
implementation in the SHERPA event generator framework [20)21] we benchmark tree-
level contributions to Z + 4,5 jets and tt + 3,4 jets production. The paper is structured
as follows: In Sec. We review the dipole emulation model of Ref. [1] and present our
new developments to address hadronic collisions and massive final-state partons. In Sec.
we review the unweighting procedure worked out in Ref. [2|. In Sec. We discuss the
implementation of both algorithms in the SHERPA framework, and present our results
obtained for selected partonic channels contributing to pp — Z+4,5 jets and pp — tt+3,4
jets.
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2 Improved matrix element emulation using neural networks

To demonstrate the accelerated surrogate unweighting algorithm in Ref. 2| the authors
used only a simple neural network as model for the event weights. It was clear from the
study that a bottleneck in this procedure was the accuracy of the event weight approxima-
tions coming from the surrogate model, leading to low efficiencies in the second unweighting
step. In this work we consider replacing that simple model with the factorisation-aware
neural network model introduced in Ref. |1|, which has been shown to exhibit more ac-
curate predictions on a per-point basis compared to existing methods. Below we review
the construction of this model and detail the necessary extensions to facilitate multijet
production processes at the LHC.

2.1 Neural networks based on dipoles

In this section we briefly review the framework from Ref. [1|, where an ansatz for matrix
elements based on the factorisation properties of QCD matrix elements in their soft and
collinear limits was used. This factorisation can be depicted as

IMi1)? = [Mal? @ Vi, (1)

where the matrix element in the (n + 1)-body phase space reduces to a matrix element
in the momentum mapped n-body phase space multiplied by a singular factor, V;;. For
single infrared limits, V;j;, contains all the singularity structure of the matrix element. In
the dipole formalism (originally presented by Catani and Seymour for massless partons
in 22| and later generalised by Catani, Dittmaier, Seymour and Trécsanyi to account for
finite masses in |23]) these singular factors are encapsulated in the dipole functions Djjp.
This factorisation property of matrix elements leads to the form of our ansatz, which is
inspired by the dipole factorisation formula. It is given by

Mopi|® =~ Z CiikDijr » (2)
{ijk}

where ¢, j, and k denote the three partons involved in the dipole function. Instead of
fitting the matrix element directly where there are divergences in the infrared regions of
phase space, we let the neural network fit the coefficients Cjj;, as a function of phase
space. These coefficients are more well-behaved than the full matrix element in the soft
and collinear limits as the singular behaviour is described by the dipole functions. By
combining these well-behaved coefficients with the analytically known dipoles, we produce
an approximation for the matrix element. This enables the fitting of matrix elements
across the entire sampled phase space with a single neural network. Whilst the model
predicts the Cj; coefficients, it should be noted that these are not entirely meaningful
by themselves. Only once they are combined with the corresponding dipoles do we get
the approximation of the matrix element. It is this approximation of the matrix element
which should be seen as the model prediction and which appears in the loss function.

In singly unresolved limits, only relevant dipoles are large and so constrain the cor-
responding Cjj;, in the fit. Outside of these limits all dipoles are of similar order of
magnitude and the ansatz in Eq. is more under-constrained. In these regions of phase
space, the excellent fitting capabilities of neural networks are leveraged to interpolate
the non-singular matrix elements. The accuracy achieved in this approach is due to the
fact that the coefficients being fit by the network, for single soft or collinear kinematics,
are free of divergences. This facet of the emulation model makes it particularly apt for
the case of multijet production processes where matrix elements are plagued with many
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Table 1: Hyperparameters of the neural network and their values.

Parameter Value

Hidden layers 4

Nodes in hidden layers 128

Activation function swish [26/(27]

Weight initialiser Glorot uniform 28]

Loss function MSE

Batch size 512

Optimiser ADAM |29]

Initial learning rate 1073

Callbacks EarlyStopping, ReduceLROnPlateau

well-understood divergent structures. In Sec. We will apply the method to emulate jet-
production processes at the tree level, where the fiducial phase space is constrained by
jet cuts, i.e. a minimal separation of all QCD parton pairs and a moderate transverse
momentum threshold.

We note that Eq. is not to be interpreted as a recursion relation, instead it depicts
the isolation of a single infrared limit into the dipole Dj;j;; leaving the coefficients Cjjy,
to capture the behaviour of the non-divergent n-body matrix element. In principle, this
model could be extended to cases of multiple unresolved partons where the divergences are
captured by multiple D;;; functions, again leaving Cj;, well-behaved. This was examined
briefly in Section 3.3 of Ref. 1] where the model performance was tested on more complex
infrared configurations.

In this work we employ networks of similar size and complexity to those in Ref. |2|,
namely, we use KERAS 24| and TENSORFLOW (25| to build a neural network (NN) model
with four hidden layers, each consisting of 128 nodes. These hidden layers use the swish
activation function [26|27] and their weights are initialised according to the Glorot Uniform
distribution |28], which aims to keep the variance of activations similar across all hidden
layers in order to prevent exploding or vanishing gradients during network training.

The swish activation function, H%p(*:v)’ has a similar shape to the more well-known
ReLU activation function, but it is a smooth continuous function allowing small nega-
tive values, instead of thresholding them to 0 like ReLU does. We find that in practice
swish outperforms ReLLU in all our trained models. We also find that instead of using a
linear activation function in the output layer, using a swish activation function is more
performant.

The NN is fitted to the data generated from SHERPA (see Sectionfor more informa-
tion on the generation of data) by minimising the loss function encoding the discrepancy
between the prediction made with the neural network to the true matrix element provided
by SHERPA. We use the mean squared error (MSE) as the loss function, with the training
optimised using ADAM (29| with an initial learning rate of 1073. The learning rate is
reduced when the validation loss shows no improvement for 30 epochs of training by using
the ReduceLROnPlateau callback, and EarlyStopping is used to terminate training when
there is no improvement in the validation loss after 60 epochs. A summary of the neural
network hyperparameters is given in Tab. for reference.

As inputs to our generalised network model we feed: the 4-momenta of all initial- and
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final-state particles, the phase-space mapping variables corresponding to the dipoles in the
ansatz, denoted as yij and the kinematic invariants s;; for all pairs of particles in the
process considered. Dipoles can be classified depending on whether the emitter and spec-
tator are in the initial- or final-state, and whether they are massless or massive. The four
classes of dipoles are FF (final-state emitter, final-state spectator), FI (final-state emitter,
initial-state spectator), IF (initial-state emitter, final-state spectator), and II (initial-state
emitter, initial-state spectator), where each class can be massless or massive. Each of
these dipole configurations have a corresponding phase-space mapping. To illustrate the
general form of these mappings, we quote the massless FF case here,

DpiDj 7 (3)
PiPj + PjPk + PiPk
where it is understood that the other mappings are also functions of the external momenta
(and masses if present). Note that the y;;;, and the s;; input variables are not independent
from the external momenta. To aid the neural network training process, we pre-process
the y;;1, such that the shape and widths of their distributions are similar for the different
dipole configurations. This amounts to

Yijk =

log(1 — y;5%) if massless FI, IF, or II dipole,
Yijk — ( i) (4)
log(yij) otherwise.

The kinematic invariants are also transformed with the logarithm s;; — log(si;) as they
can span many orders of magnitude. It should be noted that the particles involved in
the dipole functions and mapping variables denoted by the subscript i¢jk are the colour-
charged particles in the initial- and final-state. Non colour-charged particles, for example,
electrons and positrons, do not appear in the dipoles, but nevertheless their momenta
and kinematic invariants are fed into the network as inputs such that it learns of their
dependence. All of these inputs are standardised to zero mean and unit variance, with the
4-momenta being standardised along each component.

To use them more effectively in the loss function, we pre-process the matrix elements
as ,

’MTH_]_‘Q — arsinh <’Mn+1| ) ’ (5)
Spred

and standardise to zero mean and unit variance. Speq is the prediction scale taken to be
the minimum matrix element value found in our training set. This transformation aids
the neural network in training by reducing the span of the target distribution.

