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Introduction
This document is the report of the Standard Model Physics session of the 2023 Les
Houches Workshop “Physics at TeV Colliders” (PhysTeV). The workshop brought together
theorists and experimenters who discussed a significant number of novel ideas related to
physics at colliders, the main focus being precision phenomenology.

New computational methods and techniques, including Machine Learning (ML),
were considered, with the aim of improving the technology available for theoretical, phe-
nomenological and experimental physics studies at colliders, particularly in the context of
Standard Model predictions. For the 2023 edition, the topics to be discussed during the
workshop were subdivided in 3 main working groups (Higgs Physics – Standard Model
Phenomenology – Monte Carlo generators, Tools, and Machine Learning), with a sub-
group dedicated to theoretical and phenomenological aspects of jets and Jet-Substructure
(JSS) Techniques at colliders.

A compact summary of the topics discussed during the workshop and of the ongoing
studies is reported in the rest of this introductory section. In chapter I and II more details
are discussed, without a strict distinction between working groups. Several discussions
and ideas for future studies involved a large number of participants. In some cases, where
appropriate, a detailed list of contributors is instead included.

Further developments, where necessary, will be included in future revisions of this
document, as well as explicit references to published papers and completed studies that
originated from the 2023 PhysTeV workshop.

A traditional output of the “SM session” of the PhysTeV workshop has been the
compilation of a “wishlist” of precision computations that are particularly important
to complete in order to optimize the physics information that can be extracted from
experimental measurements at the LHC. Discussions took place during the workshop, and
an update of such list, with the currently more pressing experimental needs, is planned.
A few highlights are presented in this document.

In the past few years, it has been possible to extract important information about
N3LO splitting functions, thereby allowing the production of PDFs with approximate
N3LO evolution. Although only an exact N3LO computation of the splitting functions
will allow fully consistent N3LO computations for cross sections at colliders, the aforemen-
tioned information already allows for a number of useful studies, such as benchmarking
N3LO evolution among different PDF groups, or assessing the impact of approximate
N3LO PDFs on uncertainties in the computation of gluon fusion Higgs production.

Vector boson fusion (VBF) and vector boson scattering (VBS) processes have been
discussed in different aspects, with both theoretical and experimental inputs; on the
one hand, starting from discussions that took place previously, for example within the
LHC EW working group, a possible set of recommendations for future VBF and VBF
measurements was proposed, with the aim of moving towards common definitions of
cross sections (and fiducial cuts) among different experimental collaborations, that allows
for clean theoretical predictions. Workshop participants have also made progress on an
ongoing effort of the LHCHXSWG whose aim is to outline the definitions of differential
predictions to be obtained at fixed order for VBF, and subsequently to check the impact

1



of uncertainties due to parton showers. One of the largest uncertainties in the study of
VBF Higgs boson production is the background from gluon-gluon fusion Higgs + 2 jet
production. Following up on a previous Les Houches, a detailed study of this source
of background is being carried out, and is briefly summarized in a one-pager in these
proceedings. There were also preliminary discussions about modifying the Simplified
Template Cross Sections (STXS) current binnings (possibly including also other variables)
in order to improve the sensitivity to the Higgs self-coupling in tt̄H production.

In view of the ever-increasing precision of experimental measurements, not only is
the inclusion of (at least) NLO electroweak corrections necessary from a phenomenological
point of view, but also a quantification of the associated theoretical uncertainties becomes
potentially relevant. Existing prescriptions were discussed in Les Houches, and have been
summarized in these proceedings.

In the year preceding the workshop, several theoretical ideas to properly define the
flavour of jets at colliders have been put forward. This edition of the workshop in Les
Houches was suitable to allow for a timely detailed comparison among such methods, in
different processes, with different theoretical predictions (fixed-order vs. complete Monte
Carlo simulations), and with a view on experimental feasibility. Such comprehensive study
is currently underway, and a short summary is included in these proceedings.

Besides the impact expected from the major progress towards NLL-accurate (and
beyond) parton showers, ideas have been put forward to better understand differences
among event generators, with the ultimate goal of improving the way uncertainties due
to Monte Carlo are typically quantified: examples range from a more accurate study of
the interplay between parton showering stage and hadronization, to the use of differential
measurements of jet substructure observables and of LEP data. On the former aspect, for
example, work is in progress to identify hadron collider observables particularly sensitive
to such stages of the simulations, both by means of a survey of existing measurements, as
well as by the development of new observables. There is also an ongoing effort to perform
a survey on existing jet- and JSS-measurements in order to reveal the built-up of the jet
structure by means of correlations among jet constituents.

In Les Houches an effort has been initiated in order to check to which extent tools
are ready for describing photoproduction at an electron-ion collider.

There were also discussions on the status and future prospects for the transition of
numerical codes from CPU to GPU. The possibility to perform a benchmarking among the
two tools that can already compute amplitudes on GPU has been raised. The workshop
was also useful to discuss plans for future developments in this area, such as going beyond
LO, or porting to GPUs tools where this transition has not started yet.

The role of Machine-Learning techniques in modern phenomenology is now well es-
tablished. In Les Houches there were several discussions on this topic. As far as unbinned
unfolding is concerned, experts have discussed both recommendations for its practical use,
as well as future prospects. In a different context, regarding analysis techniques that aim
to measure physical parameters, the use of the so-called Weight Derivative Regression was
discussed, which could also be used efficiently to optimize analysis methods using ML. ML
is also being actively studied to tag longitudinally-polarised events on an event-by-event
basis, and in Les Houches other processes where similar techniques can be applied were
discussed. More details can be found in the dedicated sections.
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As per tradition, the PhysTeV workshop often has proven to be an useful place to
discuss technical and computational improvements in state-of-the-art computations and
event simulations. In the 2023 edition, novel strategies to improve the simulations plagued
by a large fraction of negative-weighted events were tested and compared: a) the cell
resampler technique was applied to reduce the negative-weighted events within an event
sample similar to the one used by experimental collaborations to estimate backrounds to
pp → H → γγ; b) a comparison of the efficiency between cell resampling and a ML-based
approach (neural positive reweighting) was performed on a tt̄bb̄ sample. There were also
discussions on the need to update accords and interfaces between different tools, especially
in light of recent developments on parton showers algorithms.
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Chapter I

Higgs Physics and SM phenomenology

1 The 2023 Les Houches Wishlist
A. Huss, J. Huston, S. Jones, M. Pellen, R. Röntsch

It is clear that the presence of new physics at the LHC is doing a good job of hiding.
Barring any unexpected thresholds crossed with the amount of data to be taken in the
HL-LHC, the key to both understanding the SM physics we are measuring at the LHC, and
the use of that physics to put constraints on/discover BSM physics requires improvements
in theoretical calculations and in experimental analysis techniques. The rate of progress in
higher order QCD and EW calculations is such that an update is necessary to keep track
of the ongoing efforts. The Les Houches wishlist for precision calculations was started for
just such a purpose and has been going on for over a decade, serving as a successor to the
Les Houches NLO wishlist [1]. Indeed, although Les Houches was not physically held in
2021, it was felt necessary to provide an update to the wishlist [2]. A complete update of
the wishlist is in progress, and will be posted to the archive when ready. This report is a
one-pager serving as a brief summary/preview of that effort.

In terms of multiloop amplitude calculations, the frontier has now moved on from
2 → 2 processes at NNLO to 2 → 3, and to 2 → 2 at N3LO. Recent calculations for
the former include 3 photon production [3–7], diphoton-plus-jet production [8–10], pho-
ton + 2 jet production [11] and 3 jet production [12–17] at NNLO, which very recently
became available also at full color. Amplitude calculations for 2 → 2 at 3-loops include
four-parton scattering [18–20], diphoton production [21], and V + j production [22]. The
approximate tt̄H cross section has been calculated to NNLO, with the two-loop virtual
amplitudes computed using the approximation that the Higgs pT [23] is small. Although
this approximation should be adequate numerically, it is nevertheless still desirable for
these two-loop amplitudes to be calculated exactly. There has been recent progress in
this direction [24–27]. The frontier for 2 → 3 processes includes critical processes such as
Hjj, to serve as a better calculation of the ggF backgrounds to VBF Higgs production.
The 5-point, one mass, master integrals relevant for V+2j and H+2j have now been cal-
culated [28,29]. The computation of 5-point, two mass, master integrals is also advancing
rapidly, with recent results for the leading colour of tt + j [30, 31].