The output nodes of our neural network correspond not to the matrix elements directly,
but instead to the dipole coefficients. The raw outputs, denoted by c;;i, are transformed
to the coefficients appearing in Eq. , Cijk, via the transformation

Cijk = Scoef X sinh (Cijk) (6)

where Scoef is the coefficient scale, taken to be Spred/Sdipole- Sdipole i the representative
value of a dipole, which we take to be the median of all dipoles in our training set.
The neural network prediction is made by using Eq. to combine the predicted Cjjp,
coefficients with the corresponding dipoles D;j;. In order to compare with the scaled target
matrix elements, we have to transform the neural network predicted matrix element with
Eq. with the same Speq. We can then compare the matrix element as predicted by
the neural network, with the truth value, as given by SHERPA, in the MSE loss function.
A diagram illustrating the NN emulator architecture is given in Fig.

'The initial-state phase-space mapping variables are referred to as Zijk in [22)23] but we will refer to
all phase-space mappings as y;;x for brevity.
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Figure 1: A simplified sketch of our neural network emulator showing inputs, hidden
layers, and outputs Cjjy.
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In Ref. [1], the neural network predictions were given by the average over an ensemble
of 20 independent replicas trained on different shuffled subsets of the training set and
with different initial random seeds for model weight initialisation. Here we take a similar
approach by training a set of 10 replica models, however, for predictions we select the
model with the lowest validation loss. We stress that this is not a special choice as all
individual replica models converge to a similar point. As an illustrative example, we plot
in Fig. the loss curves for the partonic channel gg — e~ et ggdd, which is a leading-
order contribution to Z + 4 jets production at the LHC. We observe convergence across
all replicas with training terminating at similar values of the MSE.

The reasoning behind ensembling a prediction is to reduce the effects of stochasticity of
the training process, to reduce random model weight initialisation, and to reduce variance
in the prediction. In this work we strive for a balance of accuracy and speed, meaning it
is advantageous to use a single model to make predictions. The reasoning is as follows.
In an ensemble of models where replicas are trained on different subsets of the same
training data, there is overlapping information learnt by the individual models. This leads
to diminishing returns in predictive accuracy, meaning that whilst evaluation time grows
linearly with the number of replicas, accuracy does not. We have therefore observed a
single model to be the most performant configuration. It is important to stress that this
does not mean that one model cannot be sufficiently accurate, as we will demonstrate in
Sec.[4.2]

This decision to use only a single NN for predictions also guided our choice of num-
ber of nodes in the hidden layers. With 128 nodes we reach a balance of having enough
parameters to model the matrix elements whilst reducing the effects of overfitting. De-
creasing the number of nodes in the hidden layers to create a more compact NN has little
effect on the evaluation time for a single network when we use the ONNX Runtime |30
for evaluation, there would only be loss in accuracy which represents a decrease in overall
unweighting efficiency.

2.2 Extension to initial-state and massive partons

In Ref. [1], the authors considered jet production processes initiated via electron—positron
annihilation where only final-state QCD radiation occurs, meaning the set of dipoles built
into the emulation model were of the FF kind. Furthermore, the model was restricted to
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Figure 2: Training and validation loss recorded during training for 10 replica models,
for the gg — e~ etggdd channel, shown as solid lines. The MSE loss is the mean
squared difference between the transformed predictions and transformed truth values.
The epochs at which training is terminated are illustrated as the solid circles. We depict
the training and validation loss of the selected model in dashed horizontal lines.

the production of massless QCD partons.

In this work we consider the extension to hadronic initial states, which is relatively
straightforward: we need to account for the additional radiation that comes from the
colour-charged initial-state particles. To this end, we add the initial-state dipoles to the
ansatz, namely, we add the IF, FI and II splitting configurations. This means that the
emitter ¢, and spectator k, in the ansatz can now be in the initial-state. Illustrations for
the complete set of dipoles now included in the model are shown in Fig.

To showcase the extension to massless initial state dipoles we consider the emulation of
tree-level matrix elements for the partonic channels gg — e~ et ggdd and gg — e~ et gggdd,
which are leading order contributions to Z 44 jets and Z + 5 jets production at the LHC,
respectively. As validation of the emulation accuracy of the NN model for this extension
to initial states, we examine the ability of the model to predict matrix elements across
the sampled phase space, but in particular for the case of soft and collinear kinematics,
where QCD matrix elements are strongly enhanced. We plot in Fig. a 2d histogram
of the truth-to-prediction ratio, \./\/l]%rue/|/\/l|f)red, against the true value, |[M|2, ., for 1M
g9 — e~ et ggdd test events with standard cuts as described in Sec. Along the sides,
we plot the marginal distributions of the matrix element (top) and the ratio (right). The
results illustrate that the ratio depicting model accuracy is centred around the ideal value
of 1, with a steep drop off. This applies to the bulk of the events, as depicted by yellow
coloured bins, tightly constrained to a narrow band. The purple coloured bins represent
low population bins, or single points, which shows that the tails of the ratio distribution
are primarily seen for smaller matrix element weights. Furthermore, the model accuracy
remains high for the largest values of the matrix element, signalling that the infrared
behaviour is well controlled. This is a key property of the factorisation-aware model. The
emulation performance for the Z + 5 jets process is presented in Sec.

An additional extension we study in this article is the inclusion of massive dipoles to
our ansatz. This allows us to examine QCD processes with massive partons which is of
particular importance for top-quark pair production in association with jets. We include
the massive FF, FI, and IF dipoles from Ref. 23] into the emulation model. The massive
dipoles are generalisations of the massless dipoles, meaning in principle it would be possible
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Figure 3: Schematic diagrams of the four classes of dipoles. The dipoles are named
according to whether the emitter and spectator are in the initial (upper indices) or
final state (lower indices). Each dipole consists of a composite particle (denoted by
tilde) that decays into two partons, and a spectator that recoils to conserve momentum.
The grey blob represents the hard scattering process, with incoming and outgoing lines
representing initial- and final-state partons, respectively. The black circle represents the
splitting function within the dipole function which contains the divergent behaviour.

to remove the massless dipoles from the ansatz. However, in practice, we only include the
minimal set of necessary dipoles for a given partonic channel and so the inclusion of
the massless dipoles reduces overall computational cost due to their relatively simpler
expressions. With the massive dipoles implemented, our model contains the complete set
of dipoles and is in principle able to take advantage of the factorisation-aware model for
arbitrary processes involving QCD-enhanced behaviour at tree-level.

In order to showcase the extension to massive dipoles, we consider emulating tree-level
matrix elements of three partonic channels: gg — ttggg, and ua — ttgdd, contributing to
leading order tt+ 3 jets production, and ug — ttgggu which is a leading order contribution
to tt+4 jets production. To validate the inclusion of these massive dipoles into the model,
we show in Fig.the deviation similar to Fig.but for 1M tree-level events of gg — ttggg
in proton—proton collisions at /s = 13 TeV, with cuts described in Sec. We again
observe the narrow yellow band, indicating that the bulk of the test events are accurately
predicted, with the outliers corresponding to smaller matrix element values. The infrared
behaviour is well captured by the model as can be seen by the narrow head for the largest
matrix element values. For emulation performance of channels not described here, we refer

the reader to Sec.and App.

2.3 Colour-sampled matrix elements

The discussion so far has been focused on the emulation of colour-summed matrix elements
as it was the case for Ref. |1]. In this work we take the first steps towards emulating colour-
sampled matrix elements, such as those obtained from the COMIX generator 31|32].
Based on the colour-flow decomposition of QCD amplitudes |33|34|, for each event, the
generator samples a momentum configuration and a valid colour assignment, i.e. colour
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Figure 4: 2d histogram showing the distribution of truth-to-prediction ratios of the
matrix element against the value of the true matrix element for the Z +4j process gg —
e~etggdd. Along the axes, we plot the marginal distributions of the matrix element
(top), and the truth-to-prediction ratio (right). High population bins are illustrated as
yellow, with low population bins, down to single points, are depicted in purple.

indices. The colour assignment thereby is represented by a vector of integers, C, where
entries in the vector, ¢; € {1, 2,3}, denote the colour assigned to a colour-charged parton
in the process. Gluons have two colour indices corresponding to colour and anti-colour,
whereas quarks/anti-quarks carry only one index.

We add this vector of colour assignments as an additional input to the NN to include the
colour-sampled information from the generator. We one-hot encode the colour assignments
such that colours are represented by 3-element vectors, e.g. R = [0,0,1], G = [0, 1, 0], and
B =1,0,0], as the integer representation of colour assignments is not useful to the NN.

Given the actual colour of a parton is ambiguous, the matrix element should be invari-
ant to any cyclic permutation of the specific colour assigned to a given quark or gluon. To
give an example, the three permutations C; = [R, B, B,G, R], Cy = [G, R, R, B, G|, and
Cs = [B,G,G, R, B] of a five colour assignment would lead to the same matrix element
weight. To aid the NN in learning this behaviour, we take the three permutations and du-
plicate the other model inputs such that the training data is enlarged by a factor of three.
This did not cause us to run into any computational bottlenecks in terms of memory or
time taken to train the models. Note that this duplication of data is not required when
making predictions.

The rest of the inputs to the NN model remain identical. We study to what extent
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Figure 5: 2d histogram showing the distribution of truth-to-prediction ratios of the
matrix element against the value of the true matrix element for the ¢t + 3j process
gg — ttggg. Along the axes, we plot the marginal distributions of the matrix element
(top), and the truth-to-prediction ratio (right).

a naive approach of using the same dipole functions, which are most suitable for colour-
summed matrix elements, works for the case of colour-sampled matrix elements. In the
future, a more promising approach might be the application of coloured dipole terms
directly. Their form has already been derived and implemented for the dipole sub-
traction in the COMIX event generator but is not implemented in our NN-based model
yet.

To illustrate the emulation accuracy of colour-sampled matrix elements, here denoted
|M|?, we plot the truth-to-prediction ratio in Fig. @for the gg — ttggg channel. While
we again observe the property of well-behaved predictions for the larger matrix elements,
evidently, the ratio distribution is much wider than in the colour-summed case. This
decrease in accuracy directly translates to a lower expected gain factor when using this
emulator as a surrogate model for event unweighting. This is discussed further in Sec.
where we elaborate on specific reasons for this decrease in accuracy and present possible
future endeavours.
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Figure 6: Truth-to-prediction ratio for colour-sampled gg — ttggg matrix elements
against the colour-ordered partial amplitudes, |M|?. Marginal distributions are plotted
for the matrix elements (top) and ratios (right).

3 Event unweighting utilising matrix element surrogates

The unweighting of hard-scattering parton-level event samples constitutes an important
step in the simulation of scattering events. The obtained unit-weight events then get passed
on to subsequent evolution stages, including QCD parton showers, hadronisation, and
possibly a detector simulation. However, the unweighting, based on rejection sampling,
can pose a severe computational challenge, in particular when the evaluation time of the
matrix element is long and the efficiency of the unweighting is rather low. To address
this challenge Ref. proposed a novel two-stage rejection sampling algorithm based
on fast surrogates that we briefly review in this section. We furthermore generalise the
performance measures to the case where the surrogate replaces the matrix element only,
rather than its combination with the phase space weight as was the case in Ref. .

3.1 Two-stage unweighting method

The Monte Carlo method provides a numerical procedure to estimate integrals, e.g. par-
tonic cross sections in high energy physics. When the integrand is non-trivial we use im-
portance sampling to reduce the variance of the integral estimate. For a positive-definite
target function f : Q C R? — [0,00) defined over the unit hypercube Q = [0,1]% and a
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probability density function g the Monte Carlo estimate of the integral

I= /Qf(u') du' = ; gézjg dv’  with /Qg(u’) du' =1 (7)
is given by
1N
I~y ®)

(2

=1

with the pointwise event weight w; = f(v;)/g(v;). The points v; are drawn from the dis-
tribution g. A suitable g can reduce the variance of the integral estimate and thereby
increase the efficiency of the numerical integration. Finding such a function g is a difficult
task, though, as one needs a way to efficiently draw samples from it. For multimodal
target functions it is attractive to use a multi-channel approach, where ¢ is defined by a
mixture distribution. The weights of the channels can then be adapted automatically |36).
VEGAS (37| is an algorithm to automatically construct a sampling distribution g by op-
timising the bin widths of a piecewise-constant function. It can also be used to remap a
given g or even the individual channels of a multi-channel distribution |38].

Besides the total integral we are typically interested in differential distributions of
the points wu;, i.e. histograms of physical observables. Monte Carlo sampling produces
weighted events so every entry in a histogram comes with a weight. Variance reduction
methods like importance sampling also reduce the spread of weights but only a perfect
sampler results in strictly uniform weights. A large weight spread is problematic when the
samples are to be post-processed by detector simulations, as these are very expensive in
terms of computation time per event. It is inefficient to apply them to events that yield
a minuscule contribution to the total cross section. The alternative is to first impose a
rejection sampling step to extract unit-weight samples. This converts a sample of Ntials
weighted events into a set of N < N'als ynweighted events by randomly accepting or
rejecting every weighted event with the acceptance probability w/wmax Where wpax is
the maximal event weight. Even though the information of the rejected events is lost the
overall efficiency can be significantly increased when detector simulation is more expensive
than event generation.

A convenient measure for the performance of a Monte Carlo event generator is the
unweighting efficiency € of the rejection sampling step, defined as

N
= Ntrials : (9)

For a large number of trial events it can be estimated by

€~ {w) , (10)

Wmax

where (w) is the mean of the Nijas weights in the event sample. The average number of
target function evaluations needed to get one accepted event is then given by 1/e. Similar
to how the uncertainty on the integral estimate can be diminished by variance reduction
methods, the unweighting efficiency can be increased by optimising the sampling density
g for smaller wyax.

There is another way of reducing the computational footprint especially if the target
function takes a long time to evaluate and has a rather low unweighting efficiency. This
is typically the case for high multiplicity scattering processes. The enormous growth in
the number of contributing Feynman diagrams makes high multiplicity matrix elements
increasingly expensive. At the same time, the high dimensionality of phase space renders
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it difficult to find a sampling density g that is well adapted to the target everywhere
in the integration volume. Consequently, the unweighting efficiency typically decreases
with increasing multiplicity, see for example [17|. In this situation one can reduce the
overall event generation time through replacing the expensive matrix element by a fast
and accurate surrogate. The inaccuracy inevitably introduced in this procedure can be
fully corrected for in a second unweighting step, resulting in an unbiased method [2|. An
outline of the algorithm is given in Alg. In addition, a more extensive explanation
follows below.

Algorithm 1: Two-stage rejection-sampling unweighting algorithm using an
event-wise weight estimate.

while true do
generate phase-space point u;
calculate approximate event weight s;
generate uniform random number R; € [0, 1);
# first unweighting step
if s > R; - wyq then
calculate exact event weight w;
determine ratio z = w/s;
generate uniform random number Rz € [0, 1);
# second unweighting step
if £ > Ry - Tpq, then
| return u and w = max(1, s/Wmq;) - max(1, /T maz)
end

end
end

We begin by generating a weighted trial event in the conventional way. In a first
unweighting step we then compare the surrogate weight s to the weight maximum wpax
and accept the event with probability s/wpax. For an event that gets rejected at this point
we only had to evaluate the cheap surrogate. If the event gets accepted, however, we need
to evaluate the true weight w and attach a correction weight x = w/s to the event. In a
second unweighting step, the event has an acceptance probability of z/Tmax. Like wmax,
Tmax has to be predetermined. When the surrogate yields an accurate approximation of
the true weight, a large proportion of events gets accepted in the second unweighting step.
We note that the algorithm can easily be extended to the case of not strictly positive event
weights as shown in |2].

Alg. contains a crucial detail regarding the weight maxima, namely that even after
unweighting events can end up with weights @ > 1 if s is larger than wpax or if « is
larger than .. If the true maxima were used, this could never happen. However,
given finite-sized samples an exact determination of wpay is realistically not possible. It
is often not even desirable since a small number of points with large weights can induce
a prohibitively small unweighting efficiency without contributing significantly to the total
integral. It can therefore be useful to work with a deliberately reduced maximum, provided
the rare mismatches are corrected for by event weights. The resulting events will be
partially unweighted since there can be some events that overshoot the maximum. These
will receive an overweight @ = w/wmyax > 1. Hereinafter, we adopt the approach used in
SHERPA for finding the reduced maximum. The aim is that the remaining overweights do
not contribute more than a fixed proportion to the integral. We set this share to 0.1 %.
This can be achieved by taking the sorted weights of a sample of weighted points and
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finding the weight that cuts off the desired quantile. In SHERPA this is done automatically
during the integration phase. We point out that using a reduced maximum is a fully
unbiased technique commonly used in event generators. It is especially helpful when
weight surrogates are used since the limited approximation quality of the surrogate can
lead to particularly large outliers.