Looking forward in the Higgs sector, there has been a great deal of progress in
computing the three-loop amplitudes required for the prediction of H + j production at
N3LO [32] in the heavy-top limit (HTL), and even inclusive Higgs boson production at
N4LO in the HTL might be possible in the next few years [33, 34]. However, one should
bear in mind that the treatment of IR singularities at N3LO for processes involving a
jet has not yet been developed, and is expected to provide a significant obstacle to the
computation of H + j production at this order. In this context, there might also be
issues with numerical stability arising from e.g. the need to compute two-loop amplitudes
involving a Higgs and four partons, in the limit where one of the final-state partons
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becomes unresolved.
Progress in the development of methods to treat infrared singularities have mostly

focused on refining and generalizing methods for NNLO computations, with a partic-
ular focus on processes with high partonic multiplicity. In the context of the antenna
subtractions, there have been efforts to streamline the construction of antenna functions
by reducing the number of spurious sublimits [35–37] as well as the formulation of the
method in color space [38,39] allowing high-multiplicity processes to be computed beyond
the leading-color approximation. Parallel efforts in the local analytic subtraction methods
have succeeded in demonstrating the pole cancellation in fully differential observables in
the production of arbitrarily many massless partons in e−e+ collisions [40], with an exten-
sion to hadroproduction processes underway (see Ref. [41]). Similarly, pole cancellation
has been demonstrated for the production of arbitrarily many gluons in qq̄ annihilation
in the nested soft-collinear subtraction scheme [42], anticipating an extension to arbitrary
hadronic partonic processes quite soon. Apart from these recent developments, we also
point out that the STRIPPER method has proven to be sufficiently flexible to handle the
subtractions required for trijet production at NNLO. The outlook for NNLO subtraction
methods is therefore very positive: it is not unreasonable to imagine that, in the next few
years, several different subtraction methods will be available to treat high-multiplicity
production processes at NNLO. Looking to the next order, results for e+e− → jj have
been presented using antenna subtraction in Ref. [43], preliminary ideas for the extension
of the local analytic subtraction method have been presented in Ref. [44, 45], and there
has been extensive recent activity in computing the necessary limits [46–55].

One thing that is important to remember is that the impact of EW corrections can
be as sizeable as, or larger than, some of these higher-order QCD effects. In particular,
it will be important to determine the EW corrections for ggF Higgs boson production
at high pT , where they may be sizeable [56–60]. In particular, negative corrections are
expected to reach about ten percent in the high-energy limit where Sudakov logarithms
become dominant, as customary at the LHC. In that respect, NLO EW corrections for
di-Higgs production via gluon-fusion have recently been computed [60, 61] and found to
be at the level of 10% for large Higgs-boson transverse momentum.

There is a caveat regarding higher order QCD calculations involving jets in the final
state. The most common jet radius for the experiments to use is R = 0.4. This has been
shown to result, in some cases, from accidental cancellations that reduce the apparent
size of the theoretical uncertainty [62–65]. This is currently not completely understood.

The advent of N3LO-accurate partonic cross sections has intensified the demand for
parton distribution functions (PDFs) at the same order, in order to achieve full N3LO
accuracy for hadronic observables. There has been progress in fitting approximate PDFs
at this order, both from the MHST [66] and the NNPDF collaborations [67], and espe-
cially regarding the evolution (see the one-pager on benchmarking N3LO evolution in this
proceeding). Unfortunately, producing PDFs at N3LO accuracy is hampered by the lack
of calculations for various input processes at this order. This, in turn, makes it difficult
to estimate the uncertainty due to missing higher order corrections when producing ap-
proximate N3LO PDFs. Of course, one expects that, as calculations improve, more input
processes will become available, opening the possibility to have full N3LO PDFs. We
emphasize that progress in this direction is essential in order to obtain N3LO accuracy in
hadronic predictions.
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In some cases, the calculations outlined in this one-pager are total cross sections; in
other cases differential distributions can be produced. The differential distributions may
or may not be amenable to incorporation into parton Monte Carlo predictions, but they
remain the highest precision predictions available, and note should be taken of them in any
experimental measurements. It is worthwhile to emphasize that the addition of a parton
shower should not have a notable impact on any prediction for a reasonably inclusive
cross section, such as the Higgs boson transverse momentum [64]. If such a deviation is
found, then it is usually indicative of a mismatch in the calculation. Non-perturbative
effects should also vanish at transverse momenta significantly above threshold.

Many measurements at the LHC have errors that are statistically limited. This
will change once the full data-set of the HL-LHC has been taken, and systematic errors
may dominate. A conservative estimate is to assume that the systematic errors stay con-
stant. However, this is too pessimistic and it is probable that the systematic errors will
also be reduced due to improvements in calibration and analysis, making improvements
in theoretical precision even more necessary [68]. Estimates of the current/expected ex-
perimental uncertainties for the processes in the wishlist have been provided in previous
iterations of the wishlist (see Ref. [2]), and will be updated again in the Les Houches 2023
version.

2 N3LO PDF Evolution Benchmarking
A. Cooper-Sarkar, T. Cridge, F. Giuli, L. Harland-Lang, F. Hekhorn, J. Huston, G. Magni,
S. Moch, R.S. Thorne

For about 20 years the splitting functions for PDF evolution have been known [69, 70] at
O(α3

S), i.e. NNLO in perturbative QCD, and NNLO PDFs have become standard in the
field. Of course, since the PDFs are produced by various groups using different evolution
codes it is necessary to check that there is indeed consistency between the evolution
performed by the various groups. To this end a set of benchmark tables were produced
in [71] in order to provide a means of checking the accuracy of any other NNLO evolution
code, and indeed this has led to the corrections of minor bugs in initial versions of various
evolution codes.

Over the past few years there has been an enormous improvement in the amount of
information available about the O(α4

S), i.e. N3LO splitting functions. There is numerous
results on the low Mellin moments [72–76], which together with supplementary details
from soft gluon resummation in the threshold region x → 1 [72, 77–81] provides a very
good constraint on the higher x splitting functions, particularly in the nonsinglet case,
and increasingly for the singlet case. There are also exact expressions in the limit of large
number of flavors [72,77,82,83]. Leading, and in one case the subleading logarithms of the
form lnn(1/x)/x have also been calculated in [84–91] and more recently [92] subdominant
logs of the form lnn(1/x) were made available.

Correct evolution including changes of parton number across heavy flavour transi-
tion points at N3LO also requires knowledge of the O(α3

S) transition matrix elements.
Again, there have been huge strides in the calculation of these [93–100]. Indeed, ex-
tremely recently the complete expressions for the final matrix elements Agg,H and AHg

were completed [101, 102].
The first PDFs using approximate N3LO evolution were obtained by MSHT [66],
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using a subset of the currently available information. The unknown detail in the func-
tions was parameterised in terms of the most leading unknown small x term multiplied by
a nuisance parameter which had both prior and posterior (to a global fit) central values
and uncertainties. Very recently NNPDF have used the up-to-date information of split-
ting functions to obtain aN3LO PDFs [67]. The authors of recent developments in the
calculation of the splitting functions have also produced updated estimates of the central
values and corresponding uncertainties FHMRUVV [74–76].

Therefore, given the variety of somewhat differing approximations to full N3LO split-
ting functions, and hence evolution, it seems appropriate to repeat the type of benchmark
comparisons in [71]. In order to maintain consistency, and first verify agreement with
the code used in [71] and by MSHT and NNPDF at NNLO, we maintain the same input
conditions as used in this previous study. In particular we choose the same input PDF
combinations and parameterizations, and begin evolution at µ2

f,0 = 2 GeV 2, which is also
chosen as m2

c , and define αS(2 GeV 2) = 0.35. We then either evolve using a fixed flavour
number of Nf = 4 or a variable flavour number with Nf = 3, 4, 5, and compare the re-
sulting PDFs at µ2

f = 104 GeV 2. Noting some typos in the tables in [71], we do observe
good code agreement at NNLO.

At N3LO, since there are different approximations, we expect some disagreement,which
we find, although it is only very significant at very small x. The older MSHT results di-
verge to some degree from the more up to date NNPDF and FHMRUVV results, with
larger deviation from N3LO at small x. However, these regions essentially lie outside
those with significant data constraints, and moreover, it has been verified that updated
benchmark MSHT PDFs, incorporating the new information, agree well in all regions.
MSHT and NNPDF results from PDF fits at approximate N3LO also differ and there
are indications from splitting function updates that part of this is due to changes in the
splitting function input used, but part is also due to fit procedures. Indeed, we are cur-
rently only part of the way towards final complete N3LO PDFs, now being in the process
of establishing the evolution at this order, with well-controlled, and small remaining the-
oretical uncertainty. However, the full PDF determination still lacks a large number of
the cross section calculations at the necessary order, which are currently incorporated by
some using some procedure for estimating missing higher order uncertainties. Progress
is also underway in the full calculations [103–107] and will N3LO hadronic cross sections
will be systematically incorporated into PDF fits when they become available.

3 Impact of approximate N3LO PDFs on gluon fusion Higgs pro-
duction uncertainties

T. Cridge, S. Forte, A. Huss, J. Huston, S. Jones, G. Magni

The measurement of the properties of the Higgs boson at the LHC in Run 3 and beyond
at the upcoming HL-LHC and future high energy colliders is a key goal of experimental
particle physics in the coming years and decades. A crucial part of this is the investi-
gation of Higgs production and decay processes [108, 109]. For the former the dominant
production channel is gluon-fusion producing a Higgs through a quark loop [110–112].
With experimental uncertainties set to be reduced substantially to the 1-3% level [2,113],
corresponding progress is required for the theoretical predictions in order to maximise our
understanding of the Higgs boson. There are several sources of theoretical uncertainty
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that contribute [2,110,114]; however with recent progress in determining electroweak [115]
and finite top mass corrections [116,117], the dominant sources of theoretical uncertainty
for inclusive gluon fusion Higgs production are those associated with the PDFs and the
value of the strong coupling αs [2, 108, 118]. In this summary, we focus on this aspect.