3.2 Performance analysis

To fairly evaluate the performance gain of the two-stage unweighting algorithm shown in
Alg. We take the average time it takes to generate a single (partially) unweighted event
and compare it to the time it would take to generate the statistical equivalent using the
standard unweighting procedure. We call the ratio between the two the effective gain
factor feg:
T
feff — Tstandard ) (11)
surrogate

In order to separate the actual unweighting from program initialisation and other aspects
of event generation, we break the calculation down to the relevant ingredients:

Nl . () + (tps))

feft = it e (12)
Nfst?slflrr ’ (<tsurr> + <tPS>) + NSHS};H ’ <tME>
1
= il e ) e (13)
<tME>+<tPS> €1st,surr€2nd,surr (tME>+<tPS> €2nd,surr

The average evaluation times of the full matrix element weight, the phase space weight
and the matrix element surrogate, respectively, are denoted as (tmg), (tps) and (tgur). By
N;{é%ls we denote the number of trials in the respective unweighting step. The unweighting
efficiencies are defined as

trials
N N2nd surr N
€full == W ) Clstsurr = S als and €2nd,surr = T Tirals (14)
full 1st,surr 2nd,surr

It should be noted that events rejected due to phase space constraints do not affect the un-
weighting efficiencies since the selection cuts can be applied solely based on the kinematics
without having to evaluate the matrix element.

From Eq. it is clear that an important requirement for significant gains are short
evaluation times for the surrogate in comparison to the full matrix element, i.e. (tsyy) <
(tmg). Furthermore, even with a fast and accurate surrogate gains are only possible
when the original unweighting efficiency egq is small enough. Therefore, the surrogate
unweighting method is of limited use when the sampling density is very well adapted to
the target. For suitable processes it will thus be important to find a good balance between
fast evaluation and high accuracy of the surrogate.

The efficiency epy can be estimated by

Efull R {w) (15)
max
from the weights w generated during an initial integration run, i.e. after adapting the phase
space generator. For wpax we use the reduced value as described in Sec. Analogously,
we estimate €1t surr DY
(s)

max

(16)

€1st,surr ~
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using the same weight maximum and the surrogate weights s determined for the events in
the test dataset. Since the deviations of the surrogate should average out, one can expect
the values of epy and €15t surr to be close. The second unweighting efficiency €anq surr can
be estimated by

()

(17)

€2nd,surr ~
Tmax

using the values z = w/s determined for the events in the test dataset. The reduced
maximum Zpyax can be calculated analogously to wpax with the restriction that we have
to weight the values of x by their corresponding values of s to take into account the
acceptance probability in the first unweighting step.

To determine the times (tyg), (tps) and (tsur) we repeat the calculation of the
full/surrogate matrix element and phase space weights for a number of events from the test
dataset. Depending on the complexity of the process we need between 10 and 10 000 events
for a reliable time estimate. Note, the value of (ts) includes the time for preprocessing
the inputs and post-processing the outputs of the surrogate model.

4 Implementation and application to LHC processes

In this section we present the application of the dipole model emulation of QCD matrix
elements in the unweighting of event samples for high-multiplicity scattering processes at
the LHC, i.e. Z + 4,5 jets and tt + 3,4 jets production at the LHC. Results presented in
Ref. 2| were based on a simplified neural network surrogate, however, also included an
approximation for the phase space weight. We will here contrast the results obtained before
to the sophisticated dipole model surrogate and also comment on the challenges when using
colour-sampled QCD amplitudes. We furthermore briefly describe an implementation in
the workflow of the SHERPA framework [20|21]. Note that we here only need to consider the
generation of the hard process partons, as this is factorised from the generation of initial-
and final-state parton showers as well as non-perturbative phases such as hadronisation
and the underlying event |6|. Furthermore we note that systematic variations of the
hard event related to alternative PDF sets, or modifications in the scale choices can be
evaluated on-the-fly for unweighted events, represented by variational weights, see for
example [39]40|.

4.1 Implementation in the SHERPA framework

The two-stage unweighting algorithm described in Sec. has been implemented in
SHERPA [2]. The framework provides two built-in tree-level matrix element generators:
AMEGIC [41] and COMIX [31]. We use AMEGIC to evaluate colour-summed matrix ele-
ments and COMIX for colour-sampled ones. To adapt the integrator to the integrand
SHERPA runs an initial optimisation phase. This is followed by an integration phase in
which the optimised integrator is used to calculate the total cross section of the process.
From the event weights produced in this phase the value of wpy,y is determined, based on
the 0.1 % maximum reduction method introduced in Sec.[3.1] We take 2M events from the
integration phase as a training dataset by saving the momenta, matrix element and phase
space weights, and, when using colour sampling, colour assignments. From the training
dataset we use 800k events for training the model, 200k for validation during the training
and 1M for testing the performance afterwards. We train the dipole model described in
Sec. using KERAS [24] with the TENSORFLOW |[25] backend and save it in the ONNX
format [42]. The 1M events from the test dataset are used to determine the value of Zyax.
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After the training of the surrogate model has been completed successfully, the de-
termination of the surrogate matrix element value during event generation with SHERPA
proceeds as follows. At the point where normally the matrix element would be calculated
with AMEGIC or COMIX, we use the momenta of the current trial event to determine the
additional inputs y;;, and s;;. Along with the momenta these are then fed into the model
which we evaluate on a single CPU core using the C++ API of the ONNX Runtime
package [30]. We find that ONNX Runtime evaluates the model several times faster than
the header-only library frugally-deep [43|, which was used in [2|. It is important to note
that this introduces an additional dependency on a software library. We would, however
like to emphasise that our method does not depend on the code with which the surrogate
is evaluated. This affects only the evaluation time. It would even be possible to create
an interface through which any suitable tool could be used for this purpose. The model
evaluation yields the dipole coefficients Cj;r which are then combined with the dipole
functions D;j;, according to Eq. . To determine the relevant dipoles we use a custom
implementation, although there already exists an implementation of the dipole functions
in SHERPA (used in the automated construction of infrared subtraction terms for NLO
QCD and EW calculations |4445]) which could in principle also be employed for the case
considered here.

4.2 Results for LHC multijet production processes

To study the performance of the method we consider various partonic multijet processes
at tree-level accuracy. We thereby follow the validation and benchmark strategies outlined
in Ref. [2|, considering Z+jets and tt+jets production in proton—proton collisions at /s =
13 TeV. In particular we present results for Z + {4,5} jets and ¢t + {3, 4} jets final states,
thereby extending our previous study by one multiplicity. Jets get reconstructed with the
anti-k; algorithm [46| with R = 0.4. As parton density functions we use the NNPDF-3.0
NNLO set 47].

Z+jets

We examine the partonic channels gg — e~ etggdd and gg — e"etgggdd at the tree-
level that represent leading-order contributions to Z + 4 jets and Z + 5 jets production
at the LHC. Correspondingly, using the four-momenta as inputs for the surrogate model
we have parameter spaces with 32 and 36 dimensions. These get supplemented by the
corresponding dipole mapping variables and kinematic invariants, see Sec. Cuts are
implemented to constrain the fiducial phase space and, in turn, to regulate QCD infrared
divergences. A dilepton invariant mass m.-.+ > 66 GeV and four, respectively, five jets
with pr ; > 20 GeV are enforced. Identical cuts are used for the training and the prediction.