Efforts within the global PDF fitting groups to improve the precision and accuracy
of the PDFs on the experimental, methodological and theoretical sides are continuous and
ongoing. In turn this has consequences for the PDF uncertainties associated with gluon-
fusion Higgs production, which is our focus, as well as a wide variety of other processes
not studied here [103]. With the total inclusive gg → H cross-section calculated at up
to N3LO in QCD [119–130] and even known in an approximation at 4-loops [131], but
with the PDFs only available up to NNLO in QCD [132–135], the standard has been
to assign an additional uncertainty to the production cross-section due to the mismatch
of the order of the PDFs used and the order at which the cross-section is evaluated,
representing a theoretical uncertainty from missing higher order corrections in the PDFs.
This was taken as half the difference between the cross-section evaluated at NNLO with
NNLO PDFs or with NLO PDFs, as an estimate based on experience at previous orders
[103,108,110,114,118,136]. This provided an additional ∼ 1% uncertainty at

√
s = 13 TeV,

on top of the combined PDF+αS uncertainty of ∼ 3%.
In 2022 however the MSHT group produced the first PDF determination at approx-

imate N3LO (aN3LO) [66], by combining recent and older known results for the 4-loop
splitting functions, 3-loop transition matrix elements, and N3LO DIS coefficient func-
tions [72,73,77–81,84–100,137–139]. This constitutes a substantial amount of information
about the N3LO PDFs, with remaining missing theoretical ingredients parameterised us-
ing theoretical nuisance parameters, whose variation then propagates the uncertainty due
to these missing theoretical pieces at N3LO directly to the PDF uncertainties. The result
is an aN3LO PDF fit, incorporating the dominant sources of N3LO information into the
PDFs, with theoretical uncertainties for unknown elements. This was a substantial step
forward in PDF determination, and has very recently been accompanied by an alternative
determination of the NNPDF aN3LO PDFs [67], which include also additional progress
made in the past 18 months on the splitting functions and transition matrix elements into
the PDFs [74–76, 82, 83, 101, 140]. There has been even further recent progress [102, 141]
which has yet to be incorporated into a PDF fit. In addition, in the NNPDF approach
uncertainties related to missing higher order terms can be included through scale varia-
tion. This provides a somewhat different methodology for estimating remaining missing
higher order corrections beyond N3LO [142].

This progress in PDF determination has the potential to impact both the central
value and the assigned uncertainties of gluon fusion Higgs production. Indeed, it was
noted by MSHT [66] that the aN3LO gluon PDF luminosity around the Higgs mass is
smaller than that predicted using an NNLO gluon PDF. This in turn causes the N3LO
cross-section + aN3LO PDF result to be smaller than the N3LO cross-section + NNLO
PDF prediction. The increase in the total cross section going from NNLO to N3LO is
therefore smaller when aN3LO PDFs are used instead of NNLO PDFs, as the increase in
the matrix element is partially compensated by the decrease in the PDF. Similar results,
albeit reduced in magnitude, have also recently been noted by NNPDF [67]. Our primary
focus in this study however is on the uncertainties of gg → H production associated
with the PDFs. The inclusion of the large amounts of known N3LO information into the
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PDFs, as well as the incorporation of the theoretical uncertainty for the remaining few
missing pieces of information at this order directly into the PDF uncertainties themselves,
necessitates a different prescription for the determination of the PDF-associated gg → H
uncertainties. As a result the separate “PDF” and “PDF-th” categories utilised previously,
are now replaced with a single “PDF+PDF-th” category (to which the αS uncertainty
could later be added as before). Utilising the Hessian eigenvectors or Monte Carlo replicas
of the MSHT and NNPDF aN3LO PDFs themselves naturally produces this combined
uncertainty without the need for ad-hoc prescriptions. The aim of this study is therefore
to compare the total PDF uncertainties for gluon fusion Higgs production of the NNLO
PDFs with those of the aN3LO PDFs.

We observe that the combined “PDF+PDF-th” uncertainty associated with the
aN3LO PDFs is smaller than the sum of the two previous ‘PDF” and “PDF-th” categories
computed for the NNLO PDFs, as one would hope with going to higher orders in the
PDFs, and despite the larger than anticipated changes in the central values. Both sets
see reductions in the uncertainty of ≲ 1%. This has so far been computed for the public
MSHT20aN3LO PDF set [66], and a preliminary version of the NNPDFaN3LO sets,
with the public version [67] now available this will be recalculated. More progress is to
be expected in these comparisons, whilst on the PDF side the global fitting groups are
continuing to update the data, methodology and theory [143–145] so further comparisons
can be made.

An additional important outcome of this study was establishing a framework, based
on the recommendations of the Higgs Work Group, in which the impact of new aN3LO
PDF sets on the Higgs total cross-section could be assessed and compared. This in turn
gives an important input to future recommendations, firstly in addressing whether the
previously assigned PDF theory uncertainty was sufficiently conservative, and secondly,
in understanding to what extent the different available aN3LO PDF sets give compatible
predictions for the Higgs total cross section and the impacts on the total uncertainty

4 A Critical Study of the gluon-gluon fusion Higgs+2 Jet Back-
ground to Vector-boson fusion Higgs Boson Production

X. Chen, S. Ferrario Ravasio, Y. Haddad, S. Höche, J. Huston, T. Ježo, S. Plätzer,
C. T. Preuss, A. Tarek, J. Winter

One of the key Higgs boson production processes is through vector boson fusion (VBF).
Although sub-dominant, compared to the gluon-gluon-fusion (ggF) production process,
the forward kinematics allows for separation of VBF production from the ggF background.
(Note that this separation becomes somewhat less efficient at very high transverse mo-
mentum [65]. The increased statistical power in Run 3 and beyond will allow more precise
determinations of the VBF Higgs boson cross section, and thus the Higgs couplings to
vector bosons.

Even with kinematic cuts, there still is a sizeable background from ggF Higgs boson
production, and indeed this is one of the largest backgrounds for VBF production, as
observed by ATLAS and CMS. The backgrounds from ggF are estimated using parton
shower Monte Carlo samples, such as with Powheg +Pythia/Herwig. The differences
between the use of Pythia and Herwig for the parton showering can cause sizeable un-
certainties for the level of background; these uncertainties arise from both the perturbative
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and non-perturbative aspects of the showers, and deserve to be better understood. As a
followup to Ref. [65], a study was started at Les Houches in 2023 comparing predictions
for Higgs + ≥ 2 jet production through gluon-gluon fusion from fixed-order calculations to
parton shower Monte Carlo predictions from Sherpa, Herwig, Powheg +Pythia and
Powheg +Herwig; predictions for the Monte Carlo programs are at both the parton
shower and the hadron levels to test the impact of non-perturbative effects. The non-
perturbative tunes include both the recommended tunes from the Monte Carlo authors,
as well as the tunes used by ATLAS and CMS. Comparison are being made to STXS
cross sections, differential cross sections and a cutflow analysis similar to those used by
ATLAS and CMS for the extraction of the VBF signal from the background. Comparisons
of a framework that has a variable accuracy as a function of jet multiplicity (Powheg
+Pythia/Herwig) to frameworks with a constant (NLO) accuracy (Herwig/Sherpa)
are made. A Rivet routine will be made available so that ATLAS and CMS can directly
compare to the results of this study.

The full results will be reported in a separate publication, and linked to this docu-
ment.

5 Common cross section definitions for vector-boson fusion and
scattering processes

P. Azzurri and M. Pellen summarizing community discussions and efforts.

Measurements of vector-boson fusion (VBF) and scattering (VBS) processes at the LHC is
of great interest as it offers the possibility to study the self-interactions of gauge bosons in
the Standard Model (SM) and explore many associated new-physics scenarios. The VBF
and VBS processes contribute respectively to Vqq and VVqq final states at the LHC,
where qq denotes the two final state quarks (which are associated to the jets) originating
from the initial state quarks from which interacting vector bosons are radiated off. It is
worth pointing out that other electroweak (EW) processes, possibly without gauge self-
interactions, also contribute to qq→qqV(V), for example di-boson or tri-boson processes
with one hadronically decaying gauge boson. Therefore the LHC measurements typically
refer to complete EW V(V)qq productions, with some final state phase-space definition.

The main background sources for EW V(V)qq measurements are from V(V)jj final
state productions (where j = q or g) with strong interactions, denoted as QCD V(V)jj
productions. Part of these background sources, QCD V(V)qq productions, can also in-
terfere with the signal EW V(V)qq processes, and additional care is needed to deal with
this complication.

An essential specification of the EW signal definition includes a selection of the
invariant mass of the two jets (mjj), in order to separate VBF (VBS) productions from VH-
type or diboson (triboson) productions where one of the gauge bosons decays hadronically.