As a first assessment of the quality of the surrogate we show in Fig.the distribution
of the ratio between the true event weight w and the surrogate event weight s for 1M test
events for the exemplar channel gg — e~etgggdd. The corresponding plot for the process
with the lower multiplicity is shown in App. We compare the results of the dipole
model with the naive model from Ref. [2]. We point out that the naive model learns the
entire event weight, while the dipole model learns only the matrix element weight. For
the representation in Fig. the approximated matrix element weight of the dipole model
was therefore multiplied by the true phase space weight. While a perfect model would
reproduce the true weight exactly, such that the ratio would be one for all events, our
surrogates show deviations. In both cases the distribution is peaked at one and falls off
rather symmetrically towards higher and lower values. For the dipole model the peak is
more pronounced and has a steep slope towards the tails of the distribution. This indicates
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Table 2: Performance measures for partonic channels contributing to Z + {4,5} jets
production at the LHC.

SHERPA default with dipole-model surrogate
Process tME [ms} tps [HIS} €full tsurr [IHS] Tmax  €lst,surr €2nd,surr feff
g9 — e~ etggdd 54 040 1411%  0.14 2.6 1.418% 39% 16

gg—e~etgggdd 16216 570 0.076% 020 3.6 0.085% 29% 269

that for the bulk of the events the dipole model produces results that are much closer to
the true values than the ones from the naive model. While the naive model seems to tend
to generate an excessive number of large weights, i.e. s > w, both models generate a small
number of outliers with s < w, reaching values for = w/s of up to 107. We also indicate
the points where the values of x.x lie to show which parts of the distributions are cut
off in the partial unweighting. The dipole model achieves a much smaller xy,x than the
naive model, 3.6 compared to 84.8. There are orders of magnitude between the large-x
outliers and the value of z,, used for the unweighting. To underline that this does not
contradict each other, we refer again to Figs. There we can see that the large ratios x
are suppressed with respect to the matrix element weight. These events therefore have a
low probability of being accepted in the unweighting. Accordingly, the cut by the reduced
Tmax 1S justifiable because the outliers on average contribute little to the total cross-section
due to their low frequency.

In Tab. We summarise the evaluation times of the full and dipole-model surrogate
weights, the efficiencies of the single- and two-stage unweighting, the maximum =z, for
the second unweighting step and, finally, the effective gain factor fog. The evaluation of the
surrogate is found to be orders of magnitude faster than the full matrix element calculation
with AMEGIC. In the 4-jet case it is more than 300, and in the 5-jet case more than 80.000
times as fast. The evaluation of the phase space weights is fast in comparison to the full
matrix element. However, it is of order, or even larger than (tgy,,). We find that the
additional complexity when increasing the multiplicity from four to five jets increases the
matrix element evaluation time by a factor of 300 and reduces the unweighting efficiency
by a factor of 20. Nevertheless, (tsur) grows only by a factor less than two, while the
approximation accuracy, reflected by Zmax and €sng surr, remains very similar. We obtain
the values Tmax = 2.6 and eang surr = 0.39 in the 4-jet case compared to Tmax = 3.6 and
€and,surr = 0.29 for five jets. The effective gain factors yield 16 and 269, respectively.

tt+jets

As contributions to the processes tt + 3 jets and tt + 4 jets in hadronic collisions we
here consider three partonic channels with varying number of external gluons, namely
ui — ttgdd, gg — ttggg and ug — ttgggu. In contrast to the previous examples these are
pure QCD processes featuring massive coloured particles. Even though the final states
contain one particle fewer than the Z+jets channels, these processes still pose a severe
computational challenge. The direct coupling of gluons to the top quarks leads to a
significant proliferation of Feynman diagrams in their jet-associated production. The input
space dimensionalities are now 28 and 32, respectively. For the processes contributing to
tt+3 jets we require three anti-k; jets with pr; > 20 GeV. The fiducial phase space of the
tt+4 jets channel is constrained by requiring four jets with staggered transverse-momentum
cuts, namely pr1 > 100GeV, pra > 50GeV, pr3 > 40 GeV and pr4 > 20GeV. We do
not impose phase space restrictions on the external top quarks, that we treat as on-shell
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Figure 7: Ratio distributions of exact weights and their surrogate for the factorisation-
aware emulation of the matrix-element weight (dipole) and the combined matrix-element
and phase-space weight from Ref. [2] (naive).

Table 3: Performance measures for partonic channels contributing to ¢ + {3,4} jets
production at the LHC.

SHERPA default with dipole-model surrogate
Process tME [ms] tps [ms} €full Lsurr [ms] Tmax  €lst,surr €2nd,surr feff
uil — ttgdd 5 0.04  0.092% 0.14 1.5  0.092% 69% 20
g9 — ttggg 3262 0.90 1.093 % 0.18 1.4 1.128% 69% 61

ug — ttgggu 51200 4.00 0.153 % 0.24 1.8 0.160% 57% 354

in the matrix element calculation, i.e. p? = p% = m? with m; = 173.4GeV.

In Fig.we show the ratio distributions of the true event weights and their surrogates
for the dipole model and the naive model using the example of the partonic channel
uti — ttgdd. Note that the corresponding distributions for the other channels are shown
in App. In comparison to Fig.it can be seen that the distribution of the naive model
is wider while the one of the dipole model is even narrower in this example. Moreover, it
has visibly fewer outliers. This is also reflected in the values of x,.x, Where the excellent
result of 1.5 for the dipole model is two orders of magnitude smaller than the one for the
naive model.

In Tab.we compile the results obtained for the three partonic channels comparing the
ordinary unweighting procedure with the two-stage surrogate technique. Again, we find
significant speedups when using the dipole-model surrogate. For the process ug — ttgggu
the surrogate is in fact more than 200.000 times faster than the full matrix element weight
evaluation. For all three examples the surrogate gives accurate approximations leading to
values of x.x between 1.4 and 1.8. The gain factors fog lie between 20 for the process
utt — ttgdd and 354 for ug — ttgggu.

We compare the results for the effective gain factors for all five example processes
in Fig. For comparison we also include the results obtained using the simpler NN
surrogate from Ref. |2| that were not contained in the tables. The values differ from
the original publication because the definition of the renormalisation and factorisation
scales has changed from a momenta-dependent one as used in Ref. 2] to a fixed value
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Figure 8: Effective gain factors for different processes. For comparison the results
obtained using the naive neural network surrogate model from Ref. [2] are shown. Note
that the naive model includes the phase space weight while the dipole model learns the
matrix element weight only.

as used in Ref. [1]. This change leads to a slightly simpler learning problem and thus to
slightly better performance. It can be seen that the dipole model achieves much larger
gain factors. This can be attributed to the fact that the dipole model approximates the
matrix elements much better because it already knows the relevant dipole structures for
QCD emissions that dominate the multijet processes considered here. Furthermore, it is
found that the respective highest multiplicity channels of the two process groups yield
the largest gain factors. Adding an additional external particle causes the complexity of
the calculation of the matrix element to grow significantly. This leads to a considerably
increased evaluation time tyg for the full weight, while the time tgy, for the surrogate
changes only insignificantly. The impressive performance of the dipole surrogate model
facilitates high gains even for those channels where the naive model from Ref. |2] led to
minor gains only.

The influence of the training dataset size

In Fig. @We show how the value of z,,x depends on the event sample size used to train
the surrogate model for the different example processes. The number of training events is
varied between 10° and 10°. A hierarchy can be identified: the models with the highest,
i.e. worst, values of T.x gain the most from additional training data. For the process
g9 — e~ et gggdd for example the resulting Tmay is more than halved by going from 10° to
108 events. The processes with smaller .y in comparison benefit less. For the process
gg — ttggg the gain is only 23 %. These observations carry over to Fig. where the
dependence of f.g on the training dataset size is shown. According to Eq. li we have
feff X €andsurr and according to Eq. we have €onggurr X 1/Zmax. Therefore fog is
inversely proportional to x,.x. The largest improvement can again be seen for the process
g9 — e~ etgggdd where the value of f.g increases by 125 % when going from 10° to 106
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Figure 9: Influence of the training data size on the value of xy.x.

events. Likewise, the smallest improvement relates to the process gg — ttggg where the
increase is only 22 %.

500 1.0
—r— gg — e eTggdd
99 — e~ etgggdd
400 4 = wua — ttgdd 0.8
=+ gg — tiggg A '
=A- ug — ttgggu et -
300 - .
. = A‘ % 0.6 4
& A~ He
«2 . ~%
200 & .
0.4 o == gg — efeJ“gng
g9 — e et gggdd
100 A _ a7
== uu — ttgdd
g et s s —_ 02 d = g9 tiggg
*_-*._.-.-..H{b——'g--# -A- ug — ttgggu
0 B T T T T T T T T
100k 200k 500k 1M 100k 200k 500k 1M
training data size training data size
(a) absolute (b) relative

Figure 10: Influence of the training data size on the value of feg.