Since the early measurements of VBF processes with LHC Run 1 data, and with
further measurements of VBF and VBS with Run 2 data, signal EW V(V)qq definitions
adopted by CMS and ATLAS have been very disparate, also changing with new measure-
ments of each collaboration. As a consequence published results are difficult to compare
and impossible to combine, calling for the need of an agreement between experimental
collaborations and the theory community to define common cross section definitions to
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pursue new LHC measurements. Some initial efforts within the LHC EW working group,
and in the context of a multiboson yellow report lead to revive the activity at the 2023
"Physics at TeV Colliders" Workshop. The discussion in Les Houches took place with
representatives of ATLAS, CMS and of the theory community, resulting in a broad list
of directions and recommendations for future VBF and VBS measurements at the LHC,
that are listed below.

1. Define and measure cross sections for

(a) full QCD plus EW V(V)qq production with interference,
(b) pure EW V(V)qq productions without QCD interference, and
(c) pure EW V(V)qq productions without s-channel (multiboson) contributions.

2. Define and measure cross sections for both

(a) parton-level and
(b) particle-level signal definitions.

Priority to particle-level definitions, that can be compared to any prediction with
a parton shower, is given. Parton level signal measurements can be compared to
fixed-order predictions.

3. Suggestions for particle level cross sections, with similar kinematic criteria for parton-
level definitions.

– Dressed leptons (∆R < 0.1), with angular acceptance |ηℓ| < 2.5.
Transverse momenta pℓ

T > 20 GeV for leading and subleading leptons, and
pℓ

T > 5 GeV for eventual additional leptons (fully leptonic WZ and ZZ VBS).
Invariant mass for same-flavour opposite-sign lepton (m

ℓ
+

ℓ
− > 20 GeV) in order

to avoid singular configuration of γ∗ → ℓ+ℓ−.
– Isolated photons |ηγ| < 2.5 and pγ

T > 20 GeV.
– Anti-kT jets R = 0.4 with |ηjet| < 4.7 and pjet

T > 30 GeV.
– Angular separation between leptons, photons and jets ∆R(jet, ℓ)(jet, γ)(ℓ, γ) >

0.4, or also less stringent on ℓγ separation.
– Optional requirement on transverse momentum unbalance pmiss

T for final states
with neutrinos.

4. Define and measure cross sections in a wide array of invariant masses of the VBF/VBS
tagging jets (quarks). A suggested array is : mjj/qq > 120, 250, 500, 1000, 2000, 5000
GeV. The more inclusive lower mjj/qq values are of interest also to study the s-channel
contributions. In the case of processes with hadronic decays of weak bosons, define
the tagging jets either as the pT-leading pair or the pair that maximises mjj

5. Suggestions for specific differential cross sections:

– Vector-boson transverse momenta : pT(ℓ, ℓℓ, γ) > 0, 50, 200, 500 GeV, of par-
ticular interest for possible pure beyond-the-Standard-Model (BSM) contribu-
tions.
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– Azimuthal angular opening of the tagging jets ∆ϕjj = [−2.5, −2, −1, 0, 1, 2, 2.5],
of particular interest for possible SM-BSM interference contributions.

– Rapidity opening of the tagging jets, |∆ηjj| = [0, 2.5, 5], for possible BSM
contributions and also to study QCD-EW interference effects.

Hopefully, recommendations of this type will be adopted for new LHC results, pos-
sibly after being further discussed and agreed also in the LHC EW WG. We would like
to emphasis that while the discussion have been focusing on VBF and VBS processes, all
the elements are here provided to extend it to all multiboson processes.

6 LHCHXSWG study for vector-boson fusion at the LHC
S. Ferrario Ravasio and M. Pellen summarizing community discussions and efforts.

Studying in details the properties of the Higgs boson is one of the endeavour of the high-
luminosity phase of the LHC. To that end, precise and appropriate predictions should be
provided in order to make the best out of the experimental data. In that respect, the
production of Higgs bosons via vector-boson fusion (VBF) is the second largest production
mechanism and therefore deserve particular attention.

This short contribution describe a community study that is taking place within
the LHC Higgs Cross Section Working Group (LHCHXSWG) and which benefited sig-
nificantly of the last Les Houches workshop. In the following, the expected content of
the study is highlighted, results will be made public in a subsequent publication. The
work aims at three different aspects: a review of recent theoretical and experimental
work, state-of-the-art predictions at fixed order, and recommendations for parton-shower
uncertainties.

1. Short review
On the one hand, recent theoretical progress for VBF at the LHC will be reviewed.
On the other hand, the latest experimental findings will be summarised. The for-
mer is particularly important as it has be realised that theoretical works are not
always properly acknowledged in experimental publications. We hope to mitigate
this problem by providing explicit recommendations for referencing various theoret-
ical aspects of VBF at the LHC.

2. State-of-the-art predictions at fixed order
Typically, the predictions that are provided within the LHCHXSWG are inclusive
predictions [110]. While these make perfectly sense for the gluon-gluon–fusion mech-
anism, they are not so appropriate for VBF which is typically measured in exclusive
phase-space regions.
To that end, the fixed-order predictions will be provided in a typical fiducial region
for two-dimensional differential distribution in the invariant of the two jets (mjj), the
transverse momentum of the Higgs boson (pT,H), the azimuthal angle between the
two jets (∆ϕjj), and the rapidity difference between the two jets (∆yjj). In addition,
predictions will be provided for the STXS bins [146] which are fully inclusive. The
predictions aims at providing principally NNLO QCD + NLO EW predictions.
Non-factorisable and loop-induced interferences are also expected to be included.
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3. Parton-shower corrections and uncertainties
In the last few years, several works uncovered particular feature of parton-shower
corrections in VBF topologies [147–149]. Eventually, it has been found that uncer-
tainties related to the perturbative part of parton showers do not exceed about ten
per cent [65, 149].
Using the same phase spaces as for the fixed-order study and the same binnings,
several parton-shower predictions will be provided. It is expected that the findings
of Refs. [65, 149] will be confirmed.

Note that several other important aspects of VBF at the LHC have been discussed
in Les Houches such as gluon-gluon–fusion contamination in VBF phase-space, boosted-
Higgs topologies, and the potential role of parton-shower tuning (regarding for example
MPI, hadronisation, underlying event) and parton-shower uncertainties. These will be
addressed in the future in different publications.

7 Theoretical uncertainties for electroweak corrections
A. Huss and M. Pellen summarizing community discussions and efforts.

Given the current and upcoming precision of LHC measurements, the definition of uncer-
tainties in electroweak (EW) corrections is becoming a particularly pressing issue. While
for QCD corrections, simple prescriptions to estimate missing higher-order corrections
exist (renormalisation- and factorisation-scale variations), it is not the case for the EW
case. It would therefore be particularly useful to set-up some common prescriptions for
estimating uncertainties related to the calculation of EW effects. While a one-size-fits-all
procedure is likely unfeasible, a set of prescriptions and guidelines to estimate various
aspects of theory uncertainties associated with EW corrections can be defined.

The understanding of EW corrections is by now well advanced [150, 151] and an
attempt in estimating missing higher-order corrections have been made in the context of
Standard Model background for dark-matter searches [152]. The main hurdle in defining
a prescription stems from the fact that EW corrections can have very different origins of
enhancements. In a discussion in Les Houches, several sources with corresponding possible
prescription have been identified.

Renormalisation part: One part of the EW corrections is related to the renormalisation
of UV divergences. In this context, comparing different renormalisation schemes can
be useful also in view of assessing potential missing higher-order terms. Nonetheless,
it should be kept in mind that in a particular context, some schemes are more well-
motivated than others and therefore a naive variation of schemes can over-estimate
true uncertainties and such a prescription needs to be implemented with care.

Sudakov logarithms: At the LHC, various processes are increasingly probed deeper in
the high energy limits. In this regime, so-called Sudakov logarithms can become
enhanced through the ratio of the gauge-boson mass and the characteristic scale
of the process appearing in the arguments. On the other hand, they are known
to factorize and to be universal [153], such that their impact at each order in per-
turbation theory can be assessed using prescriptions based on those properties. In
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addition, there has been a revived interest in providing codes for computing these
contributions [154–156] making these type of corrections more accessible also to
non-experts.

QED final-state radiation: With the availability of several public tools to compute
these corrections, it is anticipated that prescriptions can be formulated to assess the
size of missing higher-order (and higher-logarithmic) corrections.

γ-induced contributions: Such contributions are typically suppressed and have a small
uncertainty since the adoption of the LuxQED method [157]. As for any other parton
distribution function (PDF), its uncertainty can be obtained by varying the replicas
provided by the PDF sets. Constituting separate partonic channels, an additive
approach to include these contribution to the prediction is well motivated.

Heavy gauge-boson radiation: Such real-emission contributions are known to par-
tially compensate the (virtual) Sudakov logarithms. While their computation is in
principle rather straightforward, their inclusion depends strongly on the details of
the experimental analysis, e.g. if these sub-processes are considered as background,
etc. As such, defining a common prescription appears more challenging in this case
and a case-by-case treatment appears to be necessary.

Another non-trivial aspect relates to the fact that these various EW effects are
enhanced in different regions of phase space. Consequently, some interpolation will likely
be necessary.

In addition to purely EW corrections, mixed QCD–EW corrections also appear at
next-to-next-to-leading-order accuracy. It will therefore also be desirable to obtain a
prescription to estimate the related uncertainties.