Results for colour-sampled amplitudes

The above examples are based on matrix elements with an explicit sum over the SU(3)
colour configurations of the involved partons. Using Monte Carlo integration techniques for
phase space sampling, and possibly partonic flavours, a further option arises: just like the
kinematic variables, we can also sample the colour assignments for the external partons. It
can be shown that colour sampling has a superior scaling behaviour compared to colour
summation and therefore becomes much faster for large parton multiplicities. This holds
even though colour sampling needs more points to reach a certain target precision. With
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6—8 colour charged legs our examples already feature quite high dimensional colour spaces.
It is thus worthwhile to test the performance of our method for colour sampled matrix
elements. As a benchmark we use SHERPA with its built-in matrix element generator
CoMiX that implements colour sampling based on the colour-flow decomposition of QCD
amplitudes [31}32]. To keep things simple, we use a naive approach and employ basically
the same surrogate model as before with the colour configuration as an additional input,
see Sec. While our model ansatz Eq. is averaged over the colours, the neural
network can try to learn the colour structure and encode it in the coefficients. As discussed
in Sec. an improved approach could use a new set of dipoles with explicit colour
assignment in the future.

We trained the dipole model on the processes gg — e~ etggdd and gg — ttggg and
found gain factors of 0.23 and 0.26, respectively. The performance is thus worse than using
the standard unweighting when sampling colours. We checked that increasing the size of
the training dataset does not lead to much higher gains. Three effects come into play
here: first, the approximation quality of the model is worse because the complexity of the
emulation problem increases significantly due to the additional colour degrees of freedom.
Secondly, the evaluation time f#yg for the matrix element is now much shorter because
instead of the whole sum only a single colour point needs to be evaluated. Thirdly, the
evaluation time tpg for the phase space weight is now no longer negligible. With CoMIx
it is of the same order of magnitude as tyg. This makes it much more difficult to achieve
large gains.

A way to deal with the last two points would be to let the surrogate also approximate
the phase space weight such that

S/ ~ WME * WPS . (18)

Let us demonstrate this for the effective gain factor. In the limit of a highly accurate
surrogate with €1g¢ surr = €ran and €apg surr ~ 1 Eq. li becomes:

1

f eff ~ t +(t t '
g

(19)

Even in the ideal case where (tgyr) — 0 and €gy — 0 there is an upper limit given by

(tean)
(tps)
This is unproblematic as long as the evaluation of wpg is cheap compared to wyg. If this

is not the case a surrogate that emulates the full weight is beneficial and results in an
effective gain factor of:

feﬂ < (20)

: 1
Jett = Ty : (21)

. €full €full
/ ! !
(tfull) € 1st,surr€ 2nd,surr € 2nd,surr

Considering again the limit of a highly accurate surrogate leads to

, 1
fet ® oy

. (22)
Ttanl) + €full

The largest possible gain factor is thus f/of = ernr+. This corresponds to the same
acceptance rate as without surrogate but with zero evaluation time. As was done in
Ref. 2] we adapted the dipole surrogate model to include the phase space weight and
evaluated the performance for the same two processes as above. We find gain factors of
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0.02 and 0.22, respectively. Again, we do not achieve any gains compared to the standard
unweighting. In this case the problem is that the neural network gives an even worse
approximation since we include the phase space mapping which already tries to flatten
the structures in the soft and collinear regions. So the model has to deal with a situation
it was originally not designed for. The resulting losses eat up the gain from not having to
calculate wpg for every trial event.

The observations described above open up various options for improvement. One pos-
sibility, as mentioned before, would be to develop a surrogate model with colour-dependent
dipoles, adequately representing amplitudes in a specific colour-flow assignment. In ad-
dition, one could attempt to explicitly incorporate knowledge about the employed phase
space mappings.

5 Conclusions

We presented a case study of using a fast and accurate neural network emulation model
for scattering matrix elements in the context of unweighted event generation for multijet
processes. To this end we have generalised the model originally presented in Ref. [1], based
on dipole factorisation, to account also for initial-state emissions and massive final-state
partons. When considering QCD multijet processes this factorisation-aware model — using
the parton four-momenta, dipole variables and kinematic invariants as inputs — provides
very precise estimates for the squared transition amplitudes. This has been showcased for
a selection of partonic channels contributing at the tree-level to hadronic Z 44, 5 jets and
tt + 3,4 jets production.

We then considered the trained networks in the ONNX format as fast surrogates for
the full squared matrix elements in a two-stage rejection algorithm, originally presented
in Ref. 2], in the SHERPA framework. This enables the production of unbiased samples
of unweighted events that reproduce the exact target distribution, i.e. the true squared
matrix element of the considered scattering process. Given a fast and accurate surrogate
model, the effective gains are largest when two conditions are met: (i) the unweighting
efficiency of the phase space integrator is rather low, and, (ii) the matrix element is time
consuming to evaluate. For example, for the channels gg — e~ et gggdd and ug — ttgggu in
proton—proton collisions at /s = 13 TeV, featuring default unweighting efficiencies for the
AMEGIC integrator of 0.08% and 0.153%, we found gain factors of 269 and 354, respectively,
when using our dipole-model surrogate. Accordingly, the computational resources needed
to generate a given number of unweighted events get reduced by more than two orders
of magnitude. At the same time, the overheads for training the surrogate network model
are very modest, given that events from the compulsory integration phase prior to the
generation process can be used for that purpose.

The underlying workflow for colour-summed squared matrix elements should be easily
adaptable also for other matrix element providers and usage in experimental computing
frameworks, given that in contrast to the original treatment from Ref. 2| we only employ
the emulation of the matrix element expression and no longer include the generator specific
phase space weight in the first-stage approximation. Furthermore, the ONNX standard
allows one to easily store, transfer and exchange the trained neural networks, offering
much flexibility in the method used to train the model.

Our results are valid for a sequential event generation workflow where events are gen-
erated one after the other on a single CPU core. We expect that the performance can be
further increased by moving to a parallel workflow that generates multiple events at the
same time using parallel hardware. The evaluation of the neural networks, which form
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the basis for the surrogate models, can be easily vectorised and benefits in particular from
accelerators such as GPUs.

Our study targeted high-multiplicity tree-level contributions that constitute a severe
computational challenge in state-of-the-art matrix element plus parton shower simula-
tions of multijet production processes [49:54|, given that one can typically achieve NLO
QCD accuracy only for somewhat lower multiplicities, see for instance 55|. However, in
particular for the highest multiplicities sampling the colour assignments of the external
partons outperforms their explicit summation. This poses new challenges to emulation
models, given the high-dimensionality of the colour space. We explored naive extensions
towards a suitably adjusted network model, though we were not able to achieve significant
gains using a surrogate based on colour-summed dipoles. This is partly also due to the
reduced evaluation times for partial amplitudes in the colour-flow decomposition. We are
confident that under the same strategy but using colour-stripped dipoles in the surrogate
ansatz and incorporating the phase space weight into the emulation useful gain factors
could be achieved.