This summary only provides a snapshot of the past and on-going discussions on this
topic. We hope to be able to reach a community prescription and agreement that will be
documented in a separate note.

8 Infra-Red and Collinear Safe definitions of jet flavour

Hadronic jets containing heavy flavours, i.e. charm and beauty, are central to the LHC
physics programme: they are important for Higgs and top studies, determination of parton
distribution functions and new physics searches. At the LHC, flavoured jets are usually
identified by the presence of B or D hadrons inside already reconstructed anti-kt jets:
experimental analyses exploit displaced vertices inside the detector or fully reconstruct
the complete decay chain of the heavy hadrons. This has led to the standard approach
of defining the flavour of an anti-kt jet, in simulation and predictions, according to the
presence of heavy hadrons associated with it. From a theoretical point of view, such
a definition needs to be revised, as it is infrared unsafe when performing perturbative
calculations, leading to a sensitivity to the soft and collinear region [158]. In particular,
this leads to uncancelled divergences at two loops and beyond when adopting calculation
schemes in which the mass of the heavy flavour is not retained, as often assumed in
state-of-the-art theoretical predictions.

Recently, several flavour-dependent jet algorithms have been proposed [159–162],
designed to overcome infrared safety (or sensitivity) issues by interleaving kinematics
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and flavour information in the jet clustering. In perturbation theory, these algorithms
are infrared safe to all orders (or up to high order), and they feature exact (or close
to exact) anti-kt kinematics. As such, they can be safely employed in theory predic-
tions, and several results for processes featuring flavoured jets at NNLO accuracy have
appeared [160, 161, 163–166]. Discussions have occurred in Les Houches regarding the
feasibility of an experimental implementation of the theory-friendly flavoured algorithms.
The current formulation of the flavoured algorithms relies on the knowledge of all the
flavoured particles in the event, which is usually unavailable in an experimental context.
In particular, the labelling of jets in the presence of double (or multi) b/c flavours has
been identified as a significant bottleneck. While a jet containing a B or D hadron and
its corresponding anti-hadron is flavour neutral, its experimental signature is more similar
to a b/c-jet rather than a gluon jet.

Given the intricate mismatch between the experimental and theory approaches in
assigning flavour to jets, a reliable data-to-theory comparison is not possible, and deli-
cate Monte Carlo correction steps are required to bring theory predictions closer to the
(infrared-sensitive) flavour assignment strategies used by the experimental collaborations.
Crucial and so far unexplored aspects are the accuracy of these corrections and reliable
estimates of the associated uncertainties. Further, it is valuable to understand how the
choice of flavoured jet algorithm influences these properties. The algorithms’ computa-
tional performance is another feature vital for the implementation in experimental analysis
and, therefore, needs to be studied and optimised.

To this end, a detailed and consistent comparison of the flavoured jet algorithms
started in Les Houches and is currently ongoing. As the first step, a common framework
with a Fastjet [167] implementation of four flavoured jet algorithms was created and made
public (https://github.com/jetflav), a publication as a FastJet contribution fjcontrib
is anticipated. Secondly, on a purely phenomenological level, the algorithms are being
compared both in fixed-order calculations, up to NNLO, and in LO+PS or NLO+PS
simulations. A variety of benchmark processes (such as vector boson plus jet production
(Z + b/c, W + c), associated production of W and Higgs boson with a subsequent H → bb̄
decay, or pure QCD scattering) are being investigated in several scenarios, with fiducial
cuts either in the central or forward rapidity region. The plan is to focus on standard
observables, e.g. the transverse momentum of the flavoured jet, with the possibility of in-
cluding jet substructure observables, e.g. the jet mass in the analysis. Such comparisons
are useful for understanding the differences between the various algorithms once applied
to physical observables. Moreover, they will be used to shed light on the MC corrections
needed for theory-data comparisons. The uncertainty of these corrections can be esti-
mated by varying matching schemes and PS providers, with and without multiple parton
interactions and hadronisation effects. The group aims to prepare a document contain-
ing the results of these comparisons that will serve as a guideline or recommendation for
employing the new flavour-sensitive algorithms for LHC phenomenology.

9 Studies on possible STXS binning options for tt̄H production

In the SM, the Higgs boson is predicted to couple most strongly to the top quark. The top-
quark Yukawa coupling, expected to be of order unity, can be probed directly by measuring
the tt̄H cross-section. With the full LHC Run 2 dataset the precision of differential
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measurements obtainable has increased. These differential cross sections can be extracted
using the STXS [146, 168] (Stage 1.2 [169]) formalism, discussed and defined at previous
Les Houches workshops. For tt̄H the current recommendation utilises a binning in the
transverse momentum of the Higgs, pT(H).

Measurement of tt̄H production is a key part of testing the Higgs mechanism, under-
standing the quantum stability of the Universe through the interplay between top Yukawa
coupling and Higgs self couplings [170–177], and to test the Higgs sector as a source of
CP violation [178–185].

At the LHC the CP properties of the top quark have an impact on the production
rates [181, 184, 186] and also in the kinematic distributions. Measurement of the top-
Higgs system can also give sensitivity to the self-coupling beyond the inclusive tt̄H cross-
section [187].

Given these facts, at Les Houches discussions and preliminary initial studies were
started to investigate possible modifications to the current STXS pT(H) binning and/or
the use of different observables. This included discussions on the possible use of variables
inspired by Refs. [184,188,189] such as angular variables defined in the tt̄H centre-of-mass
frame. Studies were also performed to consider possible improvements in sensitivity to
the Higgs self-coupling from alternative observables to pT(H) inspired by Ref. [187], for
example m(tt̄H). Initial studies showed modest increases in sensitivity for m(tt̄H) but
not yet sufficient justification for a new STXS recipe.

These studies at Les Houches were very preliminary and somewhat limited in scope.
More studies are certainly required before any modification to the STXS formalism could
be proposed and these studies should continue in the context of the LHC Higgs WG.
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Chapter II

Monte Carlo generators, Tools, Machine-Learning

1 Defining better uncertainties on the choice of MC model
M. LeBlanc, J. McFayden and S. Plätzer summarizing community discussions and efforts

Differences between predictions from models of hadronic radiation continue to be a leading
source of systematic uncertainty at the LHC, limiting the precision of numerous Run 2
physics results. These uncertainties manifest in two main ways. First, they can come
from direct comparisons between models within a particular search or measurement, e.g.
by changing from the Pythia to the Herwig parton shower. Second, they can arise
indirectly through other systematic uncertainties such as those related to the calibration
of the Jet Energy Scale [190–192] or JSS-based classifiers [193–198], where MC-to-MC
comparisons are made during the calibration procedure. The ad hoc nature of these so-
called “Modelling Uncertainties,” combined with their significant impact, has long been
a source of frustration for the LHC community. At Les Houches, several discussions took
place that aimed to summarise the current state of affairs, and identify a path towards
better uncertainties on the choice of MC models in the future.

1.1 Current approaches
Presently, ‘monolithic’ two-point modelling uncertainties are frequently made. Such com-
parisons vary all aspects of generator setups simultaneously, e.g., by swapping a nominal
MC sample generated with Pythia for an alternative generated with Herwig that uses
a different matrix element calculation, parton shower algorithm, hadronisation model,
PDF set, etc. Some significant effort has been recently made by the ATLAS Collabo-
ration to improve on such monolithic comparisons in the context of the jet energy scale
(JES) uncertainties [199, 200]. The ‘jet flavour response’ component of the JES uncer-
tainty accounts for differences in the response of jets that are initiated by gluons, rather
than quarks, and was previously determined by comparing the gluon-initiated jet response
between Pythia and Herwig++ [191]. This comparison previously resulted in a large
uncertainty that was the dominant source of uncertainty on the ATLAS JES1 for jets with
transverse momenta roughly between 60 GeV and 300 GeV over the course of both Run 1
and Run 2. In the new approach, multiple two-point comparisons vary specific aspects of
generator setups: e.g. comparing Herwig with angle-ordered and dipole parton shower
models, Sherpa using default cluster-based or Pythia string-based hadronisation mod-
els, etc. while holding other aspects of the setups (PDFs, etc.) constant wherever possible.
Making more factorised comparisons results in a total flavour response uncertainty that
is reduced by roughly a factor of 3 for jets with pT =60 GeV, resulting in an updated
uncertainty component that is now subdominant relative to other sources of uncertainty

1The situation within the CMS Collaboration for this particular source of uncertainty is similar: the
same generator comparison is made and also results in a dominant uncertainty across a comparable
kinematic region [201].
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on the ATLAS JES.

1.2 Future directions
The more factorised two-point comparisons studied by ATLAS were recognised as a step
forward; however, some guidance was provided by members of the Les Houches community
regarding further improvements to this methodology. In particular, it was pointed out that
there can be significant interplay between hadronisation and parton shower algorithms,
and that a more reliable way to assess such two-point uncertainties would be to use grids
of MC setups that are tuned and configured consistently by the MC authors themselves
(e.g., a 2-by-2 grid of Herwig setups with different parton shower and hadronisation
algorithms). Such provisions would be welcomed by the community, and they may also
present an opportunity to harmonise the tuning strategies and reference datasets used by
the different MC authors.

In the medium-term future, the Les Houches community is optimistic about the
expected impact of NLL parton shower algorithms in this area. Comparisons of such al-
gorithms should provide meaningful uncertainties on the underlying perturbative physics.
Non-perturbative models should also be revisited, to avoid mismatched levels of progress
of MC generator components. Improved understanding of the correlations between hadron
species within jets and studies of universality between both ee and ep systems, and low-
and high-pT jets were identified as possible avenues for development.

It was suggested that the growing number of differential measurements of JSS ob-
servables that have been performed at the LHC with Run 2 data may be an existing
place where progress can be made towards improved understanding. Another potentially
promising avenue are studies with archival LEP data, which can be difficult to access for
experts outside of the LEP communities. However, successful recent efforts have been
made with these archival data [202, 203]: the Les Houches community is hopeful that
such publications indicate that new members of the particle physics community are gain-
ing expertise with lepton collider data analysis that will have a positive impact on MC
modelling in the years to come.

2 Modelling survey and correlation analyses

The interplay between parton showers and hadronization, and the quest for comprehen-
sive uncertainty estimates, becomes a central need for the community. In particular, a
deeper understanding of observables which probe the interface between parton showers
and hadronization and might be suited to test constraints from shower variations and
tuning, is needed. One working group is studying such a list of observables at hadron
colliders, and has also developed new observables which focus on leveraging correlations
among jet constituents to reveal the built-up of jet structure.

The following Rivet [204] routines were included in the survey:
ATLAS_2020_I1790256 – 13 TeV Lund jet plane [205] (Dijets, pT ≥ 675 GeV), AT-
LAS_2020_I1808726 – 13 TeV Event Shapes (Thrust etc.) [206] (Multijets, HT2 ≥ 1
TeV), ATLAS_2019_I1772062 – 13 TeV Soft-drop mass, rg, zg [207] (Dijets, pT ≥ 300
GeV), ATLAS_2019_I1724098 (MODE="DJ") – 13 TeV jet tagging observables [208]
(Dijets, pT ≥ 400 GeV), ATLAS_2019_I1740909 – 13 TeV nTrk, fragmentation func-
tions [209] (Dijets, pT ≥ 300 GeV), ATLAS_2018_I1634970 – 13 TeV Inclusive Jets [210]
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(Inclusive jets, pT ≥ 100 GeV), CMS_2021_I1920187 [MODE="DIJET"] angularities in
Z+jet and multijets [211] (pT ≥ 50 GeV binned up to 1 TeV), CMS_2018_I1682495 jet
mass in dijets [212] (pT ≥ 200 GeV), CMS_2021_I1972986 13 TeV inclusive jets [213]
(pT ≥ 97 GeV), CMS_2021_I1920187 [MODE="ZJET"] angularities in Z+jet and multi-
jets [211] (pT ≥ 50 GeV binned up to 1 TeV), and CMS_2018_I1690148 jet substructure
observables in ttbar [214] (pT ≥ 30).

The community does not have Rivet routines from all measurements that would be
useful2. Routines are particularly missing for ALICE measurements that would otherwise
be extremely valuable [215–217], and in particular correlation measurements seem to be
promising to further learn about differences and short-comings of present models.

3 Photoproduction at the EIC
I. Helenius, P. Meinzinger, S. Plätzer

The prospect of the EIC as one of the next colliders also raises questions to what extent
multi-purpose event generators are ready to be used for the physics of a state-of-the-art
electron-proton collider. For several years, benchmarking against HERA data has been
quite difficult due to the lack of analyses usable as Rivet plugins, a situation which now
has changed significantly. While DIS, including event shapes and jet production, has
been compared to the LHC-age multi-purpose event generators in the realm of developing
new parton shower and matching and merging algorithms, photoproduction is one class
of reactions where new comparisons are needed in order to thoroughly test end evaluate
the uncertainties of existing approaches. During this Les Houches workshop, one group
has formed which is comparing Herwig 7, Pythia 8 and Sherpa 3 for photoproduction
at LEP, HERA and the EIC. We use existing data for LEP and HERA, and study a class
of observables similar to those addressed in [218] to compare predictions at typical EIC
energies. A detailed paper for this study is in preparationand can serve as a basis for
further development.

4 Matrix-element generation on GPUs and vector CPUs

Driven by rapidly evolving computing hardware, various discussions in Les Houches fo-
cused on porting code for fixed-order perturbative calculations from CPUs to GPUs. An
important aspect is to reach a production level code base and its effective implementation
in the experimental tool chains. Work and discussions at Les Houches initiated an effort
to better understand the related requirements and triggered follow-ups with ATLAS and
CMS after the workshop that are still ongoing. In the case of MG5aMC, the discus-
sions and hands-on work together at Les Houches and their later follow-up enabled CMS
to perform useful tests, of both the GPU and vectorized CPU implementations, which
were presented at a CERN MC workshop in November 2023 [219], with further updates
foreseen for CHEP2024. Similar exchanges with ATLAS at Les Houches were essential
for identifying some LO physics processes that are relevant to ATLAS, which later led to
a large effort to debug and fix some issues in these processes in MG5aMC on GPU. In

2The current coverage of experimental results in Rivet can be found at https://rivet.hepforge.
org/rivet-coverage.
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the case of Chili/Pepper, the code base was published [220] and made available to gen-
eral users in a form that allows production-level performance in the case of leading-order
high-multiplicity simulations [221].

Looking further ahead the discussions begun at Les Houches will be continued for
algorithms beyond tree-level, where the hand-off between GPU and CPU may trigger
problems with floating point precision, especially in light of the anticipated relative de-
crease in the number of FP64 cores on newer GPUs. This point is also related to a more
general discussion regarding preparations for future hardware. In this regard it is also
important to understand which HPC allocations can be expected to be obtained by the
community in the long term, and how dependable those allocations will be. This topic
was again discussed at the CERN workshop [219] and noted as one of the drivers for
decisions on how to design future code bases.

An important related topic is the sharing of resources between different experi-
ments, and between experiment and theory. Experiments typically expend significantly
more computing time for event generation on the grid than any theory group has access
to. A stronger connection between the different user groups and also between developers
and users might be mutually beneficial. For instance, access to grid-scale resources might
help for computations currently out of reach, e.g. inclusion of V + 4/5j@NLO [222–224]
in particle-level simulations, or fixed order calculations of NNLO or even N3LO predic-
tions [225, 226].

A discussion on the benchmarking of existing GPU ports was started at Les Houches.
The two teams developing MG5aMC and Chili/Pepper on GPUs are working on very
similar strategies to port or re-develop matrix-element generators that may be used at
scale [220, 227–232]. Different stages of the integration and event generation are imple-
mented differently, however. It will be beneficial to see how they compare and if there are
bottlenecks that can be avoided. This would include a detailed profiling of MG5aMC
and Chili/Pepper on GPUs and vector CPUs, comparing the computational pros and
cons of different approaches like helicity summation versus sampling, Feynman diagrams
versus recursion relations and comparing timings and profiles for a few standard candle
processes. The importance of a coherent development plan was emphasized in the LHCC
report [233] on HL-LHC software and computing and in the community papers prepared
for it [234, 235].

Currently, both MG5aMC and Chili/Pepper only support LO processes in their
GPU ports, but plans exist to extend this work to QCD NLO processes [236]. The
discussions in Les Houches, including experts in fixed-order calculations, were useful to
identify potential issues. In the case of MG5aMC, some Les Houches discussions about
local subtraction schemes, and their later follow-up with NLO matching experts, helped
to better clarify a strategy for data parallelism in NLO generation workflows using the
FKS subtraction scheme [237].

5 Negative Weight Reduction for the Higgs diphoton background
J. R. Andersen, A. Cueto, S. P. Jones, A. Maier

Monte Carlo event generators are a critically important tool for studying physics at par-
ticle colliders. General Purpose Event Generators, such as Herwig [238], Sherpa [239]
and Pythia [240], are used almost ubiquitously to produce theory predictions for both

20



signal and background processes at the Large Hadron Collider (LHC). They are often com-
bined with fixed-order and matching tools such as MadGraph [241] or Powheg [242].
As we enter the high-luminosity (HL-LHC) era, the computing demands, both in terms
of CPU cycles and disk space, required to produce sufficiently precise simulations with
these toolchains are considerable and justify the investigation of methods for improving
the efficiency of unweighted event generation [234, 243,244].

At next-to-leading order (NLO), due to presence of subtraction terms in the fixed-
order calculation (and potentially the matching and merging to parton showers, the weight
of the simulated events is not strictly positive. The presence of negatively weighted
events reduces the statistical power of an event sample and necessitates the production
of larger event samples to obtain a given statistical precision. The impact of the negative
events can persist even after unweighting, with typical unweighting procedures yielding
events set with a given weight ±w, where w is a positive constant determined by the
details of the process and generator. A simulation that produces unweighted events with
both positive and negative signs can attain the same statistical accuracy as one that
produces events with only a positive weight by generating a number of events which is
larger by a factor c(r−) = 1/(1 − 2r−)2, where r− is the fraction of negatively weighted
events [245] (neglecting correlations between the negative and positive events). In the last
few years, several techniques have been developed to address the problem of negatively
weighted events. Broadly, they are based on avoiding negative events during generation
(for recent progress see [245–250]), and resampling after generation (see e.g. [251–254]).
In the following we will discuss one such approach called the Cell Resampler [254, 255].