While the current paper addressed the emulation of high-multiplicity tree-level matrix
elements, an extension to NLO calculations is rather straightforward, though there are
additional challenges that have to be addressed. In Ref. |2| it was already shown that
the two-staged unweighting algorithm is applicable also to non-positive definite target
functions, i.e. negative event weights as they appear in subtraction-based higher-order
calculations. In Ref. [56] an extended version of the factorisation-aware emulation model
used here to QCD one-loop matrix elements has been presented. For the considered multi-
jet production channels in electron—positron annihilation percent-level accuracy has been
achieved. Upon generalisation to initial-state partons this could be used to lift unweighted
event generation for LHC applications based on fast neural-network surrogates to NLO
accuracy.
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A Auxiliary weight distributions

In this appendix we collect in Figs. auxiliary plots for the emulation accuracy of
our dipole surrogate model (dipole) and the combined neural network surrogate for the
matrix-element and phase-space weight from Ref. |2| (naive) for the remaining partonic
channels. Shown are the ratios of the true weights and the respective surrogates. The two
vertical lines indicate the corresponding maxima based on the 0.1 % maximum reduction

method, see Sec.
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Figure 11: Ratio distributions of exact weights and their surrogate for the factorisation-
aware emulation of the matrix-element weight (dipole) and the combined matrix-element
and phase-space weight from Ref. [2] (naive) for different partonic channels.
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4.4 Relationship to the other methods

The surrogate-based unweighting method presented in sections 4.2 and 4.3 can improve the
efficiency of unweighted event generation by reducing the number of calls to an expensive
integrand, and shows the greatest potential when the initial unweighting efficiency is low.
In contrast, the methods presented in sections 3.1.3 and 3.2.2 aim at directly increasing the
unweighting efficiency. The question naturally arises to what extent the approaches can be
combined. Since all the approaches presented here leave the physics untouched and do not
introduce biases, there is no danger of introducing errors through combining them. However,
it is possible that a single method achieves a higher efficiency than a combination with another.

It is to be expected that at low to moderate dimensionalities, i.e. partonic final state multipli-
cities, the NF-based importance sampling can reach high efficiencies. At the same time, the
MEs in these cases are at the most moderately expensive. Therefore, in these cases, no or only
small efficiency gains can be expected from the surrogate-based unweighting. That method is
more suited for the highest multiplicities, where, due to the curse of dimensionality, expensive
integrands and low unweighting efficiencies typically occur. As shown above, the time for
event generation can be reduced by orders of magnitude for specific partonic subprocesses.
If the unweighting method would be combined with an improved PS sampler, e.g. based on
NFs, these gains would of course be reduced. However, this should be combined with the gain
from improving the ps sampler in the first place. Note that at high dimensionalities it becomes
increasingly hard to improve the unweighting efficiency due to the large PS volume. Thus, it
can still be worthwhile to combine the approaches.

The situation is somewhat different for nested sampling. There, the overall efficiency is
dominated by the efficiency of finding new points under the hard likelihood constraints. The
actual unweighting efficiency is comparatively large, as can be seen in section 3.2.2. This means
that using a surrogate for the unweighting does not appear useful here. However, a combination
of nested sampling with an NF-based prior would be interesting to consider and this option is
discussed in section 3.3. It is worth mentioning that the nested sampling implementation we
used, POLYCHORD, seems to be especially well suited for very high dimensionalities due to
its excellent scaling behaviour. There are, however, other implementations that can be more
efficient for a moderate number of dimensions. One example is MULTINEST [271], which
relies on rejection sampling for finding new live points. It approximates the iso-likelihood
contours by ellipsoids determined from clusters of the current live points. The ellipsoidal
bounds are used to sample new points until one is found within the iso-likelihood contour. For
each trial point, the target likelihood has to be evaluated, and this can be quite expensive if
the efficiency is low. Using a cheaper NN surrogate may actually provide some performance
improvements. Our surrogate unweighting method is in fact generic and can in principle be
applied to any problem involving rejection sampling. It would be an interesting future project
to evaluate the combination of MULTINEST with likelihood surrogates.
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5 Summary and conclusions

In this thesis, I have presented different approaches to improving the efficiency of MC event
generators, which I have studied during my time as a doctoral student. As motivated in the
introduction, these aim at contributing to the ongoing efforts towards improving the efficiency
of the computational toolchain in the light of the upcoming HL-LHC. The articles that came
out of my research have been introduced, reprinted and discussed in the previous chapters. In
this chapter I formulate an overall summary, state my conclusions and present my ideas for
future research that could build upon the work presented so far.

A lesson that I learned through this work is that a lot of effort has been spent on achieving
the state of the art of MC event generation. This includes not only refinements in physics
but also various efficiency improvements. Without these, some features of the simulations
would not even be usable. Accordingly, it is not an easy task to further improve the efficiency
of the existing tools. In this thesis, I set the focus on exploring the suitability of modern ML
techniques for this challenge. I applied three different methods to realistic examples and
obtained promising results that could lead to more efficient event generation for relevant
applications by extending or complementing our existing frameworks.

The main results of this thesis are summarized in section 5.1. I conclude in section 5.2, where
I also highlight some opportunities to combine the ideas in this thesis in order to maximize the
overall efficiency improvement.

5.1 Main results

In section 3.1 the neural importance sampling method is considered, which uses NFs as adaptive
mappings for efficient importance sampling and rejection sampling. Due to the bijectivity
of the NFs, the method guarantees unbiased sampling. Spline-based transformers, using e.g.
piecewise-quadratic splines, are defined on the unit hypercube and allow NFs to be used as a
drop-in replacement of the popular adaptive importance sampling tool VEGAS. Furthermore,
with an NN parameterization and multiple transformation layers, the NF mapping becomes
highly expressive, and it can overcome the limitations of VEGAS with respect to non-factorizable
target functions.

A proof of principle study for applying neural importance sampling to efficient PS sampling
in high energy scattering event generation was presented in our publication, ref. [g], and
reprinted in section 3.1.3. We implemented NFs with piecewise-quadratic coupling layers and
used them to optimize process-specific, but non-optimal, PS mappings. The decay width of
the top quark, as well as the cross-sections of leptonic top quark pair production and gluonic
scattering with 3-jet and 4-jet production served as examples. Thereby, the PS dimensionality
ranged from 2 to 8 dimensions. For the top quark examples, we used a single importance
sampling channel, where the s-channel propagators of the W boson were modelled by Breit-
Wigner distributions. A single NF was used to remap that channel. For the more complex
gluon scattering examples, we employed the HAAG multichannel pPs sampler, which is based
on QCD antenna functions. It features 2 and 3 channels, respectively, which we optimized with
one NF each.

For all examples, except for the one with the highest dimensionality, 4-jet production, our
approach outperformed VEGAS. We were able to significantly improve the unweighting effi-
ciency as well as the variance of the cross-section estimate. As expected, no relevant deviations
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were found in differential distributions of observables. For the example of 4-jet production, the
results were on par with VEGAS, but not strictly better. We attributed this to the complexity
of the example, and to our limited computing resources that did not allow to increase the
size of the NF model and its training time arbitrarily. However, as stated in section 3.1.4, I
was able to improve the performance significantly at a later stage, so that the unweighting
efficiency is better than VEGAS by a factor of about 1.5. Still, the gain is below the one of the
3-jet production example, where the factor is 2.3. This is consistent with the results in another
study [47], which used NFs to optimize a recursive multichannel sampler for the production of
vector bosons in association with jets at the LHC. There, the gains also decreased when the
final state multiplicity was increased.

In section 3.2, I presented a study that introduced nested sampling as a technique for PS
sampling. On the one hand, this study was targeted at researchers in the HEP community to
make them aware of this technique and its possible applications. On the other hand, it showed
researchers in the field of Bayesian inference the similarities between their typical problems
and the sampling and integration of high-energy cross-sections. Using the example of gluon
scattering processes with the production of 3-, 4-, and 5-gluon final states, it was shown that
the nested sampling implementation POLYCHORD can efficiently generate unweighted events
without any prior knowledge. The only ingredient we used was a RAMBO mapping that maps
the gluon four-momenta to the unit hypercube, and in doing so implements four-momentum
conservation and on-shell conditions. However, the RAMBO mapping is uniform and therefore
does not provide any information about the shape of the differential cross-section. We were
able to show that nested sampling outperformed VEGAS for the higher multiplicities and was
comparable, in terms of unweighting efficiency, to the dedicated multichannel sampler HAAG.
Thereby, nested sampling featured an excellent scaling behaviour that was basically constant
over the considered multiplicities. One could therefore hope that this scaling continues to even
higher multiplicities, such that nested sampling provides an efficient approach in these cases,
which needs very little tuning.