In brief, the cell resampler works by identifying the most negative events in the
sample and distributing their weight to nearby events such that the number of events in the
sample with a negative weight is reduced. The algorithm used by the cell resampler relies
on constructing infrared safe objects from each event (such that "nearby" is interpreted
in an IR safe manner) and on a distance metric between events that defines how close
two events are considered to be. In this we apply the metric discussed in Ref. [254, 255],
but other metrics are desirable, as discussed later. It is often desirable to prevent the cell
resampler from averaging the weight of distant events, so as not to distort observables
beyond the resolution required, even if this will leave some negative weights in the sample.
The maximum distance at which two events are allowed to be combined is controlled by
the maximum cell size parameter.

The goal of the present study was to apply the so-called cell resampling technique
to an event sample similar to that which is used by experimental collaborations for the
estimation of background processes. In particular, we focus on the simulation of the
diphoton background relevant for the experimental study of the Higgs boson production
and decay process pp → H(→ γγ) + jets. At NLO, this particular background is plagued
by a relatively large negative event fraction.

Our study begins by generating a large set of unweighted pp → γγ +jets events. We
aim to start with a sample that is as close as possible to that used by the experimental
collaborations. To this end we produce a set of 1M and 10M showered, multi-jet merged
and unweighted events using MadGraph interfaced with the Pythia shower. The ma-
trix elements of the calculation were computed at NLO with up to two additional partons.
Divergencies in the radiation of photons off quarks was avoided by imposing a Frixione’s
isolation [256] with parameters δ0 = 0.1, n = 2 and ϵγ = 0.1. Jets were reconstructed with
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the kt algorithm with a jet radius of 1.0 and a minimum jet transverse momentum of 10
GeV. The merging with the parton shower was performed using the FxFx scheme [257]
with a merging scale of 20 GeV. We would like to study the impact of cell resampling
on observables that are typical of experimental analyses, we therefore focus on the set of
observables produced using a Rivet [258] analysis that mimics the experimental cuts pre-
viously used by the ATLAS collaboration to study prompt photon-pair production [259].
In the implementation of the cell resampler existing prior to this study, no photon isola-
tion algorithm was present. For this work, we, therefore, first extend the cell resampler
to support fixed cone photon isolation [256].

Max Cell
Size

r1M
− r10M

− c(r1M
− ) c(r10M

− )

0 0.297 0.296 6.07 6.01
10 GeV 0.296 0.294 6.01 5.89
30 GeV 0.287 0.280 5.51 5.17
60 GeV 0.261 0.245 4.38 3.84
100 GeV 0.218 0.195 3.14 2.69
∞ 0.000 0.000 1 1

Table II.1: The negative event fractions, r1M
− and r10M

− , and relative costs, c(r−)1M and
c(r−)10M, obtained after cell resampling on a set of 1M and 10M showered, multi-jet
merged and unweighted γγ + jets events.

In Table II.1 we report the negative event fractions and relative costs obtained by
running the cell resampler with various maximum cell sizes. As expected, the larger cell
sizes lead to a more significant decrease in the negative event fraction, with an infinite
max cell size returning an event set with only positive events. Furthermore, running on
a larger event sample of 10M events, rather than 1M events, gives larger reduction in
negative event fraction for a given cell size. This is straightforward to understand as the
10M event sample populates the phase-space more densely and so more events can land
in each cell for a given max cell size.

In Figure II.1 we show the leading photon pT and diphoton system pT obtained
using the larger event sample before and after cell resampling. We can see that with a
maximum cell size of 30 GeV the distributions are largely reproduced faithfully (within
the statistical uncertainty). However, at very small pT some distortion of the distribution
is possible, due to the presence of cells with a size significantly larger than the bin widths.
This distortion can be cured by reducing the maximum cell size at the cost of a larger
negative event fraction remaining in the sample. Increasing the maximum cell size beyond
30 GeV induces similar distortions at larger values of pT and increases the magnitude of the
distortions. Furthermore, running on this showered and unweighted sample, the overall
negative weight fraction reduction for a given level of distortion (e.g. within the original
statistical uncertainty) is not as significant as previously observed in studies of weighted
fixed-order computations [255].

Based on these observations, a follow-up study is ongoing which addresses these
shortcomings in turn. The key outcomes of this ongoing work so far include the introduc-
tion of a relative metric which limits the cell size dynamically based on the energy of the
event (rather than having a fixed maximum cell size applied to events with low and high
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Fig. II.1: The leading photon pT and diphoton system pT obtained using a sample of 10M
events before and after cell resampling with a maximum cell size of 30 GeV. The error
bars indicate the statistical uncertainty on the original Monte Carlo sample.

pT ), a study of the individual channels entering the multi-jet merging which dominate the
negative event fraction and, an investigation of the advantage of applying cell resampling
at the level of weighted events (prior to unweighting).

6 Reducing Negative Weights in Simulations and Simulation Re-
sampling

J. R. Andersen, M. V. Garzelli, A. Maier, V. Mikuni, S. Plätzer

Weighted samples are commonly used in collider physics to ensure ensembles of observa-
tions have the correct statistical properties. These weights can be determined already at
initial stages of the simulation chain, where the average weights in a given phase space
point is physically relevant. In particular, at next-to-leading order (NLO) corrections,
quantum loops can yield negative weights to individual samples, often requiring large
simulation datasets to be stored to achieve statistical power. Instead one may want to
reweight samples by reducing the fraction of negative weights such that all kinematic
distributions are unchanged to the statistical accuracy of the original sample and the
sample size can be reduced, thus reducing the computational cost of the following steps of
the simulation chain. During dedicated sessions at Les Houches, different strategies were
discussed. The first method was introduced in [254, 255] using a cell resampling (CRES)
method to modify the weights such that, within a neighborhood, the fraction of negative
weights is reduced. The introduction of a maximum cell size ensures kinematic distribu-
tions are unchanged on scales larger than the maximum cell size. A large neighborhood
leads to lower fractions of negative weights but may also lead to less accurate results. Al-
ternatively, machine learning for neural positive reweighting (NPR) [252] can be used to
learn an approximation of the reweighting function that results in positive weights in addi-
tion to preserving the statistical uncertainty of the original set with negative weights. To
exemplify the methodology, a sample consisting of tt̄bb̄ events with an additional emission
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Fig. II.2: Initial sample weights from the tt̄bb̄ sample (blue filled), after NPR (blue line),
and after CRES using different cell sizes (different shades of green).

were simulated using PowHel [260] interfaced with Powheg Box [242] and Helac-1
loop [261] with NNPDF3.0 PDF set [262]. The distribution of the weights obtained by
NPR and CRES with different cell sizes is shown in Figure II.2.

The initial tt̄bb̄ sample has 17% of the weights negative. After reweighting, NPR and
CRES with infinite cell size both lead to a sample with only positive weights. Varying
the cell size in CRES leads to different fractions of negative weights remaining in the
dataset, ranging from 3% with cell size of 300 GeV to 16.8% for a cell size of 50 GeV.
Both methods are able to leverage the high dimensional feature space, using as inputs the
kinematic information from both top quarks, additional b-quarks, and additional emission
when resolved. The result is a set of weights valid for any function of these observables.
We illustrate this property by verifying multiple kinematic distributions of the system,
shown in Figure II.3. All methods show a better agreement with the initial distribution
compared to the unweighted data. NPR results are similar to the CRES results with an
infinite maximum cell size, showing that both methods are compatible in the limit when
all negative weights are removed. Reducing the cell size improves the accuracy of CRES
at the cost of remaining negative weights in the sample. Notice that for applications at
LHC, many millions of samples are produced for each physics process, leading to more
accurate reweighting for both NPR and CRES.

Finally, during discussions it was pointed out that, in some cases, defining a reweight-
ing function may lead to unstable results. This is the case for samples with high variance
of weights. In particular, for parton showering simulations, the resulting multiplicative
weights from the parton shower evolution can lead to a large weight spread. An alterna-
tive approach is to use a resampling algorithm [246]. During resampling, observations are
selected in proportion to the event weights, while an interleaved resampling algorithm can
be used to reduce the variance of the weight distribution and improving the statistical
convergence for parton shower algorithms.
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Fig. II.3: Distributions of multiple kinematic distributions for both top and b quarks.
Results without any weights applied (orange), after NPR (blue) and after CRES with
different parameters (different shades of green) are compared with the initial distribu-
tions carrying negative weights. Percentual difference between each method and original
samples are shown in the ratio. Shaded regions in the difference represent the statistical
uncertainty of the initial data.

7 Unbinned Unfolding using Machine Learning
M. Donegà, K. Köneke, V. Mikuni

Unfolding in collider physics refers to the task of correcting physics observables for detector
effects. Unfolded observables can be directly compared with different theory predictions,
thus accelerating the feedback between experimental results and theory developments.
Classical unfolding methods use histograms to unfold physics observables in a small num-
ber of dimensions. These methods are often based on inverting a response matrix that
describes the migrations between observables due to detector effects. The requirement of
binned data in the form of histograms can sometimes be restrictive, as combinations be-
tween multiple experiments or including multiple observables in the unfolding procedure
require additional attention. Machine learning has the potential to enable the unfolding of
multiple observables in a high-dimensional space. In particular, the OmniFold [263,264]
method has been applied to multiple studies using hadronic final states using data from
the H1 [265–268], LHCb [269], CMS [270], and STAR [271] Collaborations. During dis-
cussions at Les Houches, technical details of OmniFold were discussed, resulting in
recommendations and future prospects that unbinned unfolding can achieve a broader
impact. Our recommendations are:

– Always verify the detector acceptance to ensure unfolded observables are within
the detector coverage: Even though the measurement is unbinned, results are often
reported in the form of histograms. From the unfolded results, a covariance matrix
can be determined based on the binning choice and such binning should also be
consistent with the detector resolution used to measure the data.
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– Unfold a larger region of the phase-space compared to the fiducial region of interest:
Acceptance and efficiency effects lead to additional extrapolation uncertainties for
unfolded results. Acceptance effects, or the determination of unfolded observables
that are outside of the detector acceptance, are important uncertainty sources that
are challenging to estimate. On the other hand, efficiency effects due to recon-
structed events outside of the fiducial region of interest only lead to sub-optimal
use of information, since measured data outside the fiducial region is ignored. For
this reason, we recommend to train OmniFold using a larger fiducial, where the
complete data information can be included. Since the fiducial selection is not di-
rectly used during unfolding, a more restrictive fiducial region can be selected after,
reducing the extrapolation uncertainty but still benefiting from the full data.

During discussion with the Higgs Physics group, we identified different research directions
that would benefit from unbinned unfolding. In particular, multi-differential cross sec-
tion measurements in the simplified template cross sections (STXS) framework [110, 168]
face the challenge of striking a balance between defining measurement intervals that are
granular enough to reduce theoretical uncertainties but inclusive enough to be measured
with precision. With unbinned unfolding, the results for each kinematic bin are indepen-
dent from the unfolding procedure, allowing one to study, with the measured data, the
sensitivity obtained for a given choice of kinematic selection.

8 Machine Learning for Standard Model Measurements
V. Mikuni, M. Pellen

Machine learning has the capability to extend and improve current methodologies used to
extract Standard Model parameters from collider physics measurements. Getting insight
into the electroweak-symmetry-breaking mechanism is one of the main endeavors of the
LHC Experiment. To that end, extracting longitudinal modes of weak bosons in scattering
processes is a key probe. In a recent work [272], a general method was proposed to tag
longitudinally-polarised events on an event-by-event basis. The method relies on ratios
of theoretical amplitudes and uses wide neural networks to approximate the ratios, using
only as inputs experimentally accessible information. During a dedicated session with the
Standard Model phenomenology group, recent results demonstrating the feasibility of this
new approach were discussed. Results were presented considering the production of a Z
boson in association with a jet at the LHC, both at leading order and in the presence of
parton-shower effects.

9 MC Weight Derivatives and Weight Derivative Regression
M. Donegà, V. Mikuni, A. Valassi

In parameter measurements at colliders, MC reweighting is a well-established technique
at least since LEP times, where it was used for measuring the W boson mass [273] and
anomalous couplings [274, 275]. With some limitations, this is also applicable to hadron
colliders [276], even with QCD NLO accuracy [277]. In MC reweighting, a single sample
is generated at a reference value of a theory parameter and is processed through detector
simulation and event reconstruction. A posteriori, event weights are changed based on
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the event-by-event matrix element ratio between a different value of the parameter and
the reference one. Although careful validation is needed, this method offers two key
advantages over generating separate MC samples at different parameter values: first, it is
computationally cheaper, since only one MC sample goes through detector simulation and
event reconstruction; second, it provides a more powerful description of the dependence of
experimental distributions on the parameter to be measured, because the variation with
the parameter is computed event-by-event rather than bin-by-bin in a given distribution,
and is thus less affected by MC statistical errors.

An important quantity encapsulating the event-by-event parameter dependence of
MC weights is their derivative with respect to the parameter to be measured. Computing
event-by-event weight derivatives at generation time and storing them in LHE files may
be particularly interesting for two reasons, as described in a recent paper [278] which was
discussed again in Les Houches. First of all, weight derivatives can be used to compute
the minimum statistical error that could be achieved from a data sample of given lumi-
nosity in an ideal measurement of the parameter, using a detector with ideal acceptance
and resolution. In other words, weight derivatives can be used to compute the full Fisher
information on the measured parameter that collecting a data sample of given luminosity
theoretically offers. Weight derivatives also make it possible to interpret the loss of infor-
mation and the higher statistical errors achieved in a real measurement, in terms of the
experimentally limited acceptance and resolution and of background contamination.

The second interest of weight derivatives is that they can be used for Machine
Learning optimizations of the analysis method. The ideal measurement of a parameter,
mentioned above, is simply one where the MC-truth weight derivative of each event is
precisely known, and where the parameter is measured by the one-dimensional fit of its
distribution. This quantity, however, is not an experimental observable, and can only be
approximately computed from the existing measured properties of each event. A common
way to do this is the Optimal Observables [279–281] (OO) method, where the functional
dependence of the MC-truth derivative on some MC-truth event properties is known a
priori, and an “optimal observable” is computed by applying this functional dependency
to detector-level event properties. An alternative approach is building a ML regressor for
the MC-truth weight derivative in each event, based on the observable properties of each
event: this essentially represents the unfolding of this single MC-truth variable. While
technically challenging, this “Weight Derivative Regression” (WDR) approach is affected
by detector effects in a different way than Optimal Observables, and could in principle
achieve a better statistical resolution on the measured parameter.

To date, WDR has only be studied on simple toy models, but it has not been at-
tempted on any concrete HEP measurement using real or simulated data. Because of
the dependency of weight derivatives on the reference value of the parameter where the
derivatives are computed, WDR (like OO before it) seems more suitable to measuring
couplings rather than masses, and might be interesting in particular for EFT studies at
LHC or Higgs coupling studies at FCC. While the original paper only focuses on mea-
surements of weight derivatives with respect to a single parameter, this framework could
partly be extended to simultaneous measurements of multiple parameters at the same
time, like many EFT fits. The Les Houches workshop provided a very useful environ-
ment to discuss the potential application of weight derivatives and WDR in existing and
planned analyses. Some follow-up discussions have already happened after Les Houches
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and might eventually lead to concrete studies in the future.

10 Revisiting event generator, matrix element interfaces and file
formats

S. Plätzer summarizing community discussions and efforts

The inter-operability of different matrix element providers and Monte Carlo event gen-
eration frameworks is of utmost importance for the field and has culminated in many
Les Houches accords, which specify the corresponding interfaces. This includes the
Les Houches Event File format (LHEF) [282] to pass events from a fixed-order per-
turbative calculation to parton shower simulations, or the Binoth Les Houches Accord
(BLHA) [283, 284], enabling a runtime interface to one-loop matrix element providers,
making their results directly accessible in matching or merging frameworks, such as Her-
wig [238, 285], Pythia [240, 286], Sherpa [239, 287], Powheg Box [242] and Mad-
Graph5_aMC@NLO [241].

HepMC [288, 289], on the other hand, has become the de-facto standard or storing
and communicating events at the end of event generator simulations. The highly paral-
lelized and/or GPU accelerated calculations of hard matrix elements described in Sec. 4
do, however, require more efficient I/O solutions. A first proposal based on the HDF5
format [221,290] proved to be an efficient option, and promises to keep up with the rapidly
evolving requirements in the exascale computing era. Similar methods would be desirable
to interface parton showers and hadronization, with the role of multi-parton interactions
still to be clarified. This discussion has been accelerated by the emergence of new and com-
putationally improved parton shower algorithms, such as [291, 292]. New formats or old
proposals [293] for runtime interfaces, or their effective in-house implementations within
event generator frameworks, will continue to be discussed and condensed into a new set
of Les Houches accords. The underlying physics assumptions, which can differ between
the different shower and hadronization models, may play an important role for any poten-
tial new standard. Similar considerations apply to interfaces between amplitudes, parton
showers, and hadronization not only in light of amplitude evolution algorithms [291] but
also for a consistent communication of spin [294] or colour correlations [295, 296].

11 Containerisation and reproducibility

One common theme during discussions was the need to make collaboration easier, espe-
cially between theorists and experimentalists. One effort in this direction is to push the
need for containerisation and reproducibility.

In practise this can take the shape of generators, run cards and rivet in Docker
images. Also existing configurations can be stored through YODA [297] files, with the
possibility to have these uploaded to HepData [298]. This is already done in some cases
for measurements from the experiments but could also be useful when generator teams
make their own validations of e.g. a released production version. Another benefit of
recommended Docker images is that new users (experimentalists) can quickly set up and
run generators themselves. One can imagine for example a Docker-based workflow on e.g.
lxplus could be created, maintained and documented to lower barrier to entry for MC
studies. A first attempt at such a framework was put together.
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The reproduciblity of setups in the experiments can also help make their use cases
available for benchmarking, including full chain in experiments, for resource profiling.
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