A technique that is complementary to the previous two approaches is the surrogate un-
weighting method presented in chapter 4. It is fully general and can in principle be applied
to any application of rejection sampling. The requirements for the method to be useful are
that the efficiency is low to begin with, and that the target function is expensive in terms of
computational resources needed to evaluate it. It also requires a fast and accurate surrogate,
which is used in place of the actual target function during the unweighting process. The
outstanding quality of the method is that it is fully unbiased. In the worst case, it can reduce
the total efficiency of event generation, in which case it should not be used. However, it will
not alter the distributions of events. This is achieved by correcting the approximation errors of
the surrogate in a second unweighting step, where the value of the true target function is used.
The second unweighting step is comparably expensive, but it only has to be executed for the
events accepted in the first unweighting step. Since the efficiency in the first step is typically
low, and since an accurate surrogate can achieve high efficiency in the second step, the true
target function needs to be evaluated less often in total. This results in an overall reduction of
the time needed for unweighted event generation.

In ref. [11], reprinted in section 4.2, we implemented the method in the SHERPA event
generator and applied it to high-multiplicity partonic channels contributing to the production
of Z+4 jets, W+4 jets, and tf+3 jets at the LHC. We used a simple NN surrogate for the full event
weight, i.e. the product of the ME weight and the PS weight. The surrogate was significantly
faster to evaluate than the true weight, between 25 and 40000 times, while it was well capable of
estimating it. For the dominant partonic processes, which contribute the most to the total cross-
sections and feature expensive MEs, we found accelerated unweighted event generation by
factors between two and ten. We found no significant deviations from the expected differential
distributions of physical observables. Since we applied partial unweighting to protect against
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5.2 Prospects for the future

rare outliers, we also looked for imprints of overweighted events in the distributions, which
we did not find. Furthermore, it was shown on a toy example how the surrogate unweighting
method can be applied to NLO event generation, where negative event weights have to be dealt
with.

The surrogate model used in ref. [11] was quite simple and not particularly optimized for
the examples. However, the method itself is completely indifferent to what kind of surrogate is
used. The main constraint is that one has to find a good balance between fast evaluation and
high accuracy. As an extension of our previous work, we combined it with the ME emulation
model of ref. [64]. The results of our follow-up study were published in a preprint [12], which is
reprinted in section 4.3. The model is based on dipole factorization and has built-in knowledge
about the soft and collinear singularity structure of tree-level QCD MEs, allowing it to interpolate
smoothly between the divergent regions. For our study, the model was generalized to account
also for initial-state emissions, which are necessary for hadronic collisions, and massive quarks
in the final state. We applied our surrogate unweighting method in combination with the
factorization-aware model to partonic channels contributing to Z + 4, 5 jets and tf + 3, 4 jets
production at the LHC, thereby going one multiplicity higher than in our previous study.
We found that, in comparison to the naive model used previously, the factorization-aware
model increased the efficiency gains by an order of magnitude due to its better approximation.
For the partonic processes gg — e~e*gggdd and ug — tfgggu, contributing to the highest
multiplicities of our examples, we found a reduction in the time needed for unweighted event
generation by factors of 269 and 354, respectively. Although the new model is more complex
in that it requires a more sophisticated pre- and post-processing, it still evaluates much faster
than the true ME. Furthermore, the time needed for training the NN is negligible compared to
the time spent later on in unweighted event generation.

While our naive model represented a surrogate for the full event weight, the factorization-
aware model is an approximation to the ME weight only. This frees the surrogate unweighting
method from dependence on the integrator-specific PS generator. Therefore, the trained models
can be easily transferred to other frameworks and used there for the same processes. This is
especially simplified by the usage of the ONNX format, which allows for various ML libraries to
be used for the training of the model and an easy exchange and interfacing of trained models.

In our studies of the surrogate unweighting method, we focused on the use of colour-
summed MEs. However, it is known that an explicit sampling of the colour assignments of the
external partons exhibits a superior scaling behaviour and outperforms their summation at high
multiplicities. Given the higher dimensionality of the input space, it is more difficult to find a
good surrogate model in this situation. This must be seen in the light of the fact that partial
amplitudes in the colour flow decomposition can be evaluated much faster than colour-summed
matrix elements. This gives the evaluation time of the surrogate a new significance. Since also
the evaluation time of the PS weight can be a significant factor, it should be considered again
to include the ps weight in the surrogate, as we did with the naive model in our first study.
Unfortunately, a naive extension of the factorization-aware model with colour assignments as
additional inputs did not achieve satisfactory gains. However, we are confident that also with
colour sampling the efficiency of unweighted event generation can be increased by finding
suitable surrogate models, e.g. based on a colour-stripped dipole ansatz.

5.2 Prospects for the future

Several paths can be identified in which the ideas in this thesis can be extended and used for
further studies in the future. An obvious extension is to pursue the perturbative series and
move to NLO calculations. The work contributing to this thesis concentrated on tree-level
calculations for mainly two reasons. Firstly because tree-level simulations are much easier
than loop calculations and therefore the obvious first choice for proof-of-principle studies.
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3 New sampling methods for efficiency improvements

Secondly, the high-multiplicity tree-level part is often the most expensive one in key processes.
This is because the NLO contributions in multijet merged calculations are typically at a lower
multiplicity. However, the situation can be different for specific processes, rendering efficiency
improvements for NLO calculations an interesting research path.

For the NF-based sampling there would be no major changes necessary, since it is basically
a replacement for VEGAS mappings. These are already used for NLO calculations in state-of-
the-art event generators. For nested sampling the situation is more difficult. The algorithm
requires a non-negative integrand, which means the negative weights at NLO would pose
a problem. However, nested sampling in the form of the POLYCHORD implementation is
possibly best suited for the highest multiplicity tree-level contributions. The reason lies in its
polynomial scaling with dimensionality, which makes it an excellent tool for sampling and
integration in very high dimensions. For the surrogate unweighting method, we have already
shown in ref. [11] how it can be applied to non-positive integrands. The extension is minimal
and requires a surrogate that can become negative. Given a suitable surrogate model for loop
MES, the method can be readily applied to NLO calculations. In fact, several emulation models
for loop amplitudes have already been developed [72, 76, 77, 79].

An open question is whether NFs can provide an efficient solution for high-multiplicity
processes. In our study, we achieved efficiency gains for all considered examples, up to 4-
gluon final states with 8 Ps dimensions. However, the gains slowed down with increasing
dimensionality. At the same time, the costs for training the model rise, especially with the
number of channels that are remapped by individual NFs. One approach to this challenge is the
use of more expressive models, e.g. based on autoregressive NFs possibly trained on weighted
events [50]. Autoregressive transformations are more expressive than coupling layers [272],
but either sampling or evaluating the probability density is more expensive. However, one can
argue that at the rather moderate dimensionalities encountered in PS sampling, compared to
e.g. image generation, this is of secondary importance. Since the evaluation of the ME should
be even more expensive, one can afford to use a model that is somewhat more costly to evaluate.
Other approaches to improving NF-based samplers are the use of local multichannel weights,
learned by a NN, and mixtures of NFs. Furthermore, NFs could be a promising companion for
newly developed GPU-based PS generators. These allow efficient training and sampling in a
fully parallelized way. Furthermore, it was shown that good unweighting efficiencies can be
achieved with only few channels [273]. This reduces the number of NF mappings necessary.
In combination with ME generators on GPUS [274-276], a full event generation pipeline on
GPUs would be possible.

As stated above, nested sampling shines at high-dimensional problems. In our study, we
considered scattering problems with up to 5 gluons in the final state. This is representative of
the PS complexity of current simulations for the LHC experiments. The precision demands
increase, though, with the upcoming HL-LHC upgrade, such that even higher multiplicities
can become necessary. Nested sampling may be an interesting choice for these, due to its
scaling properties. An obvious extension of our approach would be the use of prior knowledge.
This can be in the form of physics-motivated mappings or even machine-learned adaptive
mappings, e.g. based on NFs [263]. A well-chosen prior distribution can significantly increase
the efficiency of nested sampling. Similarly, a dynamical refinement in the form of dynamic
nested sampling [277] can also improve the performance.

Concerning the surrogate unweighting procedure, one of the main improvements besides the
extension to NLO would be a fast and accurate surrogate model for the partial amplitudes used
in colour-sampling PS generators. The extension of the dipole-based factorization-aware model
to coloured inputs is a promising idea that we plan to further explore. Lastly, also the surrogate
unweighting method would benefit significantly from a parallel event generation pipeline on
GPUs. The vectorized evaluation of the NNs could lead to a much faster unweighting, which
could also be done on a previously generated set of weighted events.
